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RESUMO

Introducgéo: As doengas monogénicas neurofibromatose tipo 1 (NF1) e esclerose
Tuberosa (ET) séo consideradas sindromes genéticas raras com malignidade
associada. Trata-se das duas genodermatoses mais frequentes, que apresentam
como sintomas em comum as lesdes cutaneas, ocorréncia de tumores no Sistema
Nervoso Central, deficiéncia cognitiva e/ou de desenvolvimento. Com uma gama
variada de alteracBes genéticas envolvidas e sintomas em diferentes graus de
comprometimento, caracterizar essas doencas, bem como investigar as
alteracdes genéticas encontradas em subgrupos clinicos é um desafio.
Objetivos: O objetivo dos trabalhos reunidos nesta tese foi caracterizar, do ponto
de vista evolutivo, clinico e molecular, pacientes com NF1 e ET diagnosticados
com rearranjos génicos, realizar caracterizacdo molecular adicional por anélise de
transcritos em pacientes com diagndstico clinico de ET, bem como explorar o
mecanismo de autofagia envolvido nesta doenca. Resultados: Através de uma
abordagem evolutiva foram avaliadas microdelecdes encontradas em pacientes
com NF1 envolvendo quatorze genes co-deletados. Destes, dez genes mostraram
selecéo purificadora e quatro genes mostraram selecéo positiva, sendo um deles,
RNF135, apresentando também selecdo positiva de aminoacidos especificos,
reforcando sua importancia e contribuicdo para a doenca e possivel correlacao da
sua delecdo com o fendtipo mais grave desses pacientes. Adicionalmente, foi
apresentado relato de caso de um paciente com ET e rearranjo génico,
descrevendo manifestacdes clinicas nao habitualmente relacionadas com a
doenca e sugerindo, através de revisdo de todas as evidéncias existentes, a
inclusdo destas manifestacdes no fendtipo da sindrome. Como resultados
preliminares, apresentamos o recrutamento de pacientes com ET e variantes de
significado incerto ou auséncia de variante patogénica na regido codificadora dos
genes TSC1 e TSC2, bem como o desenho de primers que serao utilizados para
a investigacao de exon-skipping no RNA mensageiro desses pacientes. Por fim,
uma revisdo bibliografica apresenta o paradoxo da via de autofagia e potenciais
estratégias terapéuticas envolvidas com essa via para pacientes acometidos com

ET e resultados preliminares apresentam o estabelecimento de fibroblastos de
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paciente ET com mutacdo em TSC2 e de fibroblastos de individuo sem ET, a fim
de realizar avaliacdo do impacto de moduladores de autofagia no fluxo autofagico
e nos mecanismos de mitofagia, apoptose e necrose celular. Discussédo e
conclusdes: A NF1 e a ET sao genodermatoses bem caracterizadas do ponto de
vista clinico e molecular. No entanto, ainda existem lacunas importantes acerca
destas sindromes, como o entendimento completo de relacbes genadtipo-fendtipo
(em especial de rearranjos génicos), da auséncia de identificacdo da lesdo
molecular em todos os casos com diagnéstico clinico, e dos mecanismos
relacionados a patogénese destas doencas. Essa tese foi desenvolvida para
contribuir no entendimento de alguns destes aspectos. Esforcos voltados para
uma melhor compreensdo destas lacunas poder&do resultar na inclusdo dos
achados desta tese no diagnostico molecular dessas doencas e no
aprimoramento do manejo dos pacientes e familiares, com impactos tanto no
aconselhamento genético quanto para desenvolvimento de potenciais alternativas

terapéuticas.

Palavras-chave: Genodermatoses; Esclerose Tuberosa, Neurofibromatose tipo 1.
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ABSTRACT

Introduction: Neurofibromatosis type 1 (NF1) and tuberous sclerosis complex
(TSC) are the most common genodermatoses. They are monogenic, autosomal
dominant disorders associated with skin abnormalities, increased risk for
developing certain tumors, mainly of the peripheral and central nervous system,
cognitive and/or developmental disabilities and other findings. The disorders are
characterized by complete penetrance but variable expressivity and significant
molecular heterogeneity, which result in challenges in terms of the clinical and
molecular diagnosis of the affected patients. Objectives: The main goal of this
thesis was to characterize, from an evolutionary, clinical, and molecular point of
view, patients with NF1 and TSC diagnosed with gene rearrangements, perform
additional molecular investigations in patients with the clinical diagnosis of ET, as
well as exploring the autophagy mechanism involved in this disease. Results:
Through an evolutionary approach, microdeletions identified in NF1 patients and
involving fourteen co-deleted genes were characterized. Of these, 10 genes
showed purifying selection and 4 genes showed positive selection, with one of
them, RNF135, also presenting positive selection of specific amino acids. These
findings related to RNF135 suggest its importance and contribution to the disease
and a possible correlation of its deletion with a more severe phenotype in affected
patients. Additionally, a case report of a patient with TSC and a gene
rearrangement is presented. It describes clinical manifestations not usually
observed in TSC and suggests, through a review of all the existing evidence, the
inclusion of these manifestations in the syndrome’s phenotype. In addition, the
thesis contains preliminary results of the additional molecular investigation,
focused on mRNA/exon skipping analyses, of TSC patients with variants of
uncertain significance (VUS) or absence of pathogenic variants in the coding
region of the TSC1 or TSC2 genes. Finally, a comprehensive review on the
paradox of autophagy in TS and of potential novel therapeutic strategies related to
autophagy for TS patients is presented as well as preliminary results on an
investigation of autophagy modulators in fibroblast of TSC patients. Discussion

and conclusions: NF1 and TSC are well characterized genodermatoses from a
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clinical and molecular point of view. However, there are still important gaps about
these syndromes, such as an incomplete understanding of genotype-phenotype
relationships (especially related to gene rearrangements), absence of a specific
disease-causing molecular lesion in some patients, and uncertainties related to the
exact mechanisms that lead to these disorders and their complications. This thesis
aims to contribute to the understanding of some of these aspects, ultimately
leading to improved diagnosis and management of patients and their family
members, with impacts both on genetic counseling and on development of

potential novel therapeutic interventions.

Keywords: Genodermatoses; Neurofibromatosis type 1, Tuberous Sclerosis
Complex.
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1 INTRODUCAO GERAL

1.1 Genodermatoses

As genodermatoses sdo um grande grupo que engloba cerca de 560
doencas hereditarias e heterogéneas com manifestacdes cutaneas e frequente
acometimento de outros 6rgdos. Embora as genodermatoses sejam raras, com
uma taxa de prevaléncia de menos de 1 em 50.000 a 200.000 pessoas, elas
geralmente sdo doencas cronicas, graves e podem ser fatais (Gerstenblith et al.
2010; Askin et al. 2020).

As caracteristicas elementares mais comuns das doencas genéticas da
pele incluem problemas de erosdo na camada mais externa da epiderme, erros no
processo de cornificacdo, de pigmentacdo, de vascularidade e/ou a presenca
bolhas cutaneas. Porém, apenas uma pequena parcela das genodermatoses que
acometem a pele apresenta unicamente sintomas relacionados a problemas de
pele em si (Silverberg and Sidbury 2020). A grande maioria apresenta também
envolvimento sistémico e os sistemas mais frequentemente envolvidos sdo os
sistemas neurologico, ocular, musculoesquelético e 6sseo (Feramisco et al.
2009). A predisposicdo aumentada a diversas neoplasias na infancia e na vida
adulta também é observada (Frommherz et al. 2021).

Algumas genodermatoses séo altamente incapacitantes, representando um
enorme impacto na qualidade de vida dos doentes e também de seus familiares,
devido a exclusdo social, dificuldade na insercdo profissional, vulnerabilidade a
nivel psicoldgico e cultural, bem como reducao da expectativa de vida (Silverman,
2008). Sdo doencas congénitas que frequentemente cursam com sintomas a o
nascimento ou no inicio da vida, mas em alguns casos podem ser reconhecidas

somente anos apos.

As genodermatoses sdo classificadas em disturbios de queratinizardo

(ictiose, hiperqueratose palmo-plantar, epidermdlise bolhosa), desordens
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relacionadas com a producdo de colageno (sindrome de Ehlers-Danlos,
pseudoxantoma elastico) e sindromes de pré-disposicdo a cancer
(neurofiboromatoses e esclerose tuberosa) (Silverberg 2020). As manifestacbes
cutaneas das genodermatoses estao descritas no Quadro 1 (Askin et al., 2020).

20



Quadro 1. Manifestacbes cutaneas de genodermatoses (adaptado de Askin et al., 2020)
Ictiose

Xerose

Membrana de colédio

Fendtipo arlequim

Hiperpigmentagao

Hipopigmentacgé&o

Despigmentacéo

Poiquiloderma

Desordens vasculares

Ectasia

Esteira telangiectatica

Marcas vasculares congénitas
Malformacdes vasculares

Defeitos do tecido conjuntivo
Hamartomas

Aplasia cutis

Epidermdlise bolhosa

Transtornos de fotossensibilidade / metabolismo da porfirina
Porfirias

Disturbios metabdlicos heme
Envelhecimento avancado

Transtornos mediados por metabolismo
Ocronose

Acrodermatite enteropatica
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1.1.1 Bases genéticas e moleculares das genodermatoses

Analises usando o banco de dados online do catdlogo OMIM (Online
Mendelian Inheritance in Man) da Universidade Johns Hopkins, publicadas no
estudo de Feramisco e colaboradores (2009), identificaram 560 doencas de pele
genéticas distintas. Dessas 560, apenas 60 sdo consideradas “genodermatoses
puras”, exibindo apenas fendtipos de pele, sem manifestacfes sistémicas. Uma
explicagdo para isso € que sdo poucos genes que regulam as caracteristicas da
pele de uma forma restrita, sem codificar produtos que atuem em diferentes rotas
metabdlicas. Cerca de 80% das genodermatoses identificadas no catalogo OMIM
apresentam um unico gene identificado como a causa do fenétipo, 9% tém dois
diferentes genes associados, e cerca de 4% tém trés ou mais genes relacionados
a causa da doenca. A maioria dos genes (81,6%) se relaciona apenas com uma
doenca; 11,6%, 4% e 2,8% estdo associados a duas, trés e quatro ou mais

doencas, respectivamente (Feramisco et al. 2009).

O modo de heranca também é variado entre as genodermatoses, sendo as
mutacfes autossbmicas recessivas e dominantes as mais frequentes. A
assinatura genética das genodermatoses encontradas no OMIM pode ser vista na
Figura 1, adaptada de Feramisco e colaboradores (2009). Diferentes mutacdes
nos 501 genes codificantes de proteinas Unicas podem causar disturbios com
fendtipos de pele distintos. O gene encontrado mutado com mais frequéncia foi o
gene alfa-1 (COL7Al) que codifica o coldgeno do tipo VII, ocorrendo em 9
genodermatoses distintas, mas relacionadas (Feramisco et al. 2009). Outras
alteracdes moleculares comumente encontradas nas genodermatoses incluem
mutacBes em genes estruturais da epiderme que codificam proteinas como a
filagrina, uma proteina estrutural fundamental no desenvolvimento e manutengéo
da barreira cutanea ou diferentes tipos de queratinas, que subsequentemente
causam ictioses, alteracdes na epiderme que causam extremo ressecamento e
descamacdo; mutacbes em genes que codificam componentes integrais dos
complexos de adesdo supramolecular das células (por exemplo, o0s
desmossomos), relacionadas a doencas de pele com a presenca bolhas; ou
ainda, mutacdes em genes envolvidos nas vias de reparo de DNA, como por
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exemplo, na doenca rara xeroderma pigmentoso (XP) e em genes supressores de

tumor (Lehmann et al. 2017).

®  Uma proteina

u .
Duas proteinas Desconhecido

Trés proteinas

Quatro proteinas

m (nica doenga
m duas doencas
mtrés doencas

quatro ou mais doencas

m Autossdmica recessiva

m Autossdmica dominante

m Dominante ligada ao X
Recessiva ligada ao X

m Desconhecido

B Esporadica

®m Mitocondrial
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Figura 1. Andlise genotipica de genodermatoses registradas no catdlogo OMIM (a)
Numero de proteinas mutadas associadas a ocorréncia das genodermatoses (b) NUumero
de doencas causadas pelos diferentes genes associados as genodermatoses (c) Formas

de heranca descritas nas genodermatoses. Adaptado de Feramisco (2009).

1.1.2 Identificando uma genodermatose

Devido a variabilidade de sintomas, diagnosticar uma genodermatose
apenas com investigacao clinica pode ser um desafio. Para um diagndstico clinico
completo, o exame dermatoldgico deve avaliar a pele, cabelos, unhas, dentes e
membranas mucosas do paciente, sendo complementado com analise através de
uma lampada de Wood para deteccdo de manchas hipocrémicas invisiveis a
inspecdo ocular. As manifestacdes extra cutaneas podem ser identificadas
através de exames laboratoriais ou de imagem. A avaliagdo da histéria médica do
paciente e testes laboratoriais de histopatologia, microscopia eletronica,
imunofluorescéncia, bioquimicos e moleculares podem ajudar a confirmar o

diagnostico (Tantcheva-Poor et al. 2016).

O diagnéstico molecular é importante no diagnostico diferencial das
genodermatoses e é um importante complemento mesmo naquelas doengas com
diagnéstico clinico consagrado para fins de aconselhamento genético. Os testes
moleculares tornam-se fundamentais para detectar alteracdes genéticas
associados com a causa da maioria das doencas (Tantcheva-Poo6r et al. 2016) e
devem incluir a investigacdo das regibes codificadoras e flanqueadoras, com
analise de sequéncia e de rearranjos génicos. Os testes de escolha atualmente
envolvem painéis multigénicos e sequenciamento de nova geracdo (NGS, Next
Generation Sequencing), ficando o sequenciamento bidirecional de Sanger
reservado para analise preditiva de variantes especificas pré-identificadas em
uma familia. A analise de rearranjos génicos pode ser realizada pelo NGS ou por
técnicas especificas para deteccdo de variagdes no numero de cépias (do inglés
Copy Number Variation - CNV) como o Multiplex Ligation-dependent Probe
Amplification (MLPA) (Askin et al. 2020). Além disso, eventualmente, o

seguenciamento do exoma ou genoma completo podem ser utilizados para uma
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analise mais ampla nos casos com manifestacdes clinicas atipicas ou naqueles
em que nao se identificam variantes causais nos genes canodnicos (Schaffer
2016).

Diversas genodermatoses exibem, além dos achados cutaneos e extra
cutaneos, predisposicdo aumentada para o0 desenvolvimento de mudltiplos
tumores. A suspeita e o diagnostico precoce de uma genodermatoses sao
fundamentais para que as medidas corretas de manejo do paciente e
posteriormente de seus familiares em risco possam ser implementadas,
aumentando as chances de prevencao de diversas neoplasias (Askin et al. 2020).
Em um estudo de revisdao recente, Ladd e colaboradores descrevem 34
genodermatoses que cursam com maior predisposicdo a tumores, incluindo as
RASopatias, ataxia telangiectasia, xeroderma pigmentoso, neurofibromatose tipo

1 e esclerose tuberosa (Ladd et al. 2020).

Dentre as genodermatoses associadas a malignidade, duas das mais
frequentes sdo associadas a genes supressores de tumor e sdo o foco deste
estudo: a neurofibromatose tipo 1 (NF1 OMIM #162200), que afeta 1 em 3.000
individuos (Uhlmann and Plotkin 2012) e a esclerose tuberosa (ET OMIM
#191100), que ocorre na frequéncia de 1 em 6.000 nascidos vivos, de ambos 0s

sexos (Henske et al. 2016).

1.2 Neurofibromatose tipo 1

As neurofibromatoses sdo reconhecidas como um grupo heterogéneo de
desordens herdaveis, caracterizadas por alteragcbes pigmentares cutaneas,
tumores da bainha neural na pele e nos nervos espinhais, predisposicdo a
neoplasias e outras alteracbes em multiplos Orgaos/tecidos. De fato, as
neurofiboromatoses sdo doencgas multisistémicas e se dividem em dois principais
tipos, neurofiboromatoses tipo 1 e tipo 2 (Uhlmann and Plotkin 2012). A
neurofiboromatose tipo 1 (NF1) é o tipo mais comum, também conhecida como
doenca de Von Recklinghausen, € caracterizada por neurofibromas cutéaneos
benignos da bainha do nervo periférico (células de Schwann) e por neurofiboromas
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plexiformes, que acometem cerca de 50% dos pacientes (Rosser and Packer
2002). Outros achados comuns sdo as anormalidades pigmentares cutaneas,
incluindo manchas café-com-leite e efélides axilares e inguinais, presentes na
maioria das criancas (Ferner 2007). Os pacientes também podem apresentar
nodulos de Lisch na iris, xantogranulomas, observados ainda na primeira infancia
e possivelmente relacionados a fenétipo de leucemia mieloide cronica em
criancas e hiperpigmentacdo difusa. Outra caracteristica clinica importante da
NF1 é a dificuldade de aprendizagem por déficit cognitivo que acomete pelo
menos 50% dos portadores de NF1 (Eoli et al. 2019).

1.2.1 Sintomatologia e Diagnéstico da Neurofibromatose tipo 1

As manchas café-com-leite podem ser observadas na grande maioria dos
pacientes com NF1 ainda em idade jovem e algumas podem ser congénitas,
enquanto os neurofibromas cutaneos sédo de aparecimento mais tardio, entre a
adolescéncia e a vida adulta (Friedman and Birch 1997; Rasmussen and
Friedman 2000). Neurofibromas dérmicos, espinhais e plexiformes podem causar
sintomas importantes, dependendo da sua localizacdo, compressdo mecanica,

neural e/ou vascular (Rosser and Packer 2002).

Alteracdes esqueléticas frequentemente observadas sdo escoliose,
pseudoartrose/displasia tibial e displasia da asa do esfenoide, macrocefalia e em
alguns casos baixa estatura (Ferner 2007; Ladd et al. 2020). Anormalidades
vasculares estdo associadas a mortalidade significativa nos pacientes e incluem
hipertensdo grave, geralmente secundéaria a estenose da artéria renal; doenca
cerebrovascular, possivelmente levando a hemorragia cerebral; e hipertensao

arterial pulmonar (Stewart et al. 2007).

Neurofiboromas dérmicos e plexiformes associados as alteracbes
pigmentares da NF1 podem levar a deformidades com impacto significativo na
autoestima (Teles et al. 2012). Os neurofibromas plexiformes podem evoluir para

tumores malignos da bainha de nervo periférico (MPNST), com capacidade de
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metastatizar extensivamente. O risco de desenvolvimento de MPNST ao longo da

vida para pacientes com NF1 é cerca de 10% (Karajannis and Ferner 2015).

Em geral, os pacientes com NF1 tem um risco 2,7 vezes maior de
desenvolver cancer, com um risco cumulativo de 20% em pacientes com mais de
50 anos de idade (Friedman and Birch 1997). O risco cumulativo vital de cancer
nestes pacientes varia de 4% e 52% (Walker et al. 2006; Gerstenblith et al. 2010).
Entre os tumores que acometem os pacientes com NF1 estdo os MPNSTSs,
gliomas (especialmente no nervo Optico) e outros tumores do Sistema Nervoso
Central (SNC). Os gliomas da via 6ptica sdo astrocitomas pilociticos de baixo grau
capazes de envolver o nervo Optico, quiasma, trato e/ou hipotdlamo, que podem
ocasionar perda visual e/ou desregulacdo enddcrina (Savar and Cestari 2008).
Nos adultos, tumores de mama (mulheres jovens, antes dos 50 anos), tumores
renais (feocromocitoma) e outros tumores soélidos ndo sdo incomuns, assim como
tumores enddcrinos pancreaticos, tumores glémicos, rabdomiossarcomas e

somatostatinomas duodenais (Ratner and Miller 2015).

Os critérios para o diagnéstico clinico de NF1 foram estabelecidos
inicialmente em 1987 pela National Institutes of Health (NIH) Consensus
Conference (EUA), sendo constantemente revisados (Ultima revisdo em 2019).
Segundo estes critérios, o diagndstico clinico definitivo de NF1 pode ser realizado
em uma crianca de quatro anos de idade, se dois ou mais dos critérios descritos
estiverem presentes, ja que aproximadamente 85% dos pacientes apresentam
manifestacdes clinicas tipicas da doenca até esta idade. As crian¢as que herdam
NF1 de um dos pais geralmente sdo diagnosticadas no primeiro ano de vida,
principalmente pelas multiplas manchas café-com-leite, que se desenvolvem na
infancia precoce em mais de 95% desses casos (Nunley et al. 2009). Os critérios
estabelecidos pelo consenso do NIH séo presenca de: 1) seis ou mais manchas
“café-com-leite”, com mais de 0,5 cm no maior diametro em individuos pré-
puberais, ou mais de 1,5 cm no maior diametro em individuos pés-puberais; 2)
dois ou mais neurofiboromas de qualquer tipo ou um neurofibroma plexiforme; 3)

efélides nas regibes axilares ou inguinais; 4) glioma O6ptico; 5) dois ou mais
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hamartomas na iris; 6) uma lesdo 6ssea tipica, como displasia esfenoide ou
pseudartrose tibial; 7) um familiar de primeiro grau (pai, irméo ou filho) com NF1
definido conforme critérios acima. O numero de complicacbes possiveis e 0
padrdo da doenca variam bastante entre os individuos, mesmo dentro de uma
familia, atestando que nesta doenca ha expressividade variavel (Friedman 1998)
[Atualizado em 06 Jan 2019]).

1.2.2 O gene NF1 e a proteina neurofibromina

A neurofibromatose tipo 1 € causada por um numero aproximadamente igual
de variantes germinativas espontaneas e autossomicas dominantes herdadas, no
gene supressor tumoral NF1. Trata-se de um grande gene localizado no
cromossomo 17qg11.2, com 58 éxons e 350kb, que codifica a proteina hidrofilica
neurofibromina de 2818 aminoacidos e 250 kiloDaltons (kDa) (Ars et al. 2003). A
inativacdo do gene NF1 ocasiona a ativagédo constitutiva de sistemas envolvidos
no aumento da proliferagdo celular e, consequentemente, na chance de

desenvolvimento de tumores (Garcia-Linares et al. 2011).

Semelhante ao surgimento dos carcinomas basocelulares na sindrome de
Gorlin, acredita-se que os neurofioromas da NF1 surjam ap6s um "segundo
evento" mutacional no gene NF1, levando a perda de heterozigosidade (Colman
et al. 1995). Diversos mecanismos de perda do segundo alelo do gene NF1 séo
possiveis eventos de inativacdo somatica, como variantes adquiridas de perda de
funcdo, metilacdo do promotor do gene, alteracdo no numero de copias,
silenciamento epigenético ou mediado por micro-RNAs (Garcia-Linares et al.
2010).

A proteina neurofibromina (NF1) é principalmente expressa em células da
crista neural, incluindo neurdnios, células de Schwann, melandcitos,
oligodendrdcitos e leucécitos (Moles et al. 2012). Trata-se de uma grande
proteina citoplasmatica com muitos dominios, que ainda ndo tem sua funcao

completamente elucidada, mas que atua no controle da via Ras (rat sarcoma),
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uma das vias de proliferacdo celular e ativacdo de outros genes supressores
tumorais (Barbacid 1987; Sherekar et al. 2020). Até o0 momento, as informacdes
estruturais detalhadas sobre neurofiboromina sdo limitadas a estruturas
cristalizadas de alta resolucdo dos dominios GAP (Scheffzek et al. 1998), do
dominio Sec-PH e o complexo ternario entre KRAS4b (Welti et al. 2011), e do
dominio EVH1 de interacdo com SPRED1 (outra proteina relacionada a
genodermatoses) e o GRD de NF1. Nao existe informacdo detalhada sobre a
estrutura ou funcdo dos restantes 80% da proteina, mas atualmente foi
demonstrado que sua estrutura depende de dimeros de alta afinidade que podem

se formar e ser estabilizados dentro da célula (Sherekar et al. 2020).

A neurofibromina possui importante regido de 360 aminoacidos
(compreendendo os éxons 21-27) que mostra homologia com o dominio catalitico
da GTPase ativadora de proteina (GAP) de mamiferos (Xu et al. 1990). A ligacéo
do nucleotideo guanina a proteina Ras media a transducdo de sinais que regulam
o crescimento celular. A ligagcdo de GTP (guanina tri-fosfatada) a Ras ativa a
sinalizacdo, enquanto a hidrélise para GDP (guanina di-fosfatada) cessa o sinal,
inibindo o crescimento celular (Barbacid et al. 1987). O dominio relacionado a
GAP da neurofibromina também hidrolisa GTP (guanina tri-fosfatada), bem como
possui propriedades consistentes com regulacdo negativa dos multiplos efetores
ativados por Ras, como PI3K (Phosphatidylinositide 3-kinase) e MAPK (mitogen-
activated kinase), que estdo envolvidos na proliferacdo celular, sintese de DNA e
apoptose. Resumidamente, a neurofibromina regula a atividade da Ras GTP,
convertendo-a em sua forma inativa e suprimindo o crescimento celular
(Gerstenblith et al. 2010). Uma outra importante proteina ativada por Ras e
envolvida nos processos de proliferacédo celular, sintese de proteinas e autofagia

€ a proteina alvo de rapamicina (nTOR) (Figura 2).
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Figura 2: Envolvimento da proteina neurofibromina (NF1) nas vias de proliferacéo celular.
Adaptado de Le and Parada 2007.

Estudos recentes tem se dedicado a determinar o mecanismo exato de
funcionamento da neurofiboromina. Devido a variabilidade de fendtipos
encontrados na doenca NF1, é possivel que outros dominios desta proteina, além
do GAP, tenham algum um papel importante na patogénese. Por ser uma
proteina grande e de multiplos dominios, a neurofibromina tem interagcdo com
varias outras proteinas intracelulares: proteinas da familia SPRED, tubulina,
cinesina-1, proteina quinase A, proteina quinase C, caveolina e proteina
precursora de amiléide (revisado por Sherekar et al. 2020). Curiosamente,
SPREDLI inibe a proteina Raf, e variantes no gene SPRED1 sdo responsaveis por
uma sindrome fenotipicamente muito semelhante a NF1 que consiste em
multiplas maculas café com leite, efélides axilares e macrocefalia chamada

Sindrome de Legius (Brems et al. 2007).
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1.2.3 Variantes no gene NF1

A NF1 é um distarbio autossémico dominante com penetrancia completa, e
cerca de 50% dos casos apresentam variantes  germinativas
patogénicas/potencialmente patogénicas (P/LP) de novo. Nos casos familiais se
observa que o fendtipo da doenca é muito variavel e a origem dessa variabilidade
ainda ndo estad completamente elucidada. Ha relatos de variabilidade até mesmo
em gémeos monozigbticos, sugerindo inclusive um papel de alteracdes
epigenéticas nessa expressividade variavel (Vogt et al. 2011). Sendo assim,
conclui-se que eventuais correlacdes gendtipo-fenétipo ndo podem ser explicadas
apenas pelo alelo mutante em questdo, e que outras variantes constitutivas,
variantes soméaticas e alteracfes epigenéticas podem estar resultando na grande

variabilidade de expressao (Dunning-Davies and Parker 2016).

Mais de 3200 variantes germinativas P/LP diferentes do gene NF1 foram
identificadas até hoje (The Human Gene Mutation Database - HGMD, 2021),
envolvendo delecdes, duplicacdes, variantes em sitios de processamento, de
perda de sentido, de sentido trocado, translocacdes e alteracdes da regidao 3’ nao-
traduzida do gene. Nao existe um Unico hot spot mutacional em NF1 e sabe-se
que variantes somaticas nesse gene sdo importantes na aquisicao de resisténcia
a drogas, como por exemplo aos inibidores de BRAF e de EGFR, ao tamoxifeno e
ao acido retindico em melanoma, cancer de pulmdo e mama e neuroblastoma,
respectivamente (Friedman 1998) [Atualizado em 06 Jan 2019]). Da mesma
forma, sdo observadas altas taxas de mutacdo somatica em NF1 no melanoma
cutaneo, cancer de pulmao, carcinoma de ovério e glioblastoma, que geralmente
nao resultam no fendtipo de NF1, que é causada por variantes germinativas no
gene. A identificacdo de uma alta frequéncia de muta¢des somaticas no gene NF1
encontrada em tumores esporadicos indica que a neurofibromina provavelmente
desempenha um papel critico no desenvolvimento destes tumores, muito além do
papel ja evidente na NF1 (Philpott et al. 2017).
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A maioria das variantes P/LP germinativas no gene NF1 sdo Unicas, ou
seja, encontradas em uma ou poucas familias e mais de 80% resultam em uma
proteina truncada, geralmente pela alteracdo do processamento de RNA
mensageiro (Rasmussen and Friedman 2000; Ars et al. 2003). Com o
desenvolvimento de tecnologias cada vez mais precisas e robustas, diversas
novas variantes vém sendo identificadas em diferentes populagdes nos ultimos
anos. Um percentual significativo dessas variantes é classificado como de novo
(Rosset et al. 2018; Chen et al. 2019; Yao et al. 2019; Koczkowska et al. 2020).

1.2.4 Rearranjos gendmicos e grandes delecdes em NF1

A maioria das variantes ja descritas em NF1 (~85% a 90%) séo
substituicdes, inser¢cdes ou dele¢cbes de uma Unica base. Outras mutacdes
encontradas no gene séo delecdes ou duplicacdes simples ou multi exon (~2%) e
grandes rearranjos em diferentes regides no brago longo (q) do cromossomo 17
chamados de microdele¢cBes, abrangendo NF1 e um numero variavel de genes
adjacentes (~5% a 10%) (Kluwe et al. 2004; Valero et al. 2011). A andlise de
rearranjos pela técnica de MLPA constitui a primeira etapa de investigacdo nos
protocolos para identificacdo de NF1, permitindo identificar multiplas delecbes e
duplicacbes de éxons uUnicos ou mdltiplos (Ishida and Gupta, 2021). De uma
forma geral a andlise molecular na NF1 tem sido considerada complexa pelo
grande tamanho do gene NF1, presenca de pseudogenes e grande variedade de
possiveis anormalidades. As estratégias de diagnéstico recomendam que a
pesquisa de grandes delecdes seja feita como investigacdo inicial pela
prevaléncia destas alteracdes, seguida de estratégias para deteccdo de mutacdes

de ponto em pacientes sem rearranjos detectados (Kluwe et al. 2004).

As microdelecdes séo alteracdes importantes, observadas em cerca de 5%
a 15% dos pacientes com NF1 (Clementi et al. 1996) em que além do gene NF1,
varios outros genes estdo co-deletados. As microdelecdes mais frequentes (tipos
1, 2 e 3) variam em tamanho, sendo a maior delas (tipo 1) com tamanho

aproximado de 1.4 Mb, envolvendo a regiéo inteira do gene NF1 e outros 13
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genes, 5 pseudogenes e 2 genes de microRNA no seu entorno (Dorschner et al.
2000; Loépez Correa et al. 2000) (Figura 2). A maioria dos genes co-deletados
nesses grandes rearranjos ndo possuem funcéo totalmente conhecida (De Raedt
et al. 2003). Essas microdele¢des sdo causadas por recombina¢cdo homologa nédo
alélica entre sequéncias paralogas localizadas a montante (NF1-REPa) e a
jusante (NF1-REPc) do gene NF1 (Dorchner et al. 2000; Jenne et al. 2003). Essas
sequéncias, também presentes na regido NF1-REPb, sdo compostas por copias
do pseudogene LRRC37BP, pequenos fragmentos do pseudogene SMURF2 e
por sequéncias paralogas derivadas do gene LPHN1, localizado no cromossomo
19 (Jenne et al. 2003).

A microdelecéo tipo 2 é menor (1.2 Mb) e tem seus pontos de quebra
localizados no gene SUZ12 e em seu pseudogene SUZ12P (Petek et al. 2003;
Kehrer-Sawatzki et al. 2004). Por ultimo, a microdelecao tipo 3, de 1.0 Mb de
comprimento, apresenta 0os pontos de quebra dentro de repeticbes de pequenas
copias, denominadas NF1-REPb e NF1-REPc (Bengesser et al. 2010) (Figura 3).

NF1-REPa NF1-REPb NF1-REPc
4 . CRLF3 TEFM ATADS ADAP2Z RNF135 A NFL I:l |:| RAB11FIPS CORPS UTPE SUZ12

OMG EVIZB EVIZA LRRC37B

: 1.4 Mb - Deletion type 1 —I
: 1.2 Mb - Deletion type 2 _l

i 1.0 Mb - Deletion type 3

Figura 3: Representacdo de microdelecbes (tipos 1, 2 e 3) em pacientes com NFL1.
Tridngulos cinza representam as regifes de ponto de interrupcdo NF1REPa, NF1REPD e
NF1REPc. Os retangulos azuis indicam genes funcionais. Adaptado de (Kehrer-Sawatzki
and Cooper 2012).
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1.2.5 Correlacéo genotipo-fendtipo e analises evolutivas em microdelectes

Embora existam multiplas alteragdes genéticas diferentes envolvidas na
causa das NF1, ainda ndo ha muitos estudos que investigam grandes rearranjos e
0s associam com o fendtipo. Trés correlacdes gendtipo-fendtipo claras ja foram
observadas: (a) a delecdo de todo o gene NF1 associada ao aparecimento
precoce e numeroso de neurofibromas cutaneos, anormalidades cognitivas mais
frequentes e mais graves do que na NF1 causada por variantes pontuais, maos e
pés grandes e dismorfia facial (Mautner et al. 2010); (b) a delecdo de 3pb na
extremidade do éxon 17, que confere menor risco de desenvolvimento de
neurofiboromas cutdneos ou plexiformes (Upadhyaya et al. 2007) e (c) individuos
com todo o locus NF1 duplicado ndo tem o fendétipo caracteristico de NF1, mas
sim, deficiéncia mental e convulsbes (Grisart et al. 2008). Em relacdo as
microdelecfes, um artigo publicado recentemente apresenta dois casos de duas
meninas de 2 e 4 anos de idade nédo-relacionadas. A primeira apresentou uma
delecdo na posicédo 17ql11.2, com de cerca de 1 Mb (pontos de interrupgcéo nas
posicdes 29.124.299 e 30.151.654), que envolveu os genes NF1, CRLF3, ATAD5,
TEFM, ADAP2, RNF135, OMG, EVI2B, EVI2A e RAB11FIP4 como sintomas
manchas café com leite e efélides axilares, ndédulos de Lisch, estrabismo, palato
arqueado alto, m& oclusédo, cifoescoliose grave, pé calcaneo valgo bilateral,
hipotonia generalizada leve, hiperatividade e déficits de fala e habilidades
relacionadas. A segunda menina apresentou uma delecéo heterozigotica de NF1,
com as posicles 29.124.299 e 30.326.958 como seus pontos de quebra, e que
incluiu além dos genes deletados na primeira paciente, além dos genes COPRS,
UTP6 e SUZ12 parcialmente. Seus sintomas incluiam atraso no crescimento e
desenvolvimento, estenose pulmonar supravalvar, manchas café com leite,
efélides axilares, caracteristicas dismorficas craniofaciais, pesco¢o curto com
pterigio, anormalidades nos membros e focos de displasia neural. A analise nos
pais demonstrou uma origem de novo das delecbes em ambos os casos (Serra et
al. 2019).
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Determinar as funcdes dos genes frequentemente deletados nas
microdelecbes pode facilitar o entendimento dos diferentes fenotipos entre os
pacientes que apresentam esse tipo de grande rearranjo. A maioria dos genes
esta relacionada com o desenvolvimento e com o controle do ciclo celular, porém
0os genes RNF135, SUZ12, ADAP2, UTP6 e OMG merecem um foco maior
quando se trata de relacdo gendtipo-fendtipo. A haploinsuficiéncia do gene
RNF135 parece estar relacionada com alta estatura, macrocefalia, bem como com
dismorfias faciais em pacientes com microdelecdo, com a primeira e a ultima
caracteristica tornando-se menos aparentes na vida adulta, reforcando a
importancia da investigacdo durante a infancia (Spiegel et al. 2005; Douglas et al.
2007).

A melhor compreensédo dos efeitos das microdele¢cbes que envolvem o
gene NF1 e de outros genes co-deletados pode contribuir para o entendimento
dos mecanismos de doenca e do desenvolvimento dos fenétipos associados.
Historicamente, a maneira mais utilizada para investigar biomoléculas era
centrada na caracterizacdo de moléculas individuais para entender seu papel no
desenvolvimento de um fendétipo. Entretanto, essa estratégia ndo é efetiva para
elucidar a evolucdo de uma doenca complexa (Murray et al. 2007). Neste
contexto, andlises moleculares in silico tém sido cada vez mais utilizadas como
método de rastreamento de potenciais alvos terapéuticos, ainda mais quando
levamos em consideracdo a crescente disponibilidade de dados genémicos. A
filogenia molecular e a andlise comparativa da estrutura génica sao ferramentas
interessantes para melhorar a compreensao das relacdes evolutivas e funcionais
de genes estudados (Wang et al. 2013). Um exemplo disso é a inferéncia de que
a conservacdo de uma sequéncia proteica esta frequentemente relacionada a um

papel funcional critico dessa macromolécula na célula (Siepel et al. 2005).
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1.3 Esclerose tuberosa

Semelhante a NF1, a esclerose tuberosa (ET) também é uma doenca
neurocutdnea que afeta véarios sistemas. Relatada pela primeira vez por
Bourneville em 1880, a esclerose tuberosa foi nomeada apds a caracterizacédo de
lesbes corticais cerebrais que se assemelham a tubérculos e a calcificacdo

periventricular em pacientes com a doencga (Gomez 1995; Henske et al. 2016).

A esclerose tuberosa (ET) é uma desordem autossbmica dominante e
multissistémica (ORPHA:805) que afeta criancas e adultos, e apresenta
manifestacbes neuroldgicas que incluem epilepsia, deficiéncia intelectual e
autismo (Kingswood et al. 2017). E causada por variantes germinativas P/LP de
perda de funcdo em um dos genes supressores de tumor relacionados: TSC1
(OMIM #605284) ou TSC2 (OMIM #191092) (Henske et al. 2016). Trata-se de
uma doenca com penetrancia parcial e expressividade variavel que tem o
potencial de afetar praticamente qualquer 6rgdo do corpo, com manifestacées
clinicas identificadas em diferentes fases do desenvolvimento (Northrup et al.
2013). E caracterizada também pela ocorréncia de tumores benignos
(hamartomas) em diversos 0Orgaos, sendo a pele, cérebro, rins, pulmbes e
coracao os sitios mais comuns. Esses hamartomas podem causar disfuncfes nos
orgdos em quem se desenvolvem, do ponto de vista funcional ou estrutural,
levando, por exemplo, a complicacdes secundarias a compressdo de estruturas
nobres adjacentes ou perda de parénquima funcional em alguns 6rgaos (Northrup
et al. 2013). A prevaléncia de ET na populacdo é de aproximadamente 1 a cada
20.000 individuos, sem predilecdo sexual ou racial (Ebrahimi-Fakhari et al.
2017a).

1.3.1 Aspectos clinicos da esclerose tuberosa

As manifestagdes clinicas da ET vado desde o surgimento dos hamartomas
até sintomas secundarios como acometimento neurolégico que incluem

convulsdes, transtornos do desenvolvimento relacionados a espectro autista e
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prejuizos cognitivos, além do comprometimento de pele e mucosas que estdo
envolvidos em cerca de 70% dos casos (Henske et al. 2016). Alguns sintomas
podem estar presentes desde o0 nascimento e a maioria dos sintomas é
observada até os quatro anos de idade, como é o caso, por exemplo, das
maculas hipomelandéticas ou hipopigmentadas (MH) congénitas que geralmente
Sa0 0s primeiros sinais visiveis, muitas vezes precedendo a epilepsia. Além das
MH, outras caracteristicas causam menor comprometimento, como angiofibromas
faciais e fibromas subungueais (Ebrahimi-Fakhari et al. 2017a). No inicio da
terceira década de vida, MH, nédulos subependimais e angiomiolipomas renais
sao vistos em mais de 80% dos pacientes, enquanto a epilepsia e angiofibromas

faciais sdo observados em mais de 70% dos pacientes (Ladd et al. 2020).

Os critérios de diagnéstico para ET endossados pela organizacéo
Tuberous Sclerosis Alliance incluem categorias principais e secundarias. O
diagnéstico € feito com a observacao de duas caracteristicas principais (excluindo
linfangioleiomiomatose e angiomiolipoma renal isoladamente) ou uma
caracteristica principal e duas secundarias (Roach et al. 1998; Gerstenblith et al.
2010). A Tabela 1 resume todos os critérios de diagndstico clinico e genético
revisados e atualizados para ET (com base nas referéncias Northrup et al. 2013;
Ebrahimi-Fakhari et al. 2017b).
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Tabela 1. Critérios para diagnostico clinico e genético da esclerose tuberosa

Critérios diagnostico genético

A identificac8@o de qualquer variante patogénica nos genes TSC1 ou TSC2 no DNA de um tecido normal
um critério independente e suficiente para o diagnostico, independente dos achados clinicos. Variantes

patogénicas sao definidas como:

(1) Variantes que inativam a funcao das proteinas TSC1 ou TSC2;
(2) Variantes que impedem a sintese de proteinas: grandes dele¢Bes gendmicas;

(3) Variantes silenciosas cujos efeitos na fung¢éo da proteina podem ser determinados por ensaio

funcional;

Critérios diagnostico clinico

Caracteristicas dermatoldgicas e odontoldgicas
Caracteristicas principais Frequéncia
=3 Maculas hipomelanociticas, com
pelo menos 5 mm de diametro

>3 angiofibromas ou placas fibrosas angiofibromas ocorrem em cerca de 75% dos
cefélicas pacientes, placas fibrosas em cerca de 25%

observadas em cerca de 90% dos pacientes

>2 fibromas ungueais em adultos chega a 80%

Nevo de tecido conjuntivo

0 .
(Shagreen patch) observadas em cerca de 50% dos pacientes

Inicio dos sintomas
nascimento ou
infancia

entre 2 a 5 anos de
idade
adolescéncia e vida
adulta

primeira década de
vida

Caracteristicas secundarias Frequéncia
Les®Bes confetti na pele,de 1 a 3 frequéncias variam de 3% a 58% dos
mm de didmetro pacientes

Mlynarczyk G et al. Reportou em todos os 50
adultos analisados

ocorre em cerca de 20% a 50% dos

23 cavidades no esmalte dental

Inicio dos sintomas

variado

adolescéncia e vida
adulta

=2 fibromas intraorais . variado
pacientes
Caracteristicas oftalmoldgicas
Caracteristicas principais Frequéncia Inicio dos sintomas

séo encontrados em cerca de 30% a 50%
Hamartomas mudiltiplo de retina dos pacientes, ndo € comum encontrar
multiplas les6es no mesmo paciente

infancia

Caracteristicas secundarias Frequéncia Inicio dos sintomas

Méculas acrbmicas na retina cerca de 39% dos pacientes variado
Caracteristicas do Sistema Nevoso Central

Caracteristicas principais Frequéncia Inicio dos sintomas

tubérculos corticais ocorrem em cerca de

Displasia cortical 90% dos pacientes

No6dulos subependimais (SEM) e
astrocitoma de células gigantes
(SEGA)

SEM é observado em 80% dos pacientes;
SEGA em 5% a 15% dos pacientes

desenvolvimento
fetal

infancia e
adolescéncia

Caracteristicas pulmonares
Caracteristicas principais Frequéncia

observado em 30% a 40% das pacientes
Linfangioleiomiomatose (LAM) mulheres; alcancando cerca de 80% de
mulheres afetadas apds os 40 anos de idade

Inicio dos sintomas

adolescéncia e vida
adulta

Caracteristicas renais

Caracteristicas principais Frequéncia Inicio dos sintomas
22 angiomiolipomas observado em cerca de 80% dos pacientes infancia e vida adulta
Caracteristicas secundarias Frequéncia Inicio dos sintomas

. -~ . . . adolescéncia e vida
Cistos multilplos renais muito variada

adulta

Caracteristicas enddcrinas
Caracteristicas principais Frequéncia
Angiomiolipoma adrenal presente em 1/4 dos pacientes

Inicio dos sintomas
variado




Alguns dos principais sintomas da ET abrangem o SNC, resultando em
epilepsia, déficit cognitivo, transtorno do espectro autista e déficit de atencéo e
hiperatividade, causando prejuizos que se manifestam desde a primeira infancia
(Grabole et al. 2016). A epilepsia € o sintoma mais comum, acometendo até 90%
dos pacientes e costuma representar o primeiro sinal da doenca, visto que mais
de dois tercos dos pacientes apresentam epilepsia antes do segundo ano de vida
(Kingswood et al. 2017). Mais tarde, diferentes tipos de crises convulsivas podem
surgir, com episodios focais ou generalizados. A deficiéncia intelectutal que pode
acometer cerca de 60 a 70% dos pacientes € frequentemente ligado a convulsdes
com grande variabilidade na gravidade, e em alguns pacientes ainda sao
presentes outras anomalias de comportamento, como esquizofrenia (Northrup et
al. 2019a). A gravidade dos sintomas no SNC se relaciona com a presenca de
alteracdes do desenvolvimento do SNC, localizacdo, nimero e tamanho de
hamartomas cerebrais — os chamados “tubérculos corticais” e presenca de outros
tumores como astrocitomas. As trés principais lesfes intracranianas associadas a
ET sdo os tubérculos corticais, nddulos subependimais e astrocitomas
subependimais de células gigantes (do inglés subependymal giant cell
astrocytomas - SEGA) (Altermatt et al. 1991). Tipicamente, os SEGAs sé&o
tumores glioneuronais de crescimento lento. As apresentacdes clinicas mais
comuns dos pacientes com SEGAs incluem convulsdes, deficiéncia intelectual,
déficit cognitivo, distarbios visuais, dores de cabeca e vomitos. SEGAs sédo
encontrados em 5-20% dos pacientes com ET e constituem mais de 90% dos
tumores intracranianos associados a doenca, sendo responsaveis por 25% da
mortalidade atribuida a ET (Jansen et al. 2006; Jansen et al. 2019; de Vries et al.
2020).

Além do comprometimento do SNC, no coragdo, rabdomiomas
intracardiacos podem comprometer func¢des ventriculares e resultar em obstrucao
do fluxo sanguineo. Esses tumores sao observados em individuos afetados por
ET durante a vida fetal, no entanto, geralmente regridem ao longo dos primeiros

meses ou anos de vida. Cerca de 80% dos pacientes com rabdomiomas



cardiacos ao nascimento sdo posteriormente diagnosticados com ET (Northrup et
al. 2013; Henske et al. 2016).

As manifestagbes renais sdo uma importante fonte de morbidade e
mortalidade em ET, tendo sido apontados como a segunda causa de morte
prematura na ET (Feliciano 2020). Em adultos com ET, a doenca renal € a causa
da morte mais comum. Mais de 70% dos pacientes de ET desenvolvem
angiomiolipomas, tumores benignos compostos de tecido vascular, muscular liso
e adiposo que sao geralmente encontrados nos rins, sendo multiplos e bilaterais e
podendo alcancar grandes dimensdes (Henske et al. 2016). A frequéncia e o
tamanho dos angiomiolipomas (observado em 80% dos pacientes) aumenta com
a idade. A medida que se expandem, pode ocorrer aneurisma vascular resultando
em hemorragia maciga ou insuficiéncia renal devido ao efeito mecéanico da massa
tumoral (Ladd et al. 2020).

A principal manifestacdo pulmonar de ET € a linfangioleiomiomatose
(LAM), associada com expansao intersticial do pulmdo com células musculares
lisas benignas que conseguem se infiltrar em todas as estruturas pulmonares
(Carsillo et al. 2000; Sato et al. 2004). Essa é uma das manifestacées que podem
ocorrer mais tardiamente, com pacientes apresentando sintomas na terceira a
quarta década de vida. Alteracbes parenquimatosas pulmonares cisticas
compativeis com LAM sédo observadas em 30 a 40% das mulheres com ET. As
mesmas alteracdes sdo observadas em cerca de 10 a 12% dos homens com ET,
porém alteracdes sintomaticas sdo bastante raras (Carsillo et al. 2000). A
manifestagdo oral mais comum da esclerose tuberosa inclui alargamento
gengival, que geralmente se associa com pequenos nodulos fibrosos. Os fibromas
orais na esclerose tuberosa podem aparecer na mucosa bucal e no dorso da
lingua. Além disso, defeitos de esmalte dentario podem ser observados em

pacientes com esclerose tuberosa (Gosnell et al. 2021).

Como mencionado anteriormente, ha significativa variabilidade na
expressdo do fendtipo, mesmo entre 0s membros acometidos em uma mesma

familia. Por fim, em diferentes séries de caso, a propor¢cdo de casos familiais e
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esporadicos (casos isolados) de ET tem sido descrita como sendo de 40% e 60%,
respectivamente (Henske et al. 2016).

1.3.2 Os genes TSC1 e TSC2 e as proteinas hamartina e tuberina

O gene TSC1 (NM_000368.4, NG_012386.1), localizado no cromossomo
9934, abrange cerca de 53kb de DNA gendmico, com 23 éxons que codificam a
proteina hamartina, uma proteina hidrofilica de 1164 aminoécidos e 130 kDa. O
éxon 23 é o maior éxon de TSC1 (5.407 pb), contribuindo para o grande
comprimento da regido 3'UTR né&o-traduzida dos transcritos. O maior intron é o
primeiro (9.447 pb). A média de tamanho dos éxons é de 374 pb, enquanto dos
introns é de 798 pb. A proteina hamartina interage e estabiliza a proteina
ativadora de GTPase, tuberina, codificada pelo gene TSC2 (van Slegtenhorst et
al. 1998).

O gene TSC2 (NM_000548.3, NG_005895.1), localizado no cromossomo
16p13.3, compreende cerca de 40kb de DNA gendmico e possui 41 éxons que
codificam a proteina tuberina, com 1807 aminoacidos e 180 kDa, a qual
possivelmente atua como uma chaperona para a hamartina. O maior éxon de
TSC2 tem o tamanho de 488 pb (éxon 34) e o maior intron tem 4.820 pb (intron
16). A média de tamanho entre os éxons € de 133 pb, enquanto a média de
tamanho dos introns € de 798 pb (Dabora et al. 2001; Nellist et al. 2015).

A proteina hidrofilica hamartina (TSC1, NP_000359.1) possui uma regido
de 266 residuos de aminoacidos préximo das porcdes C-terminal e N-terminal que
€ necessaria para a interacdo com a tuberina (TSC2), com a qual forma um
homodimero. Na auséncia de TSC2, o gene TSC1 produz hamartina insolavel,
apresentando distribuicdo citoplasmatica pontual, visualizada por andlises de
imunofluorescéncia. Se ambas as proteinas estdo sendo co-expressas, TSC1
passa a ser soluvel e é possivel visualizar uma distribuigcdo citoplasmatica mais

homogénea das duas proteinas (van Slegtenhorst et al. 1998).
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A proteina tuberina (TSC2, NP_000539.2) contém um dominio N-terminal
relativamente hidrofilico (Maheshwar et al. 1996) e uma regido conservada de 183
aminoécidos proxima a porcdo C-terminal, que possui homologia com as
proteinas da superfamilia Ras GTPases raplGAP e mSpal (Maheshwar et al.
1997). O dominio C-terminal é codificado pelos éxons de 31 a 38 e atua como um
GAP para a via Ras GTPase enriquecida no cérebro (RHEB), catalizando a
hidrolise de GTP para GDP dependente de RHEB. A por¢do N-terminal da
tuberina é necessaria para a interacdo com a hamartina, permitindo que as duas

proteinas formem um complexo estavel e funcional (van Slegtenhorst et al. 1998).

O complexo harmatina-tuberina, também chamado de complexo TSC1-
TSC2 ou complexo TSC, regula negativamente a sinalizagdo do complexo 1 de
alvo da rapamicina em mamiferos, chamado de complexo mTORC1 (Northrup et
al. 2018). O complexo TSC interage fisicamente no aparelho de Golgi e regula
negativamente o crescimento e proliferacdo celular (van Slegtenhorst et al. 1998)
além de modular a sinalizacdo dependente de PI3K através de mTOR (Tee et al.
2002).

O desenvolvimento da maioria dos hamartomas na ET, assim como dos
tumores associados a NF1, segue a teoria de dois eventos proposta por Knudson
em 1970 para explicar a oncogénese em retinoblastoma. O primeiro evento
corresponde a mutacdo germinativa, que inativa um dos alelos de TSC1 ou de
TSC2, e o segundo evento, chamado perda de heterozigosidade, pode ser uma
mutacao somatica que inativa o segundo alelo do mesmo gene (Garcia-Linares et
al. 2011; Polchi et al. 2018) (Figura 4). Muitos relatos tém demonstrado que a
inativacdo pods-traducional do complexo TSC surge através da ativacdo da
proteina Akt (Zhang et al. 2015), um efetor de PI3K, que é conhecido por ativar a
traducdo de mTOR. Outro mecanismo de tumorigénese em ET é a inativacdo do
complexo hamartina-tuberina depois da fosforilacdo por varias quinases, como a

guinase regulada por sinal extracelular (ERK) (Jozwiak et al. 2008).
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Figura 4: Hipétese de aquisicdo de segundo evento mutacional para o surgimento dos

hamartomas e malignidades em esclerose tuberosa. Figura original.

1.3.3 Variantes nos genes TSC1 e TSC2

Similar a NF1, a ET exibe penetrancia completa com ampla variabilidade
fenotipica, mesmo dentro de familias que compartiham a mesma variante
patogénica (Schwartz et al. 2007; Napolioni and Curatolo 2008). Em estudos com
grandes familias e varias geracdes de pacientes acometidos com esclerose
tuberosa, as variantes patogénicas nos genes TSC1l e TSC2 ocorrem na
proporcdo de 1: 1. No entanto, as mutacbes em TSC2 sdo responsaveis pela
maioria dos casos isolados (ndo familiais), aparentemente devido a uma taxa
aumentada de eventos de novo. Da mesma forma, ha relatos de maior gravidade
de sintomas em portadores(as) de variantes patogénicas em TSC2 e isso talvez
se deva a ocorréncia mais precoce do segundo evento mutacional que ja foi
descrita para esse gene (Dabora et al. 2001; Sancak et al. 2005). Assim,
individuos com variantes em TSC2 apresentam, em comparacdo com aqueles

que tem variantes em TSC1, déficit cognitivo mais acentuado, maior numero de
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tubérculos corticais, hamartomas retinais e angiofiboromas faciais (Dabora et al.
2001; Lendvay and Marshall 2003).

Dezenas de mutagbes em TSC1l e TSC2 estdo descritas na literatura, a
maioria delas mutacBes pontuais no DNA, seguidas das grandes delecbes e
duplicacbes de éxons inteiros. Delecbes gendmicas nos dois genes
correspondem a aproximadamente 7% de todas as variantes P/LP de esclerose
tuberosa e 17% das alteragGes descritas sao de sentido-trocado (HGMD, 2021).
Variantes P/LP germinativas nas regiées codificadoras e intrénicas adjacentes de
TSC1 e TSC2 sao identificadas em cerca de 80% a 95% dos pacientes com
diagndstico clinico definido e variantes P/LP de novo sédo responsaveis por cerca
de 65% a 75% dos casos de esclerose tuberosa. Essas variantes levam a uma
ativacdo da via de sinalizacdo PI3AKT, que resulta em estimulo a proliferacédo
celular (Ladd et al. 2020).

As variantes P/LP no gene TSC1 sédo geralmente pequenas delecdes e
insercdes, além de mutacdes sem sentido. Ja as variantes P/LP no gene TSC2
compreendem, além dessas ja citadas, grandes delecbes e rearranjos. As
variantes em TSC2 sdo responsaveis pela maioria dos casos, embora mutacdes
em ambos os genes possam produzir fenotipos alterados (Gerstenblith et al.
2010). As grandes delecdes de TSC2 também podem resultar em delecbes do
gene adjacente PKD1, responsavel pela doenca renal policistica, o que resulta em
individuos com ET e mudltiplos cistos renais identificados desde a infancia (Brook-
Carter et al. 1994).

Algumas variantes de sentido trocado em TSC2 ja foram associadas a um
fendtipo mais leve da ET, embora néo seja possivel estabelecer uma previsao de
gravidade pelo tipo e localizacdo da mutacdo (Jansen et al. 2006; Napolioni and
Curatolo 2008; Northrup et al. 2019a).
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1.3.4 Impacto de variantes de perda de funcdo em TSC1l e TSC2 nas vias de

sinalizacao intracelular envolvidas na Esclerose Tuberosa

O complexo mTORC1 é um importante regulador de crescimento,
proliferacdo celular, autofagia e traducdo de RNA mensageiro, sensivel a
nutrientes e formado por diferentes subunidades. A principal delas, a subunidade
catalitica mTOR, € uma proteina quinase altamente conservada em vertebrados
(Hay and Sonenberg 2004) que se encontra associada a outras proteinas, como a
proteina regulatoria Raptor, o alvo da subunidade do complexo alvo da
rapamicina LST8 (MLST8) e as subunidades mais recentemente identificadas: o
substrato AKT rico em prolina de 40kDa (PRAS40) e a proteina de interacao
MTOR contendo dominio DEP (DEPTOR). Todas essas estruturas associadas

formam o complexo mTORC1 (Wullschleger et al. 2006).

Quando ativado, através de recursos energéticos adequados,
disponibilidade de oxigénio e fatores de crescimento, este complexo € capaz de
estimular a traducéo de proteinas nas células, bem como a biogénese ribossomal
e a importacdo de nutrientes. Em contrapartida, com a disponibilidade do
composto rapamicina (principal inibidor do complexo) e componentes estressores,
0S mecanismos de autofagia e transcricdo responsiva a fatores de estresse séo
inibidos (Hahn-Windgassen et al. 2005) (Figura 5). A via de mTOR integra varios
sinais para regulacdo de crescimento celular, e os trés principais efetores da via

sao os fatores de crescimento, 0s nutrientes disponiveis e a energia.
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Figura 5: Esquema representativo do complexo mTORC1, suas subunidades e os
principais estimulos e respostas da via na qual esta inserido, em mamiferos. Estimulos
gue regulam positivamente a ativagdo do complexo sdo demonstrados com setas verdes.
Estimulos que regulam negativamente sdo apresentados como barras vermelhas. Figura
adaptada de (Hay and Sonenberg 2004; Wullschleger et al. 2006).

Nutrientes, especialmente aminoacidos, também regulam a sinalizacéo de
MTORC1. A pouca disponibilidade de amino&cidos, principalmente a auséncia de
leucina, resulta na rapida defosforilacdo dos efetores da via de mTOR: proteina
ribossomal S6 quinase beta-1 (S6K1) e fator eucariético de iniciacdo de traducdo
ligador de proteina 4E (4E-BP1), enquanto a adicdo de aminoacidos restaura a
fosforilagdo dos mesmos alvos de maneira dependente de mTORC1 (Hay and
Sonenberg 2004). E proposto que a regulacdo de mTORC1 por aminoacidos
ocorra através da inibicdo do complexo TSC (Gao et al. 2002) ou, de maneira
alternativa, independente de mTORCL1 pela estimulacdo de Rheb, que permite a
sinalizagdo de mTORC1 na auséncia de aminoacidos (Harputlugil et al. 2014).

Além disso, a ligacdo de Rheb e mTOR é regulada pela presenca de

aminoacidos, enquanto a carga de GTP em Rheb é independente de aminoacidos

46



(Longa et al. 2001) (Figura 6). Em relacdo aos altos niveis energéticos
necessarios para a sintese de proteinas, crescimento e proliferacdo das células
que ocorrem com a ativacdo de mTORC1, o complexo é sensivel ao status
energeético da célula através da proteina quinase ativada por AMP (AMPK), que é
ativada em resposta a baixa energia na célula (alto nivel de AMP por ATP). AMPK
ativada € capaz de fosforilar diretamente a tuberina (TSC2) e assim aumentar a
sua atividade GAP, levando a inibicio de mTORC1 (Huang et al. 2009). A
regulacdo do suprimento de energia celular também pode ser um mecanismo
para ativar o mTORCL1. De acordo com o0 modelo proposto por Hahn-Windgassen
e colaboradores, a AKT ativa mMTORC1 nédo apenas pela fosforilagdo direta de
tuberina, mas também pela manutencdo de altos niveis de ATP, através da
manutencdo da absorcdo de nutrientes, que causam a diminuicdo da taxa
AMP/ATP e consequentemente essa proporcao diminuida seria a responsavel por
inibir a fosforilagdo e ativacdo de tuberina (Hahn-Windgassen et al. 2005) (Figura
6).
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Figura 6: Sinalizacdo da via de mTOR, seus principais estimulos (insulina, fatores de
crescimento, nutrientes, stress e hipéxia), reguladores (Akt, complexo TSC, Rheb, AMPK,
MTORC1 e mTORC2) e respostas (alvos SK6 e 4E-BP, biogénese ribossomal,
transcricdo e autofagia). A via de mMTORCL1 responde a fatores de crescimento através da
PI3K. Trata-se de uma familia de enzimas envolvidas em func¢@es celulares, tais como
crescimento, diferenciacao, proliferacdo, motilidade, sobrevivéncia e trafego intracelular.
A ligacao de insulina ou de fatores de crescimento semelhantes a insulina (IGFs) a seus
receptores leva ao recrutamento e a fosforilacdo do substrato do receptor de insulina
(IRS), e ao subsequente recrutamento de PI3K. PI3K se liga a IRS e converte
fosfatidilinositol-4,5-fosfato (PIP2), presente na membrana celular para fosfatidilinositol-
3,4,5-fosfato (PIP3). O acumulo de PIP3 é antagonizado pela fosfatase lipidica PTEN.
PIP3 co-recruta PDK1 e Akt para a membrana, resultando na fosforilagdo e ativagéo de
Akt por PKD1. O complexo mTORCL1 é ligado a via PI3K através das proteinas hamartin
e tuberina do complexo TSC, que regula negativamente a sinalizacggo mTOR. Em
resposta a presenca de insulina, a tuberina é fosforilada e funcionalmente inativada pela
Akt, permitindo que mTORC1 realize suas fungdes. Por funcionar como uma proteina
ativadora de GTPase (GAP) para a pequena GTPase Rheb (proteina homodloga a Ras

enriquecida no cérebro), a tuberina € capaz de regular mTORC1. Rheb liga-se
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diretamente ao dominio quinase de mTOR, ativando a via de maneira dependente de
GTP. Adaptada de (Wullschleger et al. 2006).

1.3.5 O mecanismo de autofagia e a sua relacdo com a ET

A autofagia € um mecanismo natural, bem regulado e destrutivo que
elimina componentes disfuncionais ou ndo necessarios nas células (Yu et al.
2010). E um processo que permite a degradacdo de componentes celulares
“velhos” e danificados e a reciclagem de componentes Uteis, com a captura de
fracGes do citoplasma e organelas pelas proprias células e o consumo dessas nos
seus lisossomos (Yu et al. 2010; Galluzzi et al. 2015). O resultado dos produtos
consumidos € utilizado no metabolismo celular, para gerar energia e construir
novas proteinas e membranas. Em condicbes de restricdo de nutrientes, a
autofagia garante uma fonte interna de nutrientes para a geracdo de energia e
consequentemente a sobrevivéncia das células e é um poderoso promotor da
homeostase metabdlica tanto em nivel celular quanto em nivel de organismo
completo (Rabinowitz and White 2010).

Existem trés formas de autofagia: a macroautofagia, a microautofagia e a
autofagia mediada por chaperonas, além da mitofagia, um tipo de autofagia
direcionada para mitocéndrias. As vias de autofagia sdo mediadas por genes
relacionados, chamados de genes ATG (autophagy-related genes) e suas
enzimas associadas (Jung and Lee 2010).

A macroautofagia é a via principal, usada primariamente para erradicar
organelas celulares com dano ou proteinas que ndo estdo sendo usadas no
momento. Em linhas gerais, envolve a formacédo de dupla membrana conhecida
como autofagossomo, ao redor do componente marcado para degradacdo. O
autofagossomo se desloca através do citoplasma da célula até o lisossomo, e as
duas organelas se fundem. Dentro do lisossomo, o contetdo do autofagossomo é
degradado através das hidrolases lisossomais é&cidas (Jung and Lee 2010)
(Figura 7).
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Figura 7: Autofagia depende da formacdo de autofagossomos que se fusionam com o0s
lisossomos, formando os autofagolisossomos. Apds a inducdo da autofagia, uma
estrutura inicial de membrana dupla comega a se formar ao redor do material a ser
degradado. Essa estrutura cresce e engloba o conteddo citosélico, formando um
autofagossomo maduro. A fusdo entre autofagossomo e lisossomo produz um
autofagolisossomo, onde ocorre a degradacdo ativa do material citosolico necessario

para a célula. Adaptado de (Novus Biologicals 2017).

Em leveduras e mamiferos, a formacao do complexo Atgl/ULK1 é essencial
para a formacdo dos autofagossomos, além do complexo mTORC1 que
desempenha um papel critico, acoplando a sensibilidade aos niveis de nutrientes
aos processos anabdlicos e catabdlicos. Quando os nutrientes estdo disponiveis,
MTORC1 é ativado e fosforila ULK1 que regula negativamente a autofagia,
enquanto a biogénese ribossomal e a sintese proteica sdo estimulados
(Rabinowitz and White 2010; Amaravadi et al. 2019). De modo inverso, a limitacédo
de nutrientes desacopla a ligacdo mMTORC1/ULK1, libertado ULK1 para se ligar a
Atgl, aumentando a nucleacdo e o alongamento dos autofagossomos. Esse
processo inativa mTORC1, inibindo o crescimento celular e estimulando a
autofagia (Novus Biologicals 2017). Outro importante regulador da atividade de

7

MTORC1, e consequentemente da autofagia € o complexo TSC, conforme
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demonstrado na Figura 6. A etapa de expansdo das membranas de
autofagossomos envolve a inducao da proteina citosolica Atg8, também chamada
de LC3. Apds formadas, as membranas encapsulam o contetdo a ser degradado
por proteases, lipases, nucleases e glicosidases. As permeases lisossomais
liberam os produtos da degradacdo no citosol, tais como aminoacidos, lipideos,
nucleosideos e carboidratos, onde estardo disponiveis novamente para as vias

sintéticas e metabolicas (Rabinowitz and White 2010; Klionsky et al. 2021).

Defeitos na via de autofagia podem contribuir para a tumorigénese por
permitirem o acumulo de proteinas e compostos defeituosos nas mitocondrias das
células, que podem levar a instabilidade genética. Em contraste com as células
nos tecidos normais, os ambientes tumorais sédo privados de nutrientes, fatores de
crescimento e oxigénio, como um resultado da vascularizacdo anormal desses
locais (Yu et al. 2010; Yu et al. 2011). Nesse sentido, o efeito da autofagia nos
tumores é paradoxal. Embora possa prevenir o inicio de alguns tumores, ela
também pode dar suporte ao seu crescimento, garantindo aporte nutricional nas
regides tumorais com hipoOxia, distantes dos vasos sanguineos e assim
sustentando o crescimento tumoral nessas regides (Rabinowitz and White 2010).
Portanto, o papel metabdlico da autofagia pode contribuir para garantir
disponibilidade consistente de nutrientes internos, permitindo a sobrevivéncia das
células neoplasicas em periodos de escassa nutricdo externa. Corroborando essa
observacéo é fato que muitas das vias que regulam a autofagia se encontram
desreguladas em céancer e alguns compostos terapéuticos buscam ativar essas
vias. Alguns fazem isso diretamente, por inibicio de mTORC1, enquanto outros
inibem suporte nutricional ou vias de sinalizacdo em fluxo ascendente (Yu et al.
2010).

1.3.6 Tratamentos para esclerose tuberosa: inibidores de mTOR

As variantes germinativas P/LP encontradas nos pacientes com ET tornam
as proteinas que compdem o complexo TSC incapazes de bloquear a sinalizacéo
de mTOR, tornando-a constitutivamente ativa e descontrolada. Esse desequilibrio

pode levar ao estabelecimento dos tumores observados na sindrome, em especial
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hamartomas, comumente localizados em regifes de dificil acesso e possibilidade

remota de disseccédo (Galluzzi et al. 2015).

Recentemente, como uma alternativa para as cirurgias, o tratamento com
inibidores seletivos de mTORC1 tem sido proposto (Li et al. 2019). Embora esses
inibidores sejam efetivos, possuem um grande custo financeiro. Além disso,
pacientes com ET tratados com o inibidor mais comum, a rapamicina, por longos
periodos de tempo, desenvolvem uma série de efeitos colaterais indesejados que
em alguns casos até os fazem abandonar o tratamento (Canpolat et al. 2018). Os
principais efeitos colaterais ocorrem devido a falta de especificidade da
rapamicina, que acaba por bloquear além da sinalizacdo de mTOR hiperativa nos
tumores, a via mTOR de outras populacdes de células que desempenham
funcdes fundamentais no organismo, como por exemplo a estabilizacdo dos niveis

glicémicos (Boutouja et al. 2019).

Diversos estudos clinicos j& demonstram a eficacia dos farmacos inibidores
da via de mTOR rapamicina e seus analogos, especialmente para o tratamento de
tumores em pacientes com ET (Verhoef et al. 1999; Peron et al. 2016). Sabendo
gue mTORC1 é um inibidor chave da autofagia através da fosforilacdo direta de
ULK1, a disfungdo que ocorre no complexo TSC de pacientes com esclerose
tuberosa pode promover uma oportunidade Unica de investigar as implicacdes da
desregulacdo da autofagia em doenca humana, com apenas “trés degraus” de

separacao entre as proteinas TSC e a regulacéo da via (Yu et al. 2011) (Figura 8).
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Figura 8: Sinalizacdo de autofagia com nutrientes disponiveis ou na doenca ET e com
limitacdo de nutrientes ou presenga de inibidores de mTOR. Neste primeiro cenario, 0
complexo TSC é incapaz de evitar a conversao de Rheb-GDP em Rheb-GTP causando a
ativacdo de mTORC1. O mTORC1 ativado causa a inativacdo do complexo ULK1 através
da fosforilacdo de ULK1 e ATG13, suprimindo assim a autofagia e permitindo a sintese
de proteinas e biogénese do ribossomo. Por outro lado, no segundo cenario, sob
limitacdes de nutrientes ou com a presenca de inibidores de mMTOR, mTORC1 é
inativado, o que permite que o complexo ULK1 seja ativado junto com proteinas Atg que
desencadeiam a formacao de vesicula de autofagossomos em torno do conteudo celular
que precisa ser degradado. O autofagossomo se funde com o lisossoma formando
autolisossomo que degrada o contelido interno da célula da vesicula. Paralelamente a
inducdo da autofagia, a inativagdo do mTORCL1 inibe o crescimento celular. Figura

original.

Através de ensaios genéticos e farmacologicos de inibicdo da autofagia, foi
possivel verificar que células TSC2-deficientes séo altamente dependentes do
processo de autofagia para sobreviver. Os inibidores de mTOR induzem a
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autofagia, que pode promover vantagens adaptativas para as células tumorais
presentes nos harmatomas. Eles podem levar as células a um tipo de
“‘dorméncia”, onde a proliferagdo € bloqueada devido a inibicdo da traducéo de
proteinas mediada por mTORC1 mas a sobrevivéncia ao longo do tempo é
possivel devido a ativacdo da autofagia mediada pela mesma molécula (Yu et al.
2011).

Nesse sentido, investigar a condicdo da via de autofagia na ET e o0 seu
estimulo e resposta a outros compostos que atuem nessa via tem sido proposto.
A metformina € um agente anti-hiperglicémico utilizado para o tratamento de
diabetes mellitus ndo dependente de insulina. O exato mecanismo de acéo da
metformina ndo € bem elucidado, mas sabe-se que ela pode exercer um efeito

inibitério na via de sinalizacdo mTOR (Amin et al. 2019).

A inibicdo de mTORC1 por metformina pode ocorrer diretamente via AMPK
através da fosforilacdo e inibicdo de Raptor, que é a proteina adaptativa e
reguladora no complexo mMTORC1 e pela ativacdo dos genes TSC1l e TSC2
(Howell et al. 2017) (Figura 6). Evidéncias em modelo animal demonstram que a
metformina atua na mTOR, porém o0s possiveis beneficios terapéuticos para
pacientes com ET ainda sao controversos. Kalender e colaboradores (2010)
demonstraram que em fibroblastos embrionarios de camundongos (MEFs)
normais e sem o gene TSC2 (TsC2 ) tratados com metformina houve inibicédo de
MTORC1 (Kalender et al. 2010).

Em modelo tumoral de camundongos com mutacdo heterozigota em TSC2
(TsC2 *) néao foi verificada reducdo no tamanho tumoral quando comparado ao
uso da rapamicina, sugerindo beneficios terapéuticos limitados do uso da
metformina em harmatomas (Auricchio et al. 2012). Por outro lado, em tumores
renais de modelo murino TsC2 *- a metformina foi capaz de reduzir a sinalizagédo
MTOR apenas nos tecidos normais e ndo nos tumores dos animais (Dowling et al.
2016). Em células hepaticas desse mesmo modelo a metformina inibiu a
sinalizacdo de mTOR através de um mecanismo dose-dependente envolvendo a

via AMPK e o complexo TSC (Howell et al. 2017). Alguns estudos apontam para o
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potencial da metformina em controlar a inibicho de mMTOR e de atuar na
prevencdo, evitando a recorréncia dos tumores associados a ET. As vantagens
dessa potencial intervencao, além de ter potencialmente poucos efeitos colaterais,
€ 0 custo que € bem inferior ao de outros inibidores de mTOR (Amin et al. 2019).

1.4 Fluxograma geral

Na Figura 9 esta representado graficamente um fluxograma geral com a

tematica desta tese de doutorado e os capitulos que a compdem a tese.
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2. JUSTIFICATIVA

O ambulatério de Oncogenética do Hospital de Clinicas de Porto Alegre
iniciou as atividades em 2006. Em apenas dois anos, o niumero de atendimentos
de pacientes com diversas sindromes de predisposicdo ao cancer ja havia
aumentado consideravelmente. Em 2019, mais de 300 familias com
genodermatoses foram atendidas no ambulatério. Esse nimero vem aumentando
a cada ano, o que incentivou o grupo de Oncogenética a iniciar as pesquisas
nesta area, visando melhorar o atendimento e acompanhamento desses

pacientes.

As genodermatoses podem ter importante repercussdo na qualidade de
vida dos pacientes e de suas familias, especialmente nos casos que tem
fenotipos mais graves. A exclusdo social, a deficiéncia os multiplos sintomas que
podem estar associados a comorbidades secundarias e em alguns casos reducao
da expectativa de vida sdo alguns dos fatores que tornam o0s pacientes mais
gravemente acometidos especialmente vulneraveis. Além disso, apenas
tratamentos sintomaticos estdo disponiveis para a maioria dos pacientes e o
atendimento clinico pode ser complexo, envolvendo além da genética médica
diversas especialidades médicas, como dermatologia, neurologia, pediatria,
nefrologia e urologia, oftalmologia, oncologia, cirurgia, cardiologia, radiologia além
das areas de apoio psicologia e servico social. Nesse sentido, existem ainda
lacunas importantes no nosso entendimento acerca de questdes relacionadas
com o mecanismo de doenca, predicdo de risco de morbidades associadas e

manejo/tratamento farmacoldgico das genodermatoses.

A NF1, com manifestacOes e gravidade que variam em cada paciente,
podem tornar o diagnostico e o acompanhamento clinico dos pacientes afetados
um desafio para as varias especialidades envolvidas. Nossa compreensédo é
particularmente incompleta sobre correlagdes genotipo-fendtipo e capacidade de
predicdo de evolucao clinica nos pacientes com alteragbes complexas, como 0s
rearranjos génicos. Estas alteracbes podem ocorrer em até 5% a 10% dos casos

e como poucas informacfes estdo disponiveis sobre a sua repercussao, em
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especial sobre o impacto de genes co-deletados nas microdelecdes, estudos de
caracterizacao in silico podem trazer informacdes adicional sobre a importancia
funcional destes genes, facilitando a escolha de genes alvo para estudos
posteriores e a identificacdo de correlacdes gendtipo-fendtipo. Assim, mais
informacBes acerca do papel dos genes co-deletados podem contribuir para
predicdo das morbidades associadas, talvez ajudando a identificar grupos de
pacientes de maior risco que se beneficiariam com programas de prevencao e
acompanhamento clinico, por exemplo, programas de detec¢cdo precoce de

neoplasias.

Em relacdo a ET, embora uma parcela importante se estabeleca
claramente a partir de variantes P/LP germinativas em genes claramente
associados, uma parcela significativa de pacientes apresenta variantes de
significado incerto (do inglés Variant Uncertanly Significance — VUS) ou até
mesmo nenhuma variante detectavel em TSC1/TSC2. O mesmo ocorre em
pacientes com o quadro clinico de NF1. Assim, torna-se necessario avaliar outros
potenciais mecanismos de doenca como alteracdes em sitios de processamento
de RNA. Em termos de tratamento, as terapias utilizadas hoje para a doenca séo
os inibidores da via de mTOR. Por fim, embora promissores, os tratamentos
farmacoldgicos de pacientes com ET com rapamicina e seus analogos séo de alto
custo, podem apresentar efeitos colaterais importantes e podem nao ser efetivos
no controle e na erradicacdo dos tumores dos pacientes com ET. Ademais, no
SUS a rapamicina € o unico medicamento da classe hoje disponivel. Tratamentos
com compostos alternativos como metformina e soro de baixa glicose que séo
conhecidos como indutores de autofagia podem ser testados quanto a sua
eficacia no controle das manifestacfes neoplasicas em pacientes com esclerose

tuberosa.

A presente tese de Doutorado pretende contribuir para aprimorar o
entendimento acerca de lacunas existentes em subgrupos clinicos especificos de
NF1l e ET, além da patogénese de ET e da relacdo das alteragbes moleculares

subjacentes com manifestagdes clinicas e potenciais estratégias terapéuticas.

58



3 OBJETIVOS

Caracterizar a patogénese da NF1 e ET utlizando abordagens evolutivas e

moleculares.

3.2 Objetivos Especificos

3.2.1 Realizar andlises filogenéticas in silico que auxiliem na compreensdo do
impacto de grandes rearranjos patogénicos envolvendo 14 genes co-deletados
em pacientes com NF1 e microdeleces, bem como avaliar correlagdes genotipo-

fendtipo especificas para o feno6tipo mais grave desses pacientes;

3.2.2 Descrever um paciente com alteracdo no gene TSC2 e polipose
gastrointestinal e tumor neuroenddcrino pancreético, alteracdes ainda nao

descritas em pacientes com esclerose tuberosa;

3.2.3 Avaliar possiveis alteracdes em sitios de processamento de RNA nos genes
TSC1 e TSC2, em pacientes com ET portadores de VUS ou sem variante

identificada na sequéncia de DNA;

3.2.4 Revisar a participacdo dos genes TSC1 e TSC2 como reguladores da macro
autofagia, o papel das rotas alternativas de autofagia, como privacdo de
nutrientes e fatores de crescimento, e de compostos moduladores de autofagia
em ET, além do papel paradoxal da autofagia na formacdo de tumores da

sindrome;

3.2.6 Avaliar os niveis de macro autofagia e de fluxo autofagico em linhagens de
fibroblastos de pacientes com ET, que apresentam mutagcdo germinativa em
heterozigose, comparando com linhagens controle, com e sem tratamento com

potenciais agentes terapéuticos.
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Capitulo I

Artigo publicado:

“The Role of Co-Deleted Genes in Neurofiboromatosis Type 1 Microdeletions: An

Evolutive Approach”

Genes, 2019, 10, 839; doi:10.3390/genes10110839
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Abstract: Meurofibromatosis type 1 (MF1) is a cancer predisposition syndrome that results from
dominant loss-of-function mutations mainly in the NF1 gene. Large rearrangements are present in
5-10% of affected patients, generally encompass NF1 neighboring genes, and are correlated with
a more severe NF] phenotype. Evident genotype—phenotype correlations and the importance of
the co-deleted peres ame difficult to establish. In our study we employed an evolutionary approach
to provide further insights into the understanding of the fundamental function of genes that are
co-deleted in subjects with NF1 microdeletions. Chur goal was to aceess the ortholog and paralog
relationship of these genes in primates and verify if purifying or positive selection are acting on
these genes Fourteen genes were analyzed in twebve mammalian species. OF these, four and ten
genes showed positive selection and purifying selection, mspectively. The protein, ENF135, showed
three sites under positive selection at the RING finger domain, which may have been selected to
increase efficiency in ubiguitination routes in primates. The phylogenetic analysis suggests distinct
evolutionary constraint between the analyzed genes. With these analyses, we hope to help clarify the
cormelation of the co-deletion of these genes and the more severe phenotype of NFL

Keyworde genotype-phenotype comelations; microdeletions; meurofibromatosis type 1;
ply logenetic analysis

1L Introduction

Neurofibromatosis type 1 (NF1) (OMIM # 162200) is an autosomal dominant omor predisposition
syndrome afiecting both sexes in all ethnic groups, with an estimated incidence of one per 3000 [1].
NF1 results from dominant loss-of-function (haploinsufficiency) mutations mainly in the NF1 gene,
but this is not the only mutational event that explains the phenotype. NF1 clinical diagnosis is based
on criteria approved by the National Institutes of Health Consensus Development Conference [2].
The NF1 phenotype is extremely variable and one possible explanation for this variation is a large
number of different mutations in difierent regions of the NFI gene [3]. Nearly 20% of NFI mutations
are single or multiecon deletions or duplications; 5-10% of these NF1 deletions are known as
microdeletions, surrounding MNF1 and its bordering genes. Four types of microdeletions (type 1, 2, 3,
and atypical) have been identified and are difierent in breakpoint location and size [4]. Patients with
microdeletions have been described to have a higher risk of malignant peripheral nerve sheath
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tumors, lower average inkelligence, connective tissue dysplasia, skeletal malformations, dysmorphic
facial features, cardiovascular malformations, and a higher burden of cutaneous neurcfibromas and
previous onset of benign neurofibromas [5-9]. Some authors suggest that increased malignancy
may be elucidated by variations in the expression of tumor suppressor genes placed in co-deleted
regions [10,11], as some of the genes in the deletion interval may have tumor suppressive functions.
The analysis of conserved domains in genes in this cluster indicates that many of these genes are
presumably involved in the regulation of cell growth and morphology [12]. NF1 clinical symptoms are
wariable even when comparing individuals with NFI microdeletions, probably due to the variability
characteristic of all patients with NF1, regardless of the type of NFI gene mutation involved, but also
due to changes in deletion size and breakpoint location [13]. Nonetheless, some variability in expression
of the clinical symptoms has been detected aven within the group of patients that are hemizygous
for the same number of genes [14], which could be explained by the ecpression level of non-deleted
genes, as well as by i tal factors. All these findings make the study of genoty pe—phenoty pe
correlations and the determination of the importance of the co-deleted genes diffienlt. For this reason,
anew approach to investigate the importance of these genes has been proposed by this study, using
evolutionary and phylogenetic analyses.

Evolutionary analyses take into account the natural selection, which includes purifying or negative
sedection and positive selection or neutrality. Most of the genes are affected by purifying selection
that decreases the frequency of mutations that disadvantage carriers in a given environment [15,1&].
Interspecies neutrality tests use data concerning the divergence between closely mlated species
to detect mlatively ancient selective events. Interspecies tests incdude the non-synonymous and
synorny mous (dN/dS) test that detects selection acting on protein-coding loc by comparing the ratio of
non-synonymous ([dN) to synonymous (dS) substitutions [17]. Phylogenetic analyses are important
because they enrich our understanding of how genes, genores, and species evolve. The evolutionarny
history of living species is usually inferred through the phylogenetic analysis of molecular and
morphological information using assorted mathematical models.

In the present study we employed an evolutionary approach to provide further insights into
the understanding of the fundamental function of genes that are co-deleted in patients with NF1
microdeletions. Cur main goal was to access the ortholog and paralog relationship of these genes in
primates and verify if purifying or positive selection are acting on these genes. With these analyses,
we hope to help to clarify the cormelation of the co-deletion of these genes and the mome severe
phenotype of NFL.

2 Methodology
2.1. Badkground

In a previous study conducted by our group ninety-three unrelated NF1 probands who met the
NIH diagnostic criteria were recruited at the Oncogene tics clinics of the Hospital de Clinicas de Porto
Alegre, located in the state of Rio Grande do Sul, southern Brazil The study was approved by the
Institutional Ethics Committee Board of Hospital de Clinicas de Forto Alegre, under registration number
13-0260, Clinical evaluation and molecular characterization were enrolled in these patients. We found
large pene rearrangements in four patients (6%) by multiple: ligation-dependent probe amplification
(MLPA ) analysis followed by confirmation using chromosomal microarray [15]. One patient presented
the classical 1.4 Mb type 1 microdeletion, spanning from SUZ12F] to LRRC3PE, including 22 genes
(16 functional). Two patients showed a similar deletion, but their breakpoints differed slightly (one
within CRLF3 intron 1 and SUZ12 intron 5, including 19 genes and spanning 1.15 Mb and the other
within CRLF3 intron 4 and the SUZ1Z gene, including 18 genes and spanning 1.13 Mb). Finally,
one patient showed an atypical microdeletion, with breakpoints between SLIZ12F1 and LRRC3I7EF,
spanning 590 kb and 15 genes. The fourteen genes deleted in at least one of the four patients were
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selected for the phylogenetic and selection analyses in this study: CRLF3, ATADS, TEFM, ADAFZ,
RMNF135, NF1, OMG, EVIZB, EVI2A, RABI1FIP4, COPRS, LITP6, 511712, and LERC37E.

12 Genes and Orgonisms Sd ected for Analysis

The following fourteen genes that are frequently co-deleted in NF] patients with microdeletions
were included in the analyses: cytokine receptor like factor 3 (CRLF3), ATPase family AAA domain
containing 5 (ATA D5), ranscription elongation factor, mitochondrial (TEFM), ArfGAP with dual PH
domains 2 (ADAPD), ring finger protein 135 (RNF135), neurofibromin 1 (NFI), oligodendrooy e myelin
ghycoprotein (OMG), ecotropic viral integration site 2B (EVIZE), ecotropic viral integration site 2A
(EVI2A4), RAB11 family interacting protein 4 (RABI1FIF4), coordinator of PRMTS and differentiation
stimulator (COPRS), UTP6 small subunit processome component (UTPE), SUZL? polycomb mepessive
comple 2 subunit (SLIZ12), and leucine rich repeat containing 378 (LERCI7E). As the focus of
evolutionary analysis was to performevolutionary analy sis of the deleted genes in primates, our ingroup
included eight primate species (Homo sapiens, Pan troglodytes, Pango abdii, Gorilln gorilla gorilla, Nomasois
lencogeys, Maoaca wmlatta, Calithrix facchus, and Tarstus syrichta). The Canis lupus familiris, Bos tourus,
Mus mmusoulus, and Raffus norpegicis were used as outgroup. All the included species have their
complete genome sequence available in online databases.

23. Sequence Aligroment and Plylogenefic Analyses

In order to obtain gene sequences in the organisms described above, BlastX was performed for
each gene from each organism in the Ensemb] Databases (EMBL-EBI and Wellcome Trust Sanger
Institute) and the Mational Center for Biotechnology Information (NCBI) using human sequences
encoding the 14 genes as queries. The human genes are located in the frequently deleted megion
of chromosome 17 and were obtained from the Metazome database (Joint Genome Institute and
Center for Integrative Genomics) and confirmed in NCBL Full-length coding sequencing (CDS) and
protein sequences were aligned using MUSCLE [19] implemented in MEGA 7.0 [20] with default
parameters. The multiple alignments weme manually inspected and edited when necessary in the final
analysis. The phylogene tic relationships were reconstructed follow ing nucleotide and protein sequence
alignments using a Bayesian method carried out in BEASTv1.8.4 [21] [ModelTest 2.1 [22] and ProTest
24 23] were used to select the best model of nuckeotides and protein evolution. The birth-death process
was selected as a ee prior to Bayesian analysis, and it was run for 10,000,000 generations with Markow
chain Monke Carlo (MCMC) algorithms for both amine acid and modeotide sequences. Tracer w1.6 [24]
was used to verify the convergence of the Markow chains and the adequate effective sample sizes (>200)
and the normal distribution curve. Trees off the curve were bumed by tree annotator with a posterior
probability limit of 0.005. Trees were visualized and edited using FigTree v1.4.3 [25].

24 Seection Analysis

Using the alignments of each gene and the respective phy logenetic tees as inputs, the rates of
NONSyNONymous to synonymous substitutions (dBN/AS or w), homogeneity, and positive selection
could be determined using maximum-likelihood models in the program Code ML in PAML v4.9 [25].
First, we used the models allowing w to vary among sites (site models). The most effective models
weme: the basic model (MD), which estimates uniform w ratio among all sites; the site models including
M1 {nearly neutral), M2 (selection), M3 (discrete ), M7 (beta distribution, w > 1 disallowed) and M3
(beta distribution, w > 1 allowed). The likelihood-ratio test (LET) test is obtained by caloulating bwice
the log-likelihood difference between the alternative and nuoll models (2AL) The LET was performed
betwaon the following pairs of the models M0ws. M3; M1 vs. M2, and M7 vs. MB. These LET statistics
approximately follow a chi-square distribution, and the number of degrees of freedom is equal to the
number of additional parameters in the mome complex model [27]. A significantly higher likelihood
of the alternative model compared to the null model suggests positive selection. CodeML was also
used to estimate different values of w among the sites and branches according to the branch site model
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comparing the alternative model (model = 2, Nsites = 2, fix_omega = , and omega = ) with its
mull model (model = 2, Nsites = 2, fix_omega = 1, and omega = 1) [25]. The model assumes that the
branches in the phylogeny are divided in the foreground (the one of interest for which positive selection
is expected) and background (those not expected to exhibit positive selection). We set CodeML to
estimate branch lengths by using random starting points (fic_blanght = —1). All models were run
using the Fix4 option for expected codon frequencies based on third codon positions. Finally, the naive
empirical Bayes (NEB) and the Bayes empirical bayes (BEB) approaches were used to calculate the
posterior probability (PF) of each site belonging to the site class of positive selection within each
alternative model.

3 Results

11. Phylogenefic Relationships of the Co-Deleted Genes

The dinical features of all previcusly analyzed patients are shown in Table 51 and desceribed in
full in Rosset et al, 20138 [15]. The deletions found in the patients are shown in Figure S1. One patient

showed a typical fype one deletion and the other three patients showed a typical NFI microdeletions.

In order to investigate the presence of the missing genes in the microdeletion region of NF1
patients in other organisms, the fourteen human genes CRLF3, ATADS, TEFM, ADAFPZ, ENF135, NFI,
OMG, EVIZB, EVI2A, RABIIFIF, COPFRS, UTPS, SLIZ12, and LRRCITE weme used as query in BLAST
searches against the genomes of seven primates and another four mammalian species. The results
shiwed that three genes were found deleted in primate spedies, such as ATA D5 in Pongo abelli, KNFI135
in Nomascus lencogenys, and LRRCIZE in Callithrix facchis. Figure 1 shows the deleted genes in humans

and in the comparative species.
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Figuee 1. Deleted gened analyzed in this study and in comparative species used for the phylegenatic
analysis. Blue squares represent patients with NFI microdeletions: patient 1, patient 2, patient 3,
and patient 4, mepectively. Brown squares represent ingroup species: Homo sapiens, Pan troglodytes,
Pongo abelii, Gorilla gorila gorila, N.omasous levcogenys, Mamcs meulizkin, Callithr Jacchus ¢ Tiarsius syrichafa,
respactively. Green squanes e pesent outgroup species: Canis hipus filiars, Bos foumus, Mus musalus
Rattus nornegicus, respectively. Deleted genes in éach specid ané represeinted with dark circkes. Astersk
indicates that the Tirsiis syrichefa RNF135 gene, and Covis s LRRCIVE ame absent because their
sequences are mostly incomplede.

LI

The search for deleted gene sequences in the databases NCBI and Esembl meveals that all genes are
Iocated in the same chromosomal unity in humans. The other species show some different locations,
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such as Nomasous lencogenys that has only CRLF3 and ADAP? on chromosome 14 and other genes
on chromosome 19, and Mus musailus that has all genes on chromosome 10 with the exception of
COFRS that is located on chromosome 16, The chromosomial locations of all genes in the analyzed
species are shown in Table 52, The best models of nucleotides and protein alignments obtained
by IModelTest 21 and ProTest 24 are shown in Table 53, Phylogenetic analysis was performed
for each gene of the ingroup and cutgroup species. In general, trees with nudeotide and amino
acid sequences showed similar topologies. Howewver, the order of organisms was not always the
same and the posterior probabilities weme higher in the most phylogenies reconstructed based on
nucleotide sequences (Figures 52-513). Only RNF135 and LERC3FB genes showed better values in
the trees imputed with their amino acid sequences (Figures 514 and 515). Additionally, these two
genes showed considerable variation among their sequences in the species studied, (red cells from
Table 53). The results concerning LERC37B trees are difficult to interpret since this gene has several
pseudogenss in different species and it is not possible to infer if all these sequences ame functional.
LRRC37B, UTPé, and EVIZE trees grouped Homo sapims and Fan troglodytes, and Mus musculus and
Raffus norvegious, however, they did not group Canis lupus famdliaris and Bos Tawrus. SUZ12 trees did
not group Homo sapims and Pan frogiodytes, instead the tree grouped Homo sapims and Gorila gordla
gonilla. COPRS trees grouped Homo sapiens and Pan froglodyfes and did not group Canis bipus forlieris
and Bos taurns and Mus mmsculus and Raffus norvegicus. Nucleotide and amino acid trees generated
with ATADS, ADAFZ, NFI, OMG, EVIZA, and TEFM sequences showed all clades in comect positions.
Only ATADS gene was deleted in Pongo abeli.

CERLF3 is probably a negative regulator of cell cyele [12] and was conserved in all analyzed
species. However, the trees do not show Homo sapims and Pan troglodyfes with a common ancestor.
MNucleotide sequence mee grouped Homo sapims and Gorila gorilla gorila, whemeas amino acdd tree
grouped Homo sapims and Fongo abelf. Mucdeotide tree showed better posterior values but did
not group Bos faurus and Caonis [upus famidioris. Finally, ANF135 nucleotide and amino acid tees
did not group Home sapiens and Pan froglodyfes; both grouped Bos fawrns and Canis Tupus farriliaris
and Mus mmuscnlns and Ratfus noroegicns. This gerse was not found in Nomascus [lencogenys and was
incomplete in Taraus syrichfe. Momover, the RINFI35 gene could act as a transcription factor, duoe to the
presence of zine finger domains and the lower conservation found outside the sequence cormresponding
o protein domains, a common feature in ranscription factors.

A2 Sdection Analysis of e Co-Deleted Genes

All genes presenied a statistically significantvalue for M3 x M0 analysis, indicating w heterogeneity
among all sites (Table 1). ENF135, UTP6, LRRC37B, and EVI2E showed statistically significant values
for the comparison between the ME x M7 models (p < 0.005, p < 0.025, p < 0.001, and p < 0025,
respectively), indicating positive selection. In addition, LEEC3I7E was the only gene that also presented
a statistically significant difference in the comparison of M2 x M1 models (Table 1). The naive empirical
Bayes (MEE) and Bayes empirical bayes (BEB) analyses dernonstrated which sites are under selaction
(Tables 54-57), however, presenied statistically significant values only for sites in the ENFI 35 gene.
Twenty-seven amino acid sites showed positive selection, with statistical significance for the NEB
model (21 sites with Fvalue »>0.005 and & sites with p-value »0.001) (Table 54). Figure 2 shows the
positively selected sites and positions, including sites located in the RING finger domain of RNF135.
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Table 1L CodeML anabrais of the entine dataset using the sibe models.

Gene Family ModelLikelihood Comparison Parameters/Significance
My-3780, 887 28 M3 va MO AL =337 ({df = 4)p << 0000 *
M1/-3774,195335 MZvs M1 WML=-651{df=2yp <099

CRLF3 MIy-3777 A50854 MB vs M7 ML= 07Ndf= 2)p< 05
M3/-3774,195335
MGY-3774, 904179
ME/-3774, 50421
MIY-Z2006, 87320 M3 vs MDD 2AL = 30011 {df =4)p< LDO1 *
M1/-21865,9053 MZvs M1 WAL =0(df =2)p <099
ATADS MZ/-21565,9053 ME va M7 ZAL= 426 (df= 2)p< 0.5
M3/-21856 31708
MI7-21859,575933
ME/-21 657 4457
MIF-4320,93576 M3 va MO ZAL= 8394 [df = 4)/p < QDO *
M/-42R3 ATEF 4T MZvs M1 WAL =0(df=2)p <099
ADAF? MI/-4283 ATEF 4T MB vs M7 2AL = 176 (df= 2)p < 0.99
MY-AZ7E 62315
ME-AZ79 346500
ME/-4779, 258106
MIy-5807, 616454 M3 vs M 2AL= 1145 [df= d)p < QDD *
M1/-5745, 76494 MZvs M1 2AL= 280 (df=2yp< 01
ENFI35 MI/-5744, 363479 MB va M7 2AL= 1165 (df= Z}p< QuDO5*
M3/-5744, 351541
MIF-5750, 260024
ME/-5744, 430178
MIy-20275,1 2645 M3 vs M ZAL=73.08 (df= 4)p < DO *
M1/-20240, 45408 MZvs M1 ZAL= —4 % 10-5 (df = Z)p < 099
MFI MI/-20240, 46408 MB vs M7 2AL= 157 (df = 2)p < 099
My-20238, 56367 M3 vs M
ME7-20239, 50855
ME/-21278 71539
MIy-6507, 150836 M3 vs MO 2AL = 15460 {df =4)p< 0DD1 *
M1/-6433, 008549 MZvs M1 AL =D (df = 2)p < 0.99
UTPs MI/-6433, 008549 ME va M7 2AL= RS2 [df=2)p<0D0S*
MA-6420 850045
ME7-6434, 194703
ME/-5420, 931062
MIy-4810,097546 M3 va M 2AL= 1464 (df= 4)p < DO5 *
M1/-4803, 61 0639 MZvs M1 WAL =0(df =2)p <099
sUFIz MZ-4803.61 0639 ME va M7 2AL= —0.000268 (df = Zyp < 099
ME-4B0T, 77363
MIT-480T, 776534
ME-4802, 777078
MIY-3421 BT 547 M3 va MO ZAL= 2099 [df= 4)/p < DO *
M1/-3412.437711 MZvs M1 WML =0(df=2)p <099
OMG MI/-33563, 13422 MB vs M7 2AL = D18 (df= 2)p < 0.59
ME-341 2, 246300
MGT-3417, 265355
ME/-3417, 256186
MIF-16071 4708 M3 vs MDD 2AL= 17 [df= 4)p< DO *
M1/-16018,91532 MZvs M1 2AL= Q.87 (df= 2)p< QDOG*
MZ/-16013 97678 ME va M7 ZAL= 1330 [df= Z)yp< DO *
LRRC37B MY-1601 LIFET6
MIT-16018,02362
MEy-16011,36549
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Table 1. Coni.
Gene Family ModelLikelihood Comparison Parameters/Significance
My-2792,694611 M3vs MO 2AL= 4445 (df=q)p< 0001 *
MV-2771,253237 M2vs M1 2AL=132(df=2)p <099
EVIZA MY-2770 590286 MB8vs M7 2AL=428(df=2)yp<0.1
MY-2770,464544
MZJ-2772 654596
M§-2770,510867
MIy-3998 097719 M3vs MO 2AL=7186(df=4)p< 0001 *
MY-5964 792227 M2vs M1 2AL= L85(df=2)yp<0.1
g M2/-5963 862998 MBvs M7 2AL= 625 (df= 2)p < 0.025*
MY-5962,167576
M7/-5965 886294
ME/-5962,759212
My-8519,576811 M3vs MO 2AL = 21476 (df =4)p< 0.001 *
MY/-8500 408316 M2vs M1 AL=0(df=2)p <099
MY-8500 408316 M8vs M7 2AL=327 (df=2)p <01
i MY-8412 192643
M7/-8412,081211
ME-8410,442254
Miy-4523 914053 M3vs MO 2AL=9554 (df=4)p< 0001 *
MY/-4475,041925 M2vs M1 2AL=270(df=2)yp<0.1
TEFM M-4477 650271 M8vs M7 2AL= 1391 (df=2)yp<0.1
MY-4476,141837
M7/-4478 690601
ME-4476,738419
MI{Y-2021 525059 M3vs MO 2AL= 3962 (df=4)yp< 0001 *
MY-2001,718453 M2vs M1 2AL=0(df=2p< 09
CORPS MZ/-2001,718453 M8vs M7 2AL=026(df=2)p<05
M3-2001,71364
M7/-2001 856893
ME/-2001,724449
* Seatistical signaficant result obtained by Fisher chi-square.
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Figure 2. Sequence of human protein RNF135 and their positive selected sites. Rep tion of the

structure of the cytoplasmic protein RNF135 and its 432 amino acids. The orange rectangle represents
the cell membrane. The small circles represent the amino acids of the protein, with the names indicated
by the lethers contained within the circles. The beginni mdendofhgmmrmpmdmgwh
RING finger domain ame indicated by the first and second black arrow's respectively. The circle
mmdmpnmﬂ&nﬂmm-adsﬂutmmdapmsehcmm&emq\mmmmh
N-glycosilated motif.
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The CRLF3, ATADS, ADAFZ, NF1, SLIZ13, OMG, EVIZA, RABIIFIPY, TEFM, and CORPS genes
did not present statistically significant values for the comparisons of M2 x M1 and M3 x M7 models,
indicating that they may be under purifying selection (Table 1).

4 Discussion

Tumor cecurrence in NF1 follows the two hit mechanism proposed by Knudson in 1971 for
retinoblastoma. The first hit corresponds to the germn line mutation (haploinsufficiency) that is
enough to cause the initial NF1 symptors. The second hit is somatic and stimulates umorigenesis in
specific tissues involved in NF1 disease [29]. Only a few genotype-phenotype correlations have been
established to date in NF1 [30-32]. One of the most evident is associated with NF1 microdeletions,
independent of the second hit acquisition. The architecture of the genomic regions flanking the NFI
gene in 17g911.2 in humans is characterized by low copy repeats (LCRs). LCRs predisposes to large
deletions mediated by mutational mechanisms occurring in the germline of an unafiected parent or
during mitotic postzygotic cell divisions [33]. Initially, the breakpoints of large rearrangements were
characterized by microdeletion junction-specific PCR assay of 54 NF1 patients. The mcombinant event
occurred in 46% of cases in a recombination hotspot region of the flanking NF1REPs, also causing three
intervals of mcombinant events [34]. Later, four types of misrodeletions (type 1, 2, 3, and atypical) were
identified; the most frequent bype of microdeletion is type 1 NFI dele ion which encompass 1.4 Mb and
indude 14 protein-coding genes as well as four microRMNA genes (Figure 51) [25-37]. The non-allelic
homologous recombination (NA HR) events causing type 1 NFI deletions are mediated by the low copy
repeats, NFI-REPa, and NF1-REPe [26]. Type 2 deletions encompass only 1.2 Mb and are associated
with hemizy gosity for 13 protein-coding genes. They ame also mediated by NAHE but their breakpoints
are located within SUZ12 and its highly homologous pseudogene SLIZ12ZF] which flank NF1-REPc
and MF1-REPa, respectively (Figure 51} [37]. Type 3 NFI deletions are very ram; these 1.0 Mb deletions
oceur in only 1-4% of all patients with gross NF1 deletions and are mediated by NMAHR betwesn
NFI-REFb and NF1-REFc leading to hemizy gosity for a total of nine protein-coding genes (Figure 51).
Atypical large NF1 deletions do not exhibit recurment breakpoints and are variable considering the
number of genes located within the deleted megion [35]

In our previously studied cohort [15], one of the NF1 probands showed the well described N type
1 microdeletion. Although the other three patients showed NFI deletion breakpoints similar to type 2
and type 3 microdeletions, they were considered atypical (Table 52 and Figure 51). One gene in the
region between NF1-REFPa and NF1-REFD, which is variably included in microdeletions and is deleted
in four of our patients, is ring finger protein 135 (RNFI135). ENF135 codifies a protein that contains a
RING finger domain at the N terminus and a B30.2/SPRY domain at the C erminus. RING domains
ane specialized zinc-finger motifs that can have ubiquitin and sumo ligase activity [39]. ENF135
loss-of-function mutations, as well as an NF1-REFPa to NF1-EEPb deletion including this gene, have
been implicated in an overgrowth syndrome which includes tall stature, macrocephaly, dysmorphic
features, and variable additional features, including learning disability [9]. The dysmorphic facial
character as seen in patients with NF1 microdeletions is genertally missing in patients with infragenic
NFI mutations. Ome of the patients from our previous study (Table 51) had an NFI deletion including
NFI-REPa to NF1-REFb and ENF135 and had several dysmorphic leatures as well as tall stature.
Hiwever, since only the study conducted by Douglasetal. (2007) [39] analyzed patients with intragenic
FNF135 mutations but lacking NF1 microdeletions, more studies are necessary to assess the role of
RNF135 co-deletion in NF1. In our study, a different approach was applied to try to elucidate the
importance of this gene in NF1 microdeletions. The phy logenetic analysis revealed the evolutionary
relationships of each gene among the primate species analyzed. These msults showed that some genes
are not in agreement with the species tree, suggesting distinct evolutionary constraint bebween them,
which could be expected for genes that present divergence of function during species evolution and
are under distinct selection pressure. The distinct statistical values for clades on the phylogendes
considering nucleotide and protein sequences could be explained by the differences in nucleotide and
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protein variation. These differences could be explained by the high symonymous substitution found for
some genes. The phylogenetic trees were used to estimate the dN/d5 value for molecular evolutionary
rate analysis and revealed a distinct selection pattern for each gene. Most genes ame under purifying or
negative selection, but some present some positively selected sites.

Our results indicate that there is heterogeneity of w between the sites of all analyzed genes in the
difierent species. This indicates that, in the same position, the amino acids vary among the different
groups investigated. Four genes present evidence of being under positive selection (RNF135, UTFs,
LERC37B, and EVIZB), which possibly increased their adaptive values. Of these, the only gene that
presented statistically significant differences for its sites in the NEB model was RNFI 35 (Table 54).
The proteim RMNF135 showed twenty-seven sites under positive selection, and three of then are located
in the RIMNG finger domain of the protein. The second positively selected mesidoe is a glutamic acid, with
anegative net charge in humans and other primates (VMisoaos moalatta, Callithrir fecohms, Pongo abeld, and
Pan troglodyfes). In organisms that are phylogenetically mome distant to humans (e.g., Mus mmsodbs),
this site has a positively charged amino acid. The third residue is an aspartic acid, a regative amino
arid in the human progin. In the primates Pan troglodytes, Pongo abelii, and Macaoa mulat fa, the neutral
amino acd glicine was selected; in Mus msoulis the amino acid in this position is an arginine. Finally,
the fourth selected residue is an arginine in humans and other main primates; in Mus muscilus, a valine,
a polar hidrofobic amino acid, is in this position. These differences in amino acids and their charges
could have been selected in humans and other primates to allow better ridimensional conformation
of the RNF135 protein and, consequently, a higher efficiency in its ubiquitination function. Most of
the ring finger proteins contain two zine atoms grouped with cistein or cistein-histidin rich clusters.
The consensus sequence of this domainis C- X2 -C-X9-30-C-X1-3-C-X2-C-X4-48-C-
X2 - C[40]. The ENF135 gene has this consensus region, represented in Figure 2, which encompass
the second, third, and fourth sites under positive slection (shown in red in Figume 2. Genes under
this type of selection have important functions and these data support that RNF135 haploinsufficiency
contributes to human disease. Other genes showed positive selection in our study (UTPS, LRRC3VE,
and EVIZE), but without a statistically significant difference in the MEB model (Tables 55-57).

The other ten genes showed evidence of being under purifying selection, which is related to the
importance of maintaining their function during the evolution of organisms. They are faitly conserved
genes that are present in all organisms investigated, with the exception of the ATADS gene in Pongo abeli.
These genes in the co-deleted region may also contribute to the phenoty pe in microdeleted patients.
SUZ1 2 (also known as [JAZ 1) is critical in embryonic development [41]. There are evidences that biallelic
5LEZ12 loss promotes malignant peripheral nerve sheath tumor (MPMNST) progression in MF1 [42].
The SUZL2 protein is a component of the Polycomb repressive comple: 2 (PRC2) and is invobred in the
epigenetic silencing of many different genes by establishing di- and tri-me thylation of histone H3 lysine
27 [4%]. Loss of histone H3 lysine 27 trime thylation was observed in 50-70% of MPNSTs. By contrast,
in benign reurcfibrornas, e H2 lysine 27 trimethylation is retained, serving as a diagnostic marker
for malignant transformation [44]. Another gene, OMG, which encodes the oligodendrocy te myelin
glycoprotein is an important inhibitor of neurite overgrow th [45] Haploinsufficiency of the OMG
gene has been proposed to be associated with learning disability. Cardiowascular malformations
observed in patients with NFI1 microdeletions could be related to hemizy gosity of the ADA P2 gene.
This conclusion is drawn from the observation that ADAFP2 is highly expressed during early stages
of heart development in both mice and humans [46]. Haploinsufficdency of LITPé seems to reduce
cellular apoptosis, increasing the risk of tumor development [47]. ATADS (ATPase family AAA
domain-containing protein 5) is involved in the stabilization of stalled DNA replication forks by
regulating proliferating cell nuclear antigen (PCMA) ubiquitination during DMNA damage bypass,
thereby promoting the exchange of a low-fidelity translesion polymerase back to a high-fidelity
replication polymerase [45]. Embryonic fibroblasts from more than 90% of haploinsufficent Atad5+/m
of genomic instability [49].
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5 Conclusions

In our study, we found that four of the frequently co-deleted genes in NF1 patients with
microdeletions present evidence of being under positive selection, including specific amino acid
sites of KNF135 protein in its main functional domain (RKING finger), reinforcing its importance and
contribution to human disease. Moreover, the other ten co-deleted genes showed evidence of being
under purifying selection, which is related o the importance of maintaining their function during the
evolution of organisms. Our in silico analysis could help clarify the function and contribution of the
co-deleted genes to disease and, in the future, co-deleed genes could possibly be included in the NFI
molecular diagnostic workup.
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Abstract

(aze repart

Badoground: Tubsrous Sdercsis Complex (T50) i5a complex and heterogeneous genetic disease that has well-
established dinical diagnostic aiteria These chiteria do not indude gastroin testinal tumiors

Case presentation: We report a 45-year-old patient with a clinical and malecular diagnosis of T3C and a amily
history of cancer, presenting two rare assodated findings: gastrointestinal polyposis and pandreatic neumendodine
tumor This patient was subjected to a genetic test with 80 cancer predisposing genes. The genetic pand revealed
the presence of a large pathogenic deletion in the T5C? gene, covering exons 2 to 16 and including the initiation
oodon. Mo changes were identified in the colorectal @ncer and colorectal polyposs genes.

Discussion and condusions: We describe a case of TRC that presented tumos of the gastro intestinal tract that are
commanly unrelated to the disease. The patient described here emphaszes the importance of consdeing polyposs
aof the gastrointestinal tract and low grade neuroendodine tumar as part of the T5C syndomic phenotype.

Keywords: Tuberous sderosis oom plex, Adenomatous calonic, Rectal polypasis, Panareatic neuroendoaine tumar,
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Tubemus Sderosis Complex (T5C) is a genetic disorder
with muliorgsn imvolement, a brosd phenotype with
inter and intra-familiar variabiity and well-established
clinical diagnostic criteda (Table 1) [1-4]. The incidence
of TSC is approximately 1 in @0—10,000 live births,
and in Eumope its prevalence hoas been estimated to be
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B/ 100,000 [5]. Germline pathogenic variants in TSCI
and TSC2 are identified in 75-90% of patients with the
clinical disgnosis and at least 60% of TSC patents do
ot heve a family history of the disease and are consid-
ered sporadic [6].

In this report, we describe a patient with the clinical
and molecular disgnosis of TSC presnting with two

rare amociated findings: gaatmintestinal polyposis and a
pancreatic neursendocrine tumor. A review of the liters-

ture on the subject & provided.

Case presentation
The patient, a 45-yvear-old male, was referred for genetic

assmamment due to clinical findings suggestive of
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Tahble 1 Citeria for the dinical diagnosis of T5C (1]
Criteria D soiption

Observed in
the proband
Mo  Facil angofiboma +
Uinguesl/pesi-ung ued filroma
Hypomdanotc macuies
Suinepend ymal nodulies F
Coortical tubess +
Suhependymal giant ol stocioma (EGA)
Multple nodular etina Femartomas
Cadiac fabd omyoma
Bemal angiomyalipoma F
Lynphan giomyomatoss
Mnor  Mulzpie dental enamed macules
Rectal palys F
O oysis
ionaommal migration tads of the Wi mates
Gengread fibromas
Maon-reral hemartomas
Multple renal cysts
Confets® skin lesions
Driminia TSC: T o crlliarla o eved mapy amel v o i cola s,

Produbla TSC: Oesr Saped amd o it o i arkos; Poasibhis: T5.C O S
ard hed S Cillada

Tubenous Sderesls Comple (TSC) and polyposis of the
gastrointestinal tract Past medical history indeded
symptons such & dgnificant sbure sdnce infancy, mid
cognitive impairment and adult-onset peychiatdc symp-
tomks. These symptoms prompted investigation with a
brain magnetic resonance imaging (MRI), which showed
subependymal podules and cortical tubers two major
disgnostic criteria of TSC. Physical examination revealed
facial anglofibroma bt bo additom] cutaneois abhor-
malities were observed. Ophthalmologic, cardiac e pul-
oy evalustions did pot eveal presence of retimal
hamartomas, cardiac chabdomyomas or pulmonary hm-
plangoleomyonstosls  Abdominal oomputed tonwsg-
raphy (CT) scans showed an expansive leslon with
heterogensous enlanrement, located in the lower pole
of the right kidney, measuring 55cm =4.0cm which
was lter confiened a8 a renal anglomyolipona, another
chsical sign of TSC. Multiple nodular lesions with ar-
terial enhancement were identifled in the liver, the lar-
gest one messuring 7.0 = 50 cm with features suggestive
of secondary implants of unkiown orign [n addition,
abdominal imaging also showed an expamsive lesion in
the pancreatic body, with heterogencus enbonosment,
imvolving the splenic artery and measudng approxi-
mately 60 <4.0cim In addition, the patent also had a
long history of diarrhea and underwent colo noscopy and
upper gaatointesting endoscopy, revealing presence of
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mare than 50 gastric, colonic and rectal polypold forme-
tions (2mm to 5 mm).

Family history of cancer was significant for presence of
2 relatives with central nervous system tumors (father and
brother disgnosed at ages 62 and 57 years respectivelyl
Eight sdditional cancer unaffected siblings weme reported.
There was aleo no report of any other Bmily member with
climical features of Tuberous Sdemsis Complex or other
genetic conditions Considering the dinical fatures of
TSC and polypasis of the digestive tract, germline genetic
testing was proposed with a next genemtion sequencing
panel validated for large rearrangement screendng indud-
ing 80 cancer predisposition genes in a commercial la-
boratory. Genes in the pane induded: ALK, APC, ATM,
AXINZ, BAPI, BARDL, BLM, BMPRIA, BRCAL BRCAZ,
BRIPY, CASE CDC73, CDHIL, CDE4, CDENIE CDENIC
CDENZA  (pl4ARF), CDEN2A (pieiNK#a) CEBPA,
CHEK2, DICER], DIS3L2, EPCAM, FH, FLCN, GATAZ,
GPC3, GREMI, HRAS, KIT, MAX, MENL, MET, MLH1,
MSH2, MSHs MUTYH, NEN, NF1, NF2, PALR2, PDGF
BA, PHOXZB, PMS2, POLDI, POLE, POTI, PEKARIA,
PTCHI, PTEN, RADS), RADSIC RADSID, RBI, RECD)
L4 RET, RLINX1, SDHAF2, 5DHB, SDHC SDHD,
SMADS, SMARCA4 SMARCBI, SMARCEL STKIL
SUFU, TERC, TERT, TMEMIX, TPs3, TSCL TSC3,
VHI, WEN, WT1 genes. The patlent died due to compli-
catiors of the disease a few months after genetic evalu-
ation. [nfbrmed consent to publish this case report was
obtained poit-rrortent Fom his spouse.

Regarding pathology of the tumos, the heematooylin
and ecsin stain (HE) pedormed in lesion of the dght
kideey mvealed round cell memal tussor with typleal
maphology (Fig la) The liver lesions were biopsied,
showing a histologle pattern suggestive of a low-gede
neurcendocrine tumaor (NET) (Fig. 1c and ¢). Biopsies of
the pancreatic ledon disgiosed a low-geade meumendo-
cipe pancreatic tumor (PanNET). Based on the major
phenotyplc criteda identified in the patient, the clinical
diagnogs of TSC with a rare manifestation (PanNET)
was established Partial polypectomdes were performmed
resecting three polyps from the gastric body, two polyps
from the right colon and fbur polvps from the rectum
Histologic examinations of the gastric and colonic/rectal
polvps revealed fundic dand polvps and tubilar aden-
omas with low-grade dysplasa, respectively (Fig. 2). Im-
i Etochemietey (IHC) was perfornsed 1o the blopsy
of the right kidney lesion and demonstrated positive ex-
presion of melnoma antigen (Melan A) (Fig. 1b), mels-
nosomal  ghycoprotein  gpld) antgen (HMB43) and
smooth musle actn antigen. The ledons in the lwer
were confirmed by [HC showing positivity for multiple
citolerating antigens (40, 48, 50 & 50,6 kDa), chiotmoge -
nin A antigen (CGA) (Fig. 1d), and synaptophysin
(Sinapto) (Fig. 10).
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Gemnline genetic testing revealed presence of a lage
pathogenic deletion in TSC2 gene encompassing exons 2 to
16 and induding the initistion codon. No alterations in
cdorectal cancer/colorectal polyposis genes (APC, AXINS2,
BMPRIA, CDH1, CHEK2, EPCAM, GREM 1, MLH1, MSH2,
MSH3 MSH& MUTYH, NTHL1, PMS2 POLDI, POLE
POLE, PTEN, SMAD4 STK11, TPS3) were identified.

Discussion and conclusions
TSC s an autosomal dominant disease associated with
cancer predisposition and multisystemic involvement

mainly due to hypemactivation of the mTOR pathway,
secondary to loss of function mutations in TSCI and
TSC2 [7]. Approximately 15% of the pathogenic variants
identified in TSC2 and 8% of those identified in TSC1
are large gene rearrangements (LGR) [8], and therefore,
genotyping using a methodology that allows LGR detec-
tion is important in a diagnostic workup. Although cri-
terka for clinical diagnosis of TSC are well established,
expressvity is highly vadable, even within families with
multiple carriers of the same pathogenic variant and
simplex cases with de now mutations are not
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uncomman reaching up to 86% in some cohorts [9]. The
recent, increased access to muliigene panel testing to
imvestigate suspected hereditary cancer has resulted in
molecular disgnosk of individuals without the clssic
climical criteria or apparently “sporadic” tumors or
isolated clinical features of the disase.

In this report, we describe a patient fulfilling crteda
for the cinlcal diagnosis of TSC, such & cotical tubers,
facial angiofibroma and remal angiom yolipoma (Table 1
and Fig. la and b) carrying a previowsly descalbed large
TEC2 rearrangement with two uncommon clinical mani-
festationg of the disese: gatrolntestinal adenorsboes
polyposis and a metastatic pancreatic neumendocrine
tumbor. The occurence of mumeroes colonle and mectal
polyps, charactedzed in this patient as tubular aden-
oftas, B a symptom assocated with gasteolntestinal
polyposis and colorectal cancer syndromes, such as
Fanmtlial adenomatows polypesis (FAP), & mre sutosoial,
dominant hereditary disease [10]. FAP is caused by a
germline mistation in the APC gene [11]. Besides FAPR,
other syndromes could be assocated, indeding mis-
match repair deficency (blallelic MLHI, MSH2, MSHs,
PMS52 gene mutations), polymerase proofreading-
assciated polyposis (POLDE, POLE genes), juvenie
polyposis (SMADS, BMPRIA genes) and MU TYH-ass0-
chted polvposis [12]. Sequence changes and econic
deletions/duplications were evaluated in all of these
assctated genes and negative results eoclede these
symdromes in this patient

The heterozygous TSC2 exon 2-16 deleton identified
is also known as deletion of exons 1-15 in the literature.
Truncating varants induding gros deletions in TSC2
are known to be pathogenic. The 5° end of the deletion
remalned whdetemined ag it was beyvond the asssyved -
glon and the 3° boundary was probably within intron 16
of the TSC2 gene. This deleton kb expected to el in
complete removal of the TSC1 binding domain (T1BDY)
the MN-teminus of the TSC2 prteln in one of the alleles.
This domain is cdtical for TSC1-TSC2 interaction (for-
mation of TSC complex) and abnormal or absent TSC

Table 2 Previous repors of Gl ract polyposs in TSC peients
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complex results in TSC2 ublguitimation and degradation
This in turn elimimates inhibition of the comversion of
Bheb-GTP which accumulates and directly activates the
mTORC] pathway [13, 14].

Three previcus reports describe TSC patients camrying
the sme gemline TSC2 exon 2-16 (aka. exon 1-15)
deetion [ 15-17]. However, acconding to the information
avalable, none of them presented the unoommon din-
ical features reported here (peurcendocrine tumors or
gastrodntestingl polyps) (Tables 2 and 3) although it &
possible that dee to their ages, these phenotypes would
ot et be identifiable. Interestingly, Mortaji et o, 2018
described an adult TSC patient who presnted both, a
pancreatic NET and gastrolntestina] (GI) polypa But 4if-
ferent from the case presented here, they were hamarto-
matous/inflammmtory  polyps  [40].  Although  mectal
polyps are indueded as a minor dinical diagnostic criter-
lon for TSC, ther 8 po mention to polvps in other por-
tions of the Gl tmct and the vast majodty of polyps
deseribed in TSC patients are hamartomatous [19, 43].
Gastric fundic polyps (FGPs) are consdered hamartonss
and tuberin proteln (codified by TSC2 geme) seens to
phy an important mle in pathogenesis of sporadic FGPs
by deregulation of cell proliferstion The altered cellular
localization of tuberin intermupts its interacton with
hanwrtin pooten (codified by TSCI) preventing the
formation of TSC complex that regulates mTORCL
pathway, responsble for cel proliferstion and proteln
synthesis signaling pathways. In addition, altered cel-
lular localization of tberin may predude its negative
regulation of gene tmnscription mediated by tubedn-
assoclated proteins glicocortienld mceptor (GCR)
[44]. We identified only one case report of an adoles-
cent TSC patient with tubular adenomatows polyps of
the GI tmct. The eport by Digoy et al. (20:0), and
the cage reported here, presented with a high number
of GI tract polyps (unlikey somatic in origin} and a
negative comprehendve evaluation of known polyposis
genes, reinforce that GI polypesis with different his-
tologles k& lkey part of the TSC phenctype and

Refemnoe Age TS features G tract alterations Mutant gene®
(R} 17 yo femalk Mertal retardagion, bram astrooyioma, Recial adenomecinoma and mulipke LY

facal angnfbmoma, ypomehnatic 2 50 bl adenomas

macuies, el angiomyalipoma
=] 42 yo fermale S, renal and bver angofibromas, Mubiple gasine fundic) hamariomas LY

muiiple subspendyma calofiatons of

the bran, mplangoleomyomaioss of

the lungs, erebmomaaca
[l 41 yo fermale Eplepy, mid cogritve impaimment, o than $0 seede palypes of small s2= [uta)

ungued fibromas. scatiered shough the leftcolon and rectum clZETdell

(e G )

A Mo assnad
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Table & Previous repons of neurcendodrine tumos in indivicuals with a dinical o dinkcal and molecular diagnosis of THC

Referwnoe  Summary Mutant gene*
Pituitary NET

[21] Caze mepart 12 yo mae with 2 GHomaand aoomegaic giganesma L L]

4 Came mepart 25 ya fernale with hyperpobcanaemia, amenorhoes and galaciordoen afier delivery of 3nd druld. L]

23] Cam= mepart 12 yo male with an A TH-oma and Cushingoid festures N

4] Cam= peport 135 yo male wath an ATHoma, short satue, sbnormal dissibuton of fat fsue and rounded Ma
fare, plethom and arme.
Parathyroid MET

5] Came repart 50 yo fernale with paratinroid hyperplasia, and on awopsy muitiple endocine ad enomatoss L]
afectng, in addition to the pamthyod, the phutary {2 nom-functoning ity adenoma), ademnals and
s s ool tumow)

28] (aze repart 14 yo fernale with 2 paratinroid adenoma, anoredia, oomsona nases and vomiting, palyd ipsa, L]
palyunz, @msipaton ad geneadieed astenposs

ey ] (aze repart 15 yo male with 2 pratinroid adenoma and acue panoeatss L]
Rectal HET

=] Came= pepart 18 yo femnale with Prows syndome and TSC, subcortical fubers, deveinpmenial deby;, ssimpe TSC2

dizorder, biateal mral angomydipomas, venmailar shabdomyoma, chaledochal cyst, spdermal ndusian
oy, wn tags, yndwonous well-diferentaied Lol recial newnen doorine fumor and lsomyomatoss- e
ymphon galsomyomatoss of e ecdum

Panoreatic NET
= Came report 24 yo fernale with imsulinoma and symptomasc fypogr@emia and nosed onset of seeues Wi
2] Came pepart 23 yo male with reulinoma and recument wnwes presented afier 15 yeam of being sezue free L]
1] Cam= mepart 34 yo male with 2 panoeaic gasinoma, presen @ng with e esophagts and masow weght o WA
] Cam= mepart 22 yo male with reulinoma and behaioml donge dondened by speode of agtaton and, & M
afher fmes, leghangy
3] Came= peport 18 yo female with irmiinoma with symptomatc hypogyaema LT
4] (Gaze mepart 12 yo male with 2 malgnant isiet ol sumour T2 froreeres)
5] (ame report 43 yo male with reulinoma and epsodes of Epsodes of sweating and dizzoiness. L]
2] Cam= mepart é yo mae with a malignant iset ol tumour of panceess TEC2 fnonserese)
En Came= peport 39 yo male with 2 panoeasc get ol wmor and lichenified hyperpgmented plgues TSC2 {1 bp ire)
{parneoplatc paoces)
3] s report 31 yo male with T50 multiple congenital subspend ymal nodules, biatenl ool wbers, Wi
samres and 2 malgrant {metstac) panceeatic neymend oo ne wmas
1] Desmiption aff & pasents with T5C idinicdl dagnoss) and panceatc wmars, 2 of them confirned panceasc L L]

meumen docine wmors, locdized in the pancreasc @i (5 yo male with 2 Xmm eson and 13 yo male wit 2
W mm leson)

[ad] (aze mepart 35 yo fernae with TG adenoma schaceum, shagreen patch and hypopgmenied macules, biaxemal T5C1 {2bp dd)
reral angomyalipomas and Hurthie ol adenoma. Mulsple benign Femartomaious and infammatory-type palyes
n the ecum, sgmod mion, and ecum. Fancreasc welk-difersntaed neumendoone wmaor.

Phecchromaooytoma
1] (ame repart 29 yo femnale with 2 pleomaonphic ad el pheochmmocytoma, reorrent fever and abdominal pain. L]
Modomna recumen e imeabang $he spmal oord
Carcinobd tumaor
[ Cam= mepart 14 yo fernale with remal cysts and 2 bondhial @rcnod presntng by hemoptyss 2 yenes afrer TEC1 fnonseres)

diagnoss of “sporadic® lymphang omyomaioss (LAML On post-morem saminagon LM was abseed n
e bngs, medatna lgmph nodes, kdneys and vemos LOH for ghe TS0 mutaion abseresd in several tesues
bt nat in the caranoid umaon

L

should be considered in the differential diagnosis [18]. Fimally, pancrestic neurcendocrine tumos (PanNET)
Of note, gandular fundic polyps and tubular sden- am most commonly sporadic but have been repoited
omatous polyps could be two different expressions of  previowsly in assochtion with TSC and in other inher-
the same germline varktion. ited cancer syndiomes sich & von Hippel Lindau
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disease, Neurofibromatosis type 1 and Multiple endo-
cine neoplasia type 1 [45]. Mot TSC patlenis d agnosed
with NETs heve pancreatic NETs, but NETs in other ar-
gans must be considered as part of the TSC phenotype.
Recent gudies have shown that most TSC patients with
Pancreatie NETs have a germline pathogenie varknt in
TEC2 gene, as observed in our case The multiple re-
poits of NET in TSC patlents and recent evidence for a
pivotal role of TSC1 and TSC2 proteins in MET devel-
opment and tumor's eapoinse o MTORC mwoedulating
interventions, point to a direct relationship between los
of function varlants in TSCI and TSC2 and NET sug-
gesting that TSC clinical coteria should be modified to
imclsde NETs [46—48]. To our knowledge, there ame no
previows reports of tubular adenomatows polyposis in
mltiple segments of the GI tma in carres of TSC2
germline pathogenic variants (Table 3). In a previous
repoit describing molecular features of TSC patients,
none of the probands reported Gl tract polyposis [49].
In concludon, there is currently o fecomime ks thon
for GI polyp or PanNET screening, probably given the
earity of these findings, in TSC patients. Gastrie and
colorectal polyps and PanNETs are also not considered
as phenctypic ceiterts or the dinkeal diagnosis of the
symdrome. The patient described here, with confimed
molecular disgnosis of TSC underscores the impoitance
of considedng Gl tact polyposis and NETs as part of

the syndromic phenotype.

b rasiation s

T Tubemus Scienocs Compies; MR Magnefc rescrance imaging

CT Compuaed toenagrapiy, HE Hemmasoon and ecen

HET: Mewroenooin tumon FanbE T M ncdorine: [ anic o,
10 Imemanciier iy, Malan f el nama aregeny

HENUS: Melancensmal glycopnotein gniod andgesr; CGA Chacmogranin A
arsiger; Srapec: SyrapeopiyEng LGR Lange Qe M e ans;

F#F: Familal adenomanous polypods, TIED: T5C 1 binding domain;

Gl Gasmninmed iral; FEFY G fundc polyps; GER: GIuc ooonfonid recepane

Murionn vt ants

e v [l oo i e e of the deveaer paflent for parTiEing
publicadion of Fer Fesbond's cee repor, Coradiho Macional de
Deservanivimenan Censfion & Taomotgion (C8Pg) for francil uppo, and
pathologss Eder Lamch and Caos Bied for cnganizaonal suppon

Morthors’ oo i Sons

LER DE and FAF molieced dat and wiote ©e moneTipt FA&F, GF,FE
amd CEON memed the pafent and Inemreted e dat PE ondesed
diagricesc b reecogy and Coloreceongy ard v T primary dinical
oncongis of the cse GF vas ooreubed for 3 seoond opinion and refemed
e paent fior geretic evaluaon, PACF vas Inuolved with concepson of the
repcet and aced as 3 superdaor. Al S arkors read and approved e fral
TG MR,

Famnding
Mot applica e

Aovallability of dats and maimrials
ot i ica i

Ethies approval and oonssnt to parsoipas
Mot applica e

Page 6of 7

Coomnsant fior puh lradion

Thee spoue of S patient descibed hene, Fos prowided verisen Infiormmead
coraen (for $ae) submistion of his G RO dinoe S tient was aneady
e Coreent to Pl inciucded e lmages In Rgueed) Ta, 1, 1 1d,
e, if Zaand 20

Compating intenests
The aushors dedane Tt they fese no confla of iInteme<t or firandal
e

Awthor datadls

'Labomtdnio de Medidra Gendmic - Ceno de Feoquiss Boedmantal -
Hiospiral de Clinics de Fomo Alagre: (HOFA), Fomo Alegee, Fio Gande do 5,
Emzl. ‘Frogama de Péegaduagio am Gendic & Siologa Moo,
Univerddad e Fedmal do Fio Gande do 5wl (UFRES), Fomo Aegee, Ao
Grande do 5, Bxmll. “Heapitl Mie de Dews, Pomn Alegre, Rio Gande do
S, Brodl ‘Heepial Sio Luos, BErokh de Medidra da Portifida Caadlica do
B Grande do Sul (PUCFES), Forio Alegre, Fin Grande da Sul, Bmzl. e
de Gendtom Midio, Hois | de Clincas de Pomo Alegre (HCP8), Fua Raming
Barceics 230 Forio Alegre, S (5 ONB5-903, Srell. "soapital 530 Vicerme:
de Paulio, Faszo Funds, Bio Gande do Sul, Bmzll

Renpivad: 13 July 3000 Aoepted: 1 Odoher 20G0
Tullished eorire: ™5 saesaber OO0

Rafsmnce

1. MonbnupH, Enseger D#, Group ITS0E. Tuksrous sdecds complie:
diagnossic aitera wpchie recommench dors o the 2002 Iremadonal
b ol commpley corsereLs confimerce: Fediar Meurol 200345
24354 by folong) 01 04 &/ packaamarncd 200 102000

2. Herche EF, Iodwiak 5, Bngewood I, Sampeon B, THae EA. Tulbenous
sdercdds compled Mat Rev Os Frimers. D062 -1 2 hepeyidolong 10 083
Prcp 200635,

3. Fomocameno LA, Quertal KM Samorano LF, Ol O, EMad-Machad
MCD Tuberos clerols comples: review bosed on rew dagnoaic
crei An Bas Demard. J0E8EA[-31.

4. Warmadarech M, Usmara M Fm K e H, Oga K, Ksgiar-Shimens
K, et al. Tubweroass sodercals comrplese recert acharoes In o fstadors and
therapy. Tuberas ik complex Bnard of O ba Universty Hospial. It §
Wrod 300 72 40RE3] -G

5. Sabin M, Herche: BF, Manning BI Ess i, et al. Acharcesand funune
directiors fior fubenous sclercels complet rsasanche recommerch dors Fam
the 2015 sramegic plnning confererce: Feclar Meurol 200660112
i Ackodongy 011 04 /el o 20 16 0. 045

E. Foomer C Memo C0DF Prodla B T507 and 1507 game rrutators and dralr
Irnpllcaiors for ment e in dabers soerosk a revdew (rraios
and Mol Bio. 200 T40EG- 7 e 0ol o g’ I0US 90 18 TE-ME S0 ME- X0 1S
oL

7. Fande 5C Tuberos sdenocks comple:s a nedsv Padiam 200 e 165-T1L
ey dobong1 0OR & FE S 395-20 T 00 L

8  Cooper DN, Eall EY, Sierson AD, et al. The homan gene mustion daahase
(HGADY; 200 b s wirogencd o a1 c ol o inckes. oy, & ooeseed 111
Febnany 200,

5. Burdey 5 Bvars K Tuberous sderodsa genedc sy, | Meunol Meuroaung
Faychiamy. 159653095168,

10 Bumurovic 5. Muldple colan polyposis. Mad A 200 482071-2
ey dokong1 0645 5 medat 0 4 B 0 02

VL Groden § Thitveris &, Sarowie W, Carlson M, of al idendficadon and
choracter raton of the G millal aderom o polpeek ool gere: Gl 1590
EES2G S0 v fdod.or o IO e 0G0 -85 S TR0 10

12 Flewwd FoAn opcae on inkeried colon carcer and geesndndestdral
polypck Kin Crkol 00525 108 Fopsdolong 10 4735/

Ao OISR

11 Huareg § Manning BD. The T5C1-T5032 comple: a molsadar switdhboand
conmoling cell groweh, Biochem J. 200841 21 75-90. hpsefdd.ong1 0
1 0e WECNIDE0TET .

14 Hodges A6 LIS, Mayrard § et al. Fashological musios in T501 ard 1502
s e Inderaclion: B dwanan aPror o arad Subsin, Huen Mol Grret.
2001 BB 506, e bl ong 0L 104 eng N0 2255,

80



Ak etal BMC Gashoeherology (2030} 20304

n

L

pr

3

4

5

P

s

-

15

o

3L

3z

3a

34

35

38

3z

Jang M, Hong 5B, Lee H, et al. dendficiion of 1507 and T3 mumions
I Korean dens with mubenus sk comple. Fedar Mauol 2001248
1704, e bl oy 0L 1016 el A rel N2 00 002

Friya TF, Dok AB. Tuber A sclercak: dlagrosks and preratal dlagross by
MLF Ircian | Fecla. 301 3791 ¥6- % hspafdd.ong/1 01 0074 2068011
oanEy

. Lee K Lim BC, Chae BH, o al Musdoml analyds of pedaric padens with

tubsrous clenoals commple I Kiear: ganonyper ard epdepey. Epliepdc

Disord. 2084, 15 35, e ol ongy 10U I3, ind 200 40710,

Digoy GF, Thayan F, Yourg H, Bddeain F. Adencra rdnoma of the redum

with ssocdaned cloneal aderormancas polype im nobencas sdercads a cee

report § Fedar Surg 200035 D6 7. hapeddd ong 01 16,5003

AW 2

Elm BE, Hirm ¥, Him WH Hamanomancs garic polpods n 2 patiens v

Tuberos wlwock J Fonean Med 50 2000 1545 -T0 Fopedol angf 10U

MG el 000 54 4T

Saracal, Breic |, Urensager G, Adcl B, Langrer C Hamamomanous

oyl Imubsrous o leyosis coeplesr e report and review of e

Iteranure. Fathd Res Fract 201521 11055 hopaddolong) 000 &) pm.

200 5050 0E

Hicdfrmar WH, Femin I, Hakc E, Gal FR, Englnd B Aoomagalic

ghgarism and wubernces sderces | Fadir. 157858478 80, b cng

100 O SO0 -3 T EE] ITDE

Bloscemaarcian IT, Molean G, Rabin D Autcraimoue airammi In

tuberoe achwcak Arch intem Mad 1TS85140:0513-5 Fepefdod ong 10U

100 nchinae: 13 LOCAA012013 W4,

Tigas 5, Camodl PY, Jomes R, Bingham E, et all. Smumnecs Cushing's

diaase and mubsrous sderces; a poseridal ol B T5C In pautary

orecaery. Clin Erdoinol. 20055 854- 5. hpeyodorg 00 11136

ISR MATLn

Maretagom| B, Wer rmeyer 8, Cielald EH, Kall MF, Sramblz CA Cuzbings

syrudnoeme: cue oo 3 plnulkary Comicorropinoma In a child with b

sderceds an Esndaton of 3 cdndderce? (I Brcoinod 207ERE3E- 41

Irvgpeyfchobongy N I T 10N 3065 0055 00 (05

ligrem EE, Wesmroneiard D Tuberous schencak: urusuall a ot ors in fior

@ms Jin Fatol 184372728 hispefdol og/ 10,11 3 373272

iR W, i DM, Wang D8, 'Wang DO WuEH, T XY Fradwidd adenoma

with primany byparparatyrolcern and e sderek A ce nepre.

Chim M . 158457 255 @00

Momersen LS, Ruragbey L Tuberous sderods and parthwioid adercma |

Clin Fathod. T 1A4561 2. hipes #fchilongy 10011 36 cpudd. 1L GE L

Kol DL, Duan K, Mgan B, Gersde 1T, Boyzanowska MK, SomersGE, sl

Emmhmdcdm:mlmmmmm: L
ol PasoecioeTire o artsing in e background of necral FEComa

ErchoeT Fadhold 200 8290 16 Frgoess ol ang 10 IO sl 000 DI -5 5 0

Guman A, Leflowiz M Tuberoas sdenceds asocted with oo

Hypodycaemia Br Med J. 199521 0558 b/ ddolong 01 360m| 25159

I0ES

Davorer P, Epstein M. Iraulinoma comic ating nuberces sersk.

1 Pzurd| Minurceung Fagchiamy. 1962551 205 hapey dodong/1 00 3&jrop 53

121X%

Sctwarzopf G, Fistrer | Marasrizng Grminoma and tuiemns sk

coempiey. Aaxorlanon or cdnddence? Brnmabl Fathed. 195413947721

Elrn H, Ko A&, Monshouse H The s bdon beoween tuberous sdencds

ard Ireudrama. ANE Arn J Neuroraciod. 1995, 1605434

Boubacdl ME, Imbert ¥, Thsct B Chaps 1, et al Secredngiradinom and

Bourredle’s ubenois sdercds Garoenoerd CIm Bol 195721343,

‘ertwof 5, Disrratre Seervooche B Sdarsclji WL, Bax WM, et al. Malgrart

parreadic nammour within the Specerum of nuberous soences comples In

childhcad Bor FPediar. 1959%158.284- 7 higpesfcddong1 000GV

0043 M051 073

Electisl M5, Stuam CA, AERari M. Irsliroma in a padens with mubenois

sdercds: k& thare an Fsodadon’ BradoeT Frae M038:106- 12, hepe fdol.

ong/ IS ER D 109

Francalarc i F, Diormeck Camasal F, Furficm C Sanomondll A, ecal

Maligrant parmstic @rcbaire o in 3 chillidwith oubenous: schanceks

Arn J Sorg Fathod 2003270 386 6. Fegrefidhdl.ong ) 0 067, Q00004 72-

00300000000 T

M JL, Dords DME, Amalkow MR, BabovicWulkarodc. Bxeradve

Acodchondors ard paroneatc sieco Lo In tuberas sk

Page ToF T

amocated with T2 murators. Am ) Med Gored A J0061 40 166572,

i fodiongy ) 0 00 e a3 1351,
38 Dz OO, lmmek C, S BG, Hutads B, Taanes K, Ruixisiguds FC

MsrcerchocTive: muror of the pane e ina patient with Lbenos soerls
a case repom and reiew of the Bnerazure. Ire §Sung Fadhol 20132004) 350

5. e dd.ongy O 1971 BG4 28735,

3% Koo G Sugmao 5 Kupemmn B Eammen BF, Kok 5. Fanaetic tumons

In childhen and g aduls with uberous sdencels comples. Fada T
Radiol. 017473545 hapey/idobong” 10 D00 000 0 6= 08-0
40 Mol F, Mark KT, Samedl ¥ o al Fanmeadc reunce oo ine tumod iR a

petiers with 3 TSC7 varlane case report and review of the ke ranure. Familal

Carcer. HE1 727580, b ong/) 1 007 A TGRSO FOM@S3.

41 Soam J, Friesen A, Btwetdng F; Enbmrga | Muldple bianeral
Arglomyolipomas of the koreys Infubemes brain sdends i ssodado
with Fleomorpius Precchiomocyeoma, Farache Med. 19821 00206- 12,

41 Saw T, Snama K Kumska TR H, e al A mier wih T30 Gamline
msston whose cinbcal phenotype was limied o

Lympbangiclsomyomatceks. § i Med 2004756166 7. hspe ol agf

0 0N 3659 2004 NS5
431 Devroede G, Lerrou B, Mazd 5, Larnnche | Herman 08 Cdonic
Hamarmomas In tubenous ek Gasroerterol 154122

44 Wl J, Chilboga L, Yee H, MinsgucH M, o al Atered cellular dismibuson of

Tuberin and gacoeotonid nec epece Insporadic Furdic glnd pobps. Mod
Fahod 200 15 2 -5 biepeidl.orgyT 011 067 /0L MFIDO01 46 2531 8.
45 Gulimeme M, Mook . Neopbeme of the reuroercomine panTes: an

upstane In the dexification, defriion, ard rolensh r gerele scharoes Adv
Arat Fadrad. 2005280330 hepeidobong 10 W06 FAF DODDO0OO0O0OMDE .

46 Deworakowska D, Grosarman AB. A neuroercooing Lmours a e of

fuberas clermkT A syematc iedew. EnciocT el Canwcer. X0, 1E45-58.

i odiongy ) 01 ST VERC 030142
47 Fac',5H ¢ Edi BH, ce Wikde FF, o al. DEXGAT RY, MEN, ard miGR

patbwiry e ane Fequerdy alnemed In panmeatc rewrcerchoine Lo

Scerce 200 1330 11559203 hpefdolong 101 26 dhenoe: 00E06.

42 Capurso G Festa 5, Waleroe B Acuscchd M, ool Molecuar porfacicagy and
geretos of parmeaic andocrine Tumoors § Mol Ercoeirel. X24687-
50 Fepefidobongy 10 1530 ME- 12 -00E5.

4% Fomer O aro F, Bardein |, Comeda B, et al. Mdeodar aralysis of T5c1 and
1532 geres and pheroyp
scherceds. FLoE One. 2017,12:1- 15, hisprsaifcbdong/1 00 37 foumal pore.
oEEni

Publisher's Note
Springer e nerroire rewtral wish regand i Lesdicsonal dims In
prutlised mrape and resusoral SMiadors

c cometadon: in Basilan families with oibenous

By b by resserekd Ehes B wrel el rerw

= i, comvesierrt mrlire sulsmisien
a Hhrwugle g v by s el i your-fiskl
-lﬂ-“n-“_
- thor ! N g
= gk Oy . e corliabvcrnticon arnd b R

= it vy foof wiur Pt o’ LG wobbai il ol e

A BMC

81



Capitulo IV

Resultados parciais: artigo em preparacéo

Caracterizacao de possivel exon skipping em pacientes com esclerose tuberosa
com variantes de significado incerto ou sem mutacdo de DNA nos genes TSC1 e

TSC2
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Caracterizacao de exon skipping em pacientes com esclerose tuberosa com
variantes de significado incerto ou sem variantes patogénicas identificadas
nos genes TSC1l e TSC2

Introducéo e justificativa

Esclerose Tuberosa (ET) € uma genodermatose causada por variantes
patogénicas nos genes supressores de tumor TSC1 (OMIM #605284, localizacdo
cromossOmica 9q34.13 ou TSC2 (OMIM #191092, localizagdo cromossdmica
16p13.3) (Lendvay and Marshall 2003; Northrup et al. 2019b). Exibe um modo de
heranca autossémica dominante com uma incidéncia que varia de 1/6.000 a
1/10.000 nascimentos. Trata-se de uma desordem caracterizada pelo surgimento
de harmatomas (tumores benignos de crescimento lento) multisistémicos, que
afetam comumente o cérebro, coracao, rins, pulmdes, retina e pele (Napolioni and
Curatolo 2008; Henske et al. 2016). Outras caracteristicas comuns incluem
desordens envolvendo Sistema Nervoso Central e se manifestam através de
sintomas como epilepsia, comprometimento intelectual e transtorno do espectro
autista (Henske et al. 2016; Kingswood et al. 2017).

Northrup e colaboradores (2013) apresentaram uma classificacéo
atualizada dos sintomas para o diagnéstico clinico da doenca, incluindo
caracteristicas principais e secundarias. Devido a variabilidade dos sintomas, o
mesmo grupo implementou o critério de diagnostico genético, com a deteccao de
variante patogénica nos genes TSC1 ou TSC2 como suficiente para o diagndéstico
molecular de ET (Northrup et al. 2013), seguindo os critérios do American College
of Medical Genetics and Genomics (ACMG) para variantes patogénicas

reportadas no DNA.

Cerca de 90% dos pacientes com critérios clinicos claros para ET
apresentam alguma variante genética patogénica nos genes TSC1l ou TSC2
(Peron et al., 2018). Existem atualmente mais de 2000 variantes patogénicas em
TSC1/TSC2 descritas no Leiden Open Variation Database (LOVD
www.lovd.nl/TSC1 e www.lovd.nl/TSC2) (Fokkema et al. 2011). Dessas variantes,
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21-26% estdo localizados em TSC1l e 69-79% em TSC2. No entanto, em
aproximadamente 5% a 25% dos casos com diagnaostico clinico bem definido, ndo
é identificada nenhuma variante patogénica de DNA em TSC1 ou TSC2 atraves
das técnicas moleculares convencionais, tais como sequenciamento direto de
Sanger (SS), amplificacdo de sonda dependente de ligacdo multiplex (MLPA) e
sequenciamento de nova geracao (NGS) (Camposano et al. 2009; Nellist et al.
2015; Tyburczy et al. 2015).

Mosaicismo somatico e variantes intrénicas funcionais nos genes
envolvidos foram reportados recentemente em pacientes sem mutacao
identificada nas regides codificantes (Nellist et al. 2015; Tyburczy et al. 2015). Um
grande estudo com 325 individuos com diagnéstico definitivo de complexo de
esclerose tuberosa, reunindo casos familiais e isolados identificou 4% dos
pacientes com variantes de significado incerto e 29% sem mutacédo identificada
(Au et al. 2007a). J& um estudo em uma amostra de 66 pacientes mexicanos com
ET demonstrou variantes intronicas em TSC1 ou TSC2 em 7% e 10% dos casos,
respectivamente, e trés pacientes sem mutacdo identificada nas regifes
codificantes (Reyna-Fabian et al. 2020). Por fim, Nellist e colaboradores (2015),
identificaram variantes de significado clinico incerto em 4 de 7 pacientes com ET.
As variantes identificadas incluiram alteracbes em mosaico, alteracbes
localizadas profundamente nas sequéncias intronicas e alteragdes que afetam as
regides promotoras que nao teriam sido identificadas usando andlises baseadas

apenas em regides codificantes.

Os genes TSC1 e TSC2, como a maioria dos genes eucarioticos contém
sequéncias nao codificantes em proteinas (introns) e regides codificantes (éxons)
gue devem ser removidos e unidos, respectivamente, no processo de Splicing
(processamento) de RNA mensageiro precursor (chamado prée-mRNA), que
resulta no RNA mensageiro maduro, que posteriormente sera traduzido nas
proteinas correspondentes (Au et al. 2007b). A interrup¢cdo deste processo por
variantes de sequéncia consenso nas juncdes éxon/intron pode levar ao

processamento aberrante de éxons (Carsillo et al. 2000; Kaufmann et al. 2002).
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Splicing € o processo de maturacdo de um pré-RNA mensageiro (RNA
precursor). Nesse processo, as regides nao codificantes (introns) sao retiradas do
prée-mRNA, que passa a conter somente as regides codificantes(éxons). O
splicing pode ocorrer durante e/ou apos a transcricdo do pré-mRNA, tornando-o
RNA mensageiro maduro para ser traduzido. Esse processo esta diretamente
relacionado a diversidade proteica dos organismos. Porser um processo
complexo e com regulacéo fina, uma variante em um sitio de reconhecimento da
juncdo éxon/intron ou em um elemento regulador pode causar um erro no
processo, gerando um produto aberrante, que pode, muitas vezes, inativar um
gene, com graves consequéncias. Estima-se atualmente que erros no processo
de splicing causem cerca de 10% das doencas genéticas (Chen and Manley
2009; Matera and Wang 2014).

Objetivo do estudo: Investigar o RNA mensageiro em individuos com critérios
clinicos de ET e sem variantes patogénicas identificadas nos genes TSC1 ou
TSC2 identificados por Rosset et al. 2017b.

Metodologia
Recrutamento

Foram selecionados sete pacientes com diagnéstico clinico de ET, trés
deles com diagnéstico molecular de VUS e quatro sem variante identificada por
NGS e MPLA nos genes TSCl e TSC2. As caracteristicas dos pacientes

recrutados estdo resumidas na Tabela 1.

Aspectos éticos
Este projeto foi aprovado pelo CEP HCPA sob o nimero 2015-0049. Foi
aplicado o Termo de Consentimento Livre e Esclarecido a todos os pacientes

convidados a participar do estudo.
Preparo das amostras

Extracdo de RNA total, obtido a partir da fracéo leucocitaria de amostra de

sangue dos pacientes, utilizando o kit PureLink RNA mini kit (Thermo Fisher
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Scientific, USA), seguido de etapa de conversao para cDNA utilizando GoScript™

Reverse Transcriptase cDNA Synthesis (Promega) através da transcricao reversa.

Avaliagdo do cDNA

Para verificar se ha alteracdo a nivel de RNA, especialmente alteracfes
afetando os sitios de processamento foram desenhados primers especificos para
0s éxons correspondentes, incluindo juncbes éxon-intron. Os amplicons foram
submetidos a amplificacdo por PCR e visualizados por eletroforese em gel de
agarose, tendo seus tamanhos comparados a um marcador de peso molecular.
Amostras sem alteracdo no éxon correspondente também foram incluidas na
mesma eletroforese como controles. Nos casos com potenciais alteragbes de
splicing, para confirmacgéo, analise ortogonal por sequenciamento de Sanger sera

realizada.

Resultados parciais

Até o momento foram recrutados 7 pacientes e suas caracteristicas clinicas
e moleculares estdo apresentadas na Tabela 1. Ja foi obtido o consentimento
para o estudo, a coleta de sangue, a extracdo de RNA, a quantificacdo e a
conversdo para cDNA de todas as amostras, que no momento se encontram

congeladas a -80°C.

Adicionalmente, foram desenhados e obtidos pares de primers
contemplando todos os éxons codificantes dos genes TSC1 e TSC2 em blocos,
conforme a Tabelas 2. Encontram-se padronizadas as reag0es de amplificacao de

dezoito pares de primers (realizado utilizando cDNA comercial).
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Tabela 1. Caracteristicas clinicas e moleculares de pacientes ET com variantes

de significado incerto ou sem variante patogénica identificada na regido
codificadora de TSC1 e TSC2.

Caso familial ou
isolado

Género Sintomas

Gendtipo

Gene

Posicéo

Classificacao

MLPA
TSC1/TSC2

1 Isolado

2 Isolado

3 Familial

4 |solado

5 Desconhecido

6 Desconhecido

7 Desconhecido

tubérculos corticais
M e maculas
hipomelandticas

maculas

hipomelanociticas,
tubérculos corticais,

angiomiolipoma
renal, rabdomioma
cardiaco mdiltiplo,

fibroma gengival,

convulsdes

angiofibromas,
angiomiolipoma
renal, fibromas
ungueais, cisto
hepatico, méculas
hipomelanociticas

maculas
hipomelanociticas,
angiomiolipoma
renal

tubérculos corticais,
rabdomioma
M cardiaco unico,
spams, maculas
hipomelanociticas

angiofibromas,
angiomiolipoma
renal, convulsoes,
limfangioleiomiomat
ose, catarata
bilateral
nodulos calcificados
do parénquima
cerebral bilateral,
labirintite

maculas
hipomelanociticas,
angiomiolipoma
renal, convulsdes

WT/c.664-10 T>C

WT/c.2011G>T

WT/c.975+8G>A

N&o detectada por
NGS e MLPA

N&o detectada por
NGS e MLPA

N&o detectada por
NGS e MLPA;

Variante adicional no

gene GATA

N&o detectada por
NGS e MLPA

TSC1

TSC2

TSC2

intron 7

éxon 19

intron 10

VUS

VUS

VUS

Negativo

Delegao
dos éxons
41, 42 em
TSC2 e do
éxon 1em

PKD1

Negativo

Negativo

Negativo

Negativo

Negativo
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Tabela 2. Sequéncias de primers do gene TSC1 e TSC2.

Gene TSC1

Regido Sequéncia de Primers Tamanho de Fragmento (bp)

Bloco 1: éxons 1-3 F: GGGGAGGTGCTGTACG 341
R: CCACGGTCAGAATTGAGG

Bloco 2: éxons 4-6 F: AGAGAACCTCAATTCTGACC 426
R: ACGTGGCCTGGTTTCT

Bloco 3: éxons 7-10 F: GAAGAAACCAGGCCACG 547
R: GCTCCAAAGAGTAGCTTGTG

Bloco 4: éxons 11-14 F: TGAACCACCACAAGCTACTC 436
R: CTAGATATTGCAGCTTCTTCTTTAT

Bloco 5: éxons 15-16 F: AAAGATAAAGAAGAAGCTGCAAT 622
R: AGCCTCCAAAGTGGGTC

Bloco 6: éxons 17-19 F: GACCCACTTTGGAGGCT 482
R: TTGAGAGCTTTTGGGAAACC

Bloco 7: éxons 20-22 F: GTTTCCCAAAAGCTCTCAAAC 506
R: CCGTCATTACAACAGTCAAGC

Gene TSC2

Regido Sequéncia de Primers Tamanho do Fragmento (bp)

Bloco 1: éxons 1-3 F: GCCACGGTCAGAATTGAG 344
R: AGAACCTCAATTCTGACCGT

Bloco 2: éxons 4-5 F: AGAACCTCAATTCTGACCGT 278
R: GTCCATCTTGAGACATTTTAGT

Bloco 3: éxons 6-10 F: GAAGAGCTGGCTGACTTTG 510
R: CATGGCCTGGTAAAATGATG

Bloco 4: éxons 11-15 F: CCATCATTTTACCAGGCCA 644
R: ATCACCTTCTCGATGATGTC

Bloco 5: éxons 16-18 F: GACATCATCGAGAAGGTGAT 376
R: CTCTCTCTGGCTCCATGT

Bloco 6: éxons 19-22 F: TACATGGAGCCAGAGAGAG 611
R: GCCAGAGTGGACAGGAA

Bloco 7: éxons 23-27 F: TGGAGTTCCTGTCCACTC 609
R: CAGGAGACCTCTTCGGG

Bloco 8: éxons 28-30 F: CCGAAGAGGTCTCCTGTG 548
R: TTGATGTCCGAGGAGAAAGG

Bloco 9: éxons 31-33 F: GAGGCCCACAGGGAAC 423
R: CTGGAGACTGAGGACGAC

Bloco 10: éxon 34 F: GGTCGTCCTCAGTCTCC 504
R: GCAGGAACACGAAACTGG

Bloco 11: éxons 35-39 F: AACCCCAGTTTCGTGTTC 501
R: CTCCATGTCTTTCCTGCAC

Bloco 12: éxons 40 -41 F: CAGGAAAGACATGGAGGG 214

R: GGCTTCCTCGCAGATCC
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Capitulo V

Artigo publicado:
“The paradox of autophagy in Tuberous Sclerosis Complex”

Genetics and Molecular Biology, 2021, 44, 2, doi: 10.1590/1678-4685-GBM-2020-
0014
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Abstract

Tubemus sclerosis complex (TSC) is an auviosomal dominant genelic disorder caused by germiine mutalions n
TSC1 or TSCZ genea, which leads io the hyperacthation of the mTOACH pathway, an important negative regulator
of autophagy. This leads to the development of hamartomas in multiple organs. The variability in symptoms presents
a challenge for the development of completely efiective treatments for TSC. One oplion is the treatment with
mTORCA nbibitors, which are tangeied to block cell growth and restore auiophagy. However, the therapsutic effect
dmpmn]nnmmtuhamaaﬁuﬂlnmeaﬁmufmmw an efiect that seems o be
a=sodated with the role of autophagy in tumor establishment. Under normal conditions, autophagy is
directly inhibited by mTORCA. In situalions of bioenengetics stress, mTORC1 releases the Ulk1 complex and initiates
the autophagy process. Inlhﬂm;aunphagjrprmntaamaum'alufaﬁatﬁrﬂdm by supplying metabolic
precursors during nutrent ; paredoxically, excessive autophagy has been associaled with cell death
in some situations. Inmufrtap&mduma]nﬂa autophagy is an altemative i strateqgy that could be

harapeutic
explored in TSC. This review compiles the Sndings related o autophagy and the new therapeutic strategies targeting

#his pathway in TSC.

Eywords: Amtophagy, mTOR. signaling. Tuberous Sclersis Complex.

Recedved: Famuary 27, 2020; Accepted: Tamuary 17, 2021.

Tuberous Sclerosis Complex: Epidemiclogy and
manifestations

Tuberous sclerosis complex (TSC - ORPHA: §05) has
an extremely varisble disease profile that has the potential to
affect amy orzan of the body and is charscterized mainky by
the development of hamaromas in the skin brain, kidneys,
hmgs, and heart (Morthrp and Erueger, 2013). Hamartomas
are defined as benign proliferation of matore tissues that
zrow aberranily and often with disorpanized architecture,
‘which may ocour in any body site {Tjarks ef al_, 2019). The
incidence of TSC is approximately 1 in 6,000 live births,
with prevalence in the population of 1 in 20,000 individesls,
‘with no sexmal or racial predilection (Sahiner al, 2014). The
climical mamifestations of TSC vary widely. The imvolvement
of the skin and mwocoos membranes is marked, with alierations
identified in approcimately 70% of the cases (Henske o al |
2014). The onset of symptoms may happen soon afer birt and
o four years of sze Congenital ypopi smented macules (HM)

Comespondence io Patricla Ashion Prolle. Hospital de Clinkcas de
Porto Alagre (HCPA), Servigo de Pesquisa Experimental, LAbomEiong
de Meadidna Gandmilca, Aua Ramirg Barcelos 2350, BO0A6-003,
Poria Alegre, RS, Brarll. E-mall: pprola&hcpa adu br.

i the sk the first wisible symptom, usually precedes epilepsy.
In addition to M, there are other similar skin features, such
as facial angiofibromas and subnmgoal fibromas (Sahin et al.
2016). Regarding the central nervous system (CES), epilepsy
is the most common sympiom, affecting up to %% of TSC
patients, of whom two-thirds show symptoms before the
second year of life. Cognitive deficit affiects approsdmately §0
o 0% of patients and is often linked to seizmes (Morthn and
Emeger, 2013). The severity of seizures and other symptoms
of the CH5 depend on the presence, location, mumber and
size of the brain hamartomas - called tobers. The thres
tubers, subependymal nodules and subependymal giant cell
astrocytomas (SEGAS) {Shepherd ot al, 1991), which are
found in 5 to 20% of patients. SEGAs constitute more than
90%% of the infracranial femors associated with the disease
and are responsible for 25% of the mortality atiributed to TSC
(Mabbout er al., 1999; Adrisensen o @i, 2009). Regarding
other sites that may be affected in TSC, cardiac rhabdonmomas
(benmirn tomors of the heart) are observed in up to 50% of
patients and it can be detected in the fetos as early as 22
weeks pestation. Tumors may be single or omitiple, may reach
325 mm, and are usually located in the cardiac ventricles
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along the sephem. There is a soong association of germline
T5C] or T5C2 murtations and cardiac rhabdonmyomas, witha
nmitstion being identified inup to 93% of affected patients. in
both patients with sinzle and mmltiple tomors. Tomors may
compromise ventrioular fimections, resnlting in obstuction of
blood flowr and very marely lead to ambrythmia wvalmlar defects,
or cardiac failure. In most cases, however, rhabdomyomas are
not hemodynamically relevant and do not increase in size,
in fact, they tend to involate and disappear afier the age of 3
(Taoretzkoy et al., 2003, Almann ot ol 2019; Tsal and Sahin
20210). Fenal abnormalities are another important morbidity
factor in TSC and are considered the second leading canse
of premature death. More than 70% of TSC patients develop
mmitiple and bilateral angiooryolipomas, which ususlly ooom
in the kidneys and reach large dimensions (Henske er al.,
2014). Although benizn in nature these hmors can Topore
and bleed and ultimately canse renal failure. Algorithms
for the management of AML have been developed and
treatment intervention is recommended for TSC-associated
AML =3cm in dismeter. Therefore, they should be followed
closely for timely mtervention Fenal cysts are also commonky
identified with and without ansionryolipomas and can result
in hypertension or kidney failure (Hatano and Egawa, 20H0;
TUysal and Sahing 2020). The main pulmonary manifestation
of TS5C is lymphangioleiomyomatosis (LAM), which is
associated with the infiltration of smooth nmscle cells in all
hmg struchmes (Adriaensen ¢f al., 2011). This manifestation
may oCcur Later, with patients presenting sympioms in the
third to fourth decade of life. LANM-compatible cystic hmg
parenchymal abnormalities are observed in 30 to 40% of
women and in 10 to 12% of men with TSC, t symptomatic
changes are quite rare in men {Adrisensen g al | 2011; Cod=lo
at al, 2013). Some reports consider that LAM is almost
exchisively observed i adult women with TSC, samzesting that
it is an estrogen-dependent phenotype, which has been sctoally
demonstrated in snimal studies. ([Tysal and Sahin, 2020; Xn
@t al., 2020). In a seminal climical trial led by McCormack er
dmllxmmwmmmmm

in quality of ife This and other stodies led to the FDUA sppronval
of Fapamycin (Sirolimms) for hmphansioleionyomatosis
treatment in 2015,

are shown in Table 51 (based on Refs. Northrup and Emeeper,
2013; Sahin et al., 201§). At least $0% of TSC patients have
oo famity history of the disease (Henske er ai, 2016).

Genstics and metabolic Pathways involved in
Tuberous Sclerosis Complax

TSC is an sutosomal dominant disease caused by
nmtations that inactivate one of the two tumor-suppressor
genes T5CT (OMIM S05284) or THCD (OMIM 191092). The
T5C1 gene. located on chromosome 9g34, spans spprocimately
53 kb of gencrmic DMNA with 23 exons coding for the protein
hemeartin a kydrophilic protein of 1164 amine scids and 130
tuberin which is encoded by the T5C2 zene. The TS5 gena,
located on chromosome 16p13.3, comprises spproximately
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40 kb of genomic DMA and has 41 exons that penerate a
protein of 1807 amine acids and 200 kDa, possibly acting
as a chaperone for hamartin These two proteins together,
along with TBC1D7 (Tre2-Bub2-Cdclé-1 domsin famdly
memiber T) (Dilbble and Manning, 2013), form the hamartin-
taberin comyplex also called the TSCLTSC2 complex or TSC
complex This complex acts a5 3 GTPase activating protein
(GAP) to inhibit the Fas-related small GTPase protein FHEB
(Fas homologue enriched in brain) (Menon & al., 2014),
which in tam, regulates activation of the rapantycin tarzet
complex 1 in mammals (mTORCY) (Morthnp er al, 2020).
TSC complex is also required for proper activation of 8 second
complex, called mTORC? (Hosns of al, 2008).

mTOR complexas

The mTORC] complex is an important regmlstor of
cell growth, proliferation and translation of mRMAs and is
sensitive to growth factors, mumients and the energy stams
of the cells. This complex is formed by different subumdts.
The major catalytic subunit is mTOE, 3 highly conserved
protein kinase that regulates cell cycle progression in
vertebrates (Hay and Sonenberg, 2004). mTOR is associated
with other proteins, such as the regulator-associated protein
of mammmalian tarpet of rapanmycin called Raptor, mI.5T§
{manmalian lethal with sec-13 protein 8, also knoam =s GRL),
and the recently identified sunmits FRASH0 (proline-rich Akt
substrate of 40 kDa) and DEFTOR (DEP domsin-containing
mTOF-imteracting protein). mTORC? is stmocurally and
fimctionally distinct from mTORC]. Althoush mTORC? is
conserved, as mTORC], it has a distinct catalytic subumit,
called Rictor. mTORC? controls the actin cytoskeleton and
it is rapamyrin insensitive, wheress mTORC] is rapamycin
sensitive (Willschleger e al., 20066).

Response fo growth factor, nuirients and energy
status

mTORCI responds to growth factors via the
phosphatidylinositol-4, 5-bisphosphate 3-kinase pathway
(PI3K). In response to the presence of insulin, tuberin is
phosphorylated and fanctionally inactivated by Protein
kinase B (Akf). The phosphorylation impairs the ability of
the TSC complex b exert its GTPase activity that comverts Bas
homolog enriched in brain (FHEB) GTP-binding to RHEB-
GDP. The accumulation of RHEB-GTP potentially activates
mTORC], which phosphorylates and imhibits the 4E-BP1
subsirate and activates the subsirates ribosomal protein 56
kinase bets-1 (SGE1) and beta-2 (S6E2) (Willschleger ar
al., 2006), which promites protein transkation. In a negative
ﬁel:lnl:k]u-up,nﬂ'DRﬂl and S6E]1 directly phospharylate
insulin receptor 1 (TR51) and block the signal ransdnction
from insnlin or insulin-like srowth factor 1 (IGE-1) to FOE
(Huang and Manning, 2008) (Figure 1). Mutkents, especially
amino acids, also regulate mTORC] siznaling. Nuirients
inhibit the TSC complex by phosphorylation of S6E1 and
eukaryotic initiation factor 4E-binding protein 1 {(4E-BP1)
(Gao er al, 3002). Alternatively, the motrients can regulate
the TSC complex independently of mTORC] by indocins
of the same targets (Sancedo & al., 2003) (Figore 1). In
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Figmre 1 - Signating of TSC and mTOR comploxes. TSC compler nogatively regniytos mTOR signaling. In response io the provence of insalin, tebarin is
‘phosphorylaed amd fimctionally nactivatod by Ak, allowing mTORC] to perfiorm i functions. Nuirients regalabe mTORC] signaling by #he inhibition
of tha T5C complex mTORC] complax is semitive to the anergetic statns of the cell throegh AMPE which iu actiried in regpoms fo low ssergy in
the call level of AMEPYATP: Activaid AMPE lads to inhibition of s TOR.C1. Ft is not completehy clear uivich fachors act npstream of mTORC2. Growth

mIORC? increasos the cascade of mTOR sipmling.

relation to the high energy levels required for its activation,
the mTORC] complex is sensitive to the enerpy status of
the cell as mediated through AMP-activaied profein kinase
(AMPE), which is activated in response to low enerpy at
the cellnlar level of AMPVATP. Activated AMPE is able to
phosphorylate toberin directly and thus incresses its GTPase
activity, leading to inhibition of mTORC] (Inkd erai., 2003).
It has been snzgested that the tumor suppressor LER] is
linked to the TSC-mTORC] sipnaling pathway. Upon energy
deprivation and in conjunction with AME, LEB] activates.
AMPE which in tumn phosphorylates and activates TSC2,
resulting in the inhibition of mTORC] (Wullschleger &t
al., 200). The factors that act upstream of mMTORC? are
not well known Growth factors and amine acids regnlate
actin polymenzation, suggesting that they may also regulate
the mTORC? complex through TSC and RHEB (Jacinto &
al., 2004). Once activated, mTORC? phosphorylates the
downstream mrget Akt b0 increase the mTOF. signaling cascade
(3ie and Proud, 2014) (Figure 1).

mTORC] is a major negative regulstor of smophs posome
formation (Hung & al., 2012). In yeast snd mammals the
activation of the At L/ULE] complex, formed by ULE1-
ATG13-FIF2M), is essential for the canonical formation of

sutophagosomes (Hosokawa e al., 2000). The activity of
this complex is negatively regulated by mTORC1. When
mutrients are gvailable, mTOR.C] is activated and the ULE]1
and ATG13, thus suppressing autophazy; on the other hand
in this confext, ribosomal biogenesis and protein synthesis are
stimmlsted Comversely, under muirient mitations, mTORC] is
inactivated, which ensbles the ULE] complex to be activated,
which tmiggers the formation of swophagosomes. In parallel
o smophagy nducton, the insctivation of mTORC inhibits
cell growth (Balgi o al., 2009).
Thermpies targeting mTOR complexas in TSC
Some therapies directed to the inhibition of mTOR
complexes in the TSC context have been proposed. First-
generation m TOFR. inhibitors consist of rapanycin (MacEsizan
and Erpeger, 2015). Rapamycin is an immumesuppressor
that forms an mhibitory complex with the iTrmmophilin
FEBP12, which then hinds and inhibits the sbility of mTORC1
o phosphorylate downstream substrates such as S6Es and
4EBPs. Since 2001 it has been approved for a largze mumber
of therapeuntic uses in the United States and demonstrates
‘beneficial results in reducing the volume of SEGA s (Franz &
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al, 2006) and renal anFionmyolipomas (Cabrers-Lopez aral.,

ZﬂlﬂLdemngﬂEm-d'faualaqgmﬁbrm{ng
et al., 2018), and comirolling epileptic seizures (Zou et al.,

?_ﬂlﬂ.Rmmyunmbg: {also called rapalogs) are being
iniTeasingly used mot only for hamariormestows and oncelogical
mamifestations of TSC bt also as adjmct therapias for epilepsy
amd Capal, 2017). More recently, second-generation mTOR
inhibitors have been developed. In conirast to rapanTycn
and ite analogs, these molernles do not target FEBP12 bt
inhibit both mTORC] and mTORC? directly by blocking
of cell proliferation and may have therspeutic benefits in
TSC. Some stodies indicate that inhibition of mTORC] and
mTORC? ogether could be more sppropriate than the use
of rapalogs alone, since the dual approach could prevent
activation of mTORC2? that may result from the inhibition of
mTORC] alone (folien et al., 2010). Enowing that mTORC2
phosphorylates Akt to activate it and thus promotes cell
survival through many downstream signaling targets, the
loss of mTORC2-mediated Akt activation in cells without a
fimctional TSC complex may effectively suppress apopiosis-
indhncing stirmli. For these reasons, many imvestigators prefer
to comsider both the aberrant activation of mTORC] and
the inactivation of mTORC2 when developing therspentic
strategies for TSC (Husng e all, 2008). Important climical
trizls developed in recent years that have changed systemic
treatments. in TSC patients inchode EXTST-1 trial, completed in
2016 that demonstrated the efficacy and safety of Everolinms
in SEGAs (Eingswood et al., 2014; Franz & al., 2016)
and EXTST-2 trial that demonstrated the benefit of mTOR
inhibitors. for renal angionryolipomas (AMI s) and resulted
in Everolimms approval by the FDA for asymptomatic and
erowing renal AMI s larger than 3 om (Bissler et al. 2013).
Some years Later, Bissler e al. (2017) treated 112 patients with
Everolinme in an extencion phase of the EXTST-2 sidy for an
average of 46.0 months mmd observed that 58% achieved some
AMI response, the majority being reduction in rens] lesion
vohomes with no AML-related bleeding or nephrectomies
being reported. The most conmmon adverse events suspected
1o be trestment-related were stomatitis, hypercholesterolemia,
acne, aphthons stomatitis and nesopharyngitis but less than
10% of patients withdrew treatment doe to an adverse event.
In addition Bissler & ai. (2018) reported that in a series of 33
anFiommyolipoms response was achieved by 75_8% of patients
with sustained reductions in tumor volume over neatly 4
years of treatment. reaching =50% in most (=80%) patients.
Beneficial effects of Everolimms on autism and attention-
deficit hyperactivity disorder symptoms have been reporied
also (Kilincaslan o al, 2017). Regarding tests imvolving
Sirolimms, MILES trial included 9 patients with LAM and
reparted stabilized hng fimction, reduced sermm VEGF-D
levels that were associated with a reduction in symptoms
and improvement in the quality of life for TSC patients with
LAM (McCormack o al. 2011). These results led to the FDIA
approval of Sirolinms in TSC-associated LAR m 2015, It
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is important to consider that both mTORC] and mTORC2
inhibitors cause a variety of side effects that can lead to life-
threatening outromes, inchading sepsis and death. In additon
another point that requires forther research relates to the
lonz-lasting effects of these reatments, partcularly in the
content of the high incidence of lifetime clinical featmes and
the adult- onset symptoms of TSC patients (Trelincka er al.,
2015). For most TSC-related hamartomas, lifelong treatment
will Likely be mandatory, since several lesions may resrow and
complications of these homors may recur when medications
are disconfinmed. Ome of the challenges in TSC treatment
require different therspeutic imterventions. A key point is
timing of mTOF. inhibition for each sympiom and what other
be used in combination. The main mTOF. inhibitors fested
in patients with TSC-related manifestations are sommarized
in Tshle 52.

Basics of autophagy

Amtophagy is a physiclogical and well-regulated cellular
mechanism that degrades dysfunctional or unnecessary
factors, ensbling the recycling of cellular components and
the maintenance of energpy and stuchral homeostasis. It oooms
through the capiure of cytoplasmic fractions and orzanelles
by sutophazosome, which are digested in lysosomes. The
final products of lysosomal digestion are returned to the
cytosol They are then used in cellilar metabolism o penerate
enerzy and to build new proteins, organslles snd membrane
components. When mufrients are restricted, autophagzy is
increased to ensure an mternal source of maments for enerey
supply and, comsequently, for cell survival. Therefore, it is
3 powerfinl mechanizm to promote metabolic omeostasis
at both the celholar and orgamism levels (Rabinowitz and
White, 2000).

Amtophagy pathways are mediated by antophagy-
There are three commonly described forms of autophagsy:
maToaniophazy, microautophazy and chaperone-medisted
mutophagy (CMA). Macrosutophagy is the major pathmay
and primearily eradicates damaged or malformed organelles aor
proteins. In general it imolves the detachment of a portion of
elongates to form a double membrane organelle known as an
autophagpesome, which captures the celbolar components to be
derraded The expancion of the autophszpsomal membranes
imvolves the mcorporation of cytosolic micrombule-sssocated
protein 1 — Light chain 3 (MAPILC3 - hereafter called LC3
only) in the membrane of the prowing sutophagesome LC3,
the manmmalisn homolog of the yeast ATGE zene, ic diffased
throughout the cytoplasm (LC3 forms LC3-T). LC3-T assmmes
thie LOC3-TT fiorm when it is added to phosphatidylethanelamine.
which is incorporated into the auwtophagosome. The
sutophagesome moves along micrombules and feses to a
lysosome to form an sutolysosome or autophagolysosoms,
where the cellular content is degraded with acidic hysosomal
Inydrolases (Fag et al., 2010). Lysosomal permeases retom
the products of dipestion into the cytosol, such as amine acds,
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lipids, mucleosides and carbobydrates, where they will be
available for strectural and metsbolic pathways (Rabinowitz

and Whire, 2010).

Autophagy and its relationship with mTOR and
TSC

Bapamycin tresiment or induced starvation in homan
cells and mouse embryomic cells (MEFs) resulis in the
dephosphorylation of ULE], restoring sutophagy (Hung
er al., 2012). Furthermore, glucose starvation reduces ATE
levels and activates AMPE, which is potentiated by LEBI1,
a protein kinase that phosphorylates AMPE. Activated
AMPE imhibits mTORC] and as 3 consequence, positively
regulates autophagy, thos making this pathway critical for
monitoring cellular enerzy status and stress conditions.
Moreover, antophagy can be indnced by suppressing srowth
factor siznaling pathways. The prowth factor sipnaling in the
IGF-1-PBE-Akt pathwray regulates mTORC] to negatively
repulate amophazy (Tumg ef al., 2000).

Chaperone-mediated sutophagy (CMA) selectivaly
degrades cytosolic proteins in lysosomes and contmibutes to
the maintensance of protesstasis and cellular adaptation to
siress. ChA subsirates are delivered by 3 cytosolic chaperome
o the surface of the lysosome, where they are unfolded and
imternalized through 3 membrane translocation complex. In
mrine madels, hysesomal mTORC? and Akt regulate the
activity of ChWA (Arss atal, 2015). Fecently, the cochapenons
BAG3 has been shown to coordinate protein synthesis and
antophagy through the spatial repulation of mTORC]. BAGS
acts on the recruitment of the TS5C complexes that inhibit
the positive regulation of mTORC] in the synthesiz of
cytoskelepton-associated actin fibers. In additon when protein
synthesis is necessary, BAG3 mediates the sequestration of the
T5C complex, alleviating the inhibition of the mTORC] that
remains in the cytoplasm In bumsn mmscle, an sssociation of
TSC1 with the exercise-induced cytoskeleton was described,
indicating the coincidental activation of mTORC] in the
cytoplasm (Fathage eral., 2017).

Given that mTORC] is a key inhibitor of sutophagy
through direct phosphorylation of ULE], studying the states
of TSC deficiency may provide an opporhumity to investizate
the implications of sutophary dysregulation in homan
pathophysiology (Eim ef al., 2011). Through genetic and
pharmacobozical inhibition of antophagy, it was possible to
verify that TSC2-deficient tomor cells derived from LAM
could be dependent on mutophary o suvive. The induction
of aatophagzy by mTOR inhibitors mey enhance hamartoma
cell adaptations o stress through a type of dormancy, in which
proliferation is blocked doe to inhibited mTORC 1-mediated
profein translation, leadine o sorvival over time due to the
activation of swophazy (Yo eral., 2000). This mechanizm is
important when considering the role of sutophapy in cancer.
Defects in autophapy may contribate to cell ransfrmation snd
of defective proteins and organelles, thereby incressing
oxidative stress and genetic instability. Parkhito et al. showed
that lowering sutophagy blocked TSC tumorni genesis across
Eenetic down-regulation of pdlsequestosome 1 (SQETMI),
the awophazy subsirate that acommmlates in TSC nimors as a

consequence of low antophagy levels. This subsirate stronsly
inhibited the growth of TSC2-null xenopsrafied tumors,
demomsirating that smutophagy is a aritcal component of TSC
tumorizenesis and suggesting that mTORC] inhibitors may
have mutophazy-dependent prosarvival effects in TSC, and
and the antophagy target pLSQSTMI. (Parkhitko & al,
2011). More recently, pf2 has also been associated with the
manenance of inracellular pools of ghotarmine, Fhosmate and
glutathione necessary to limit mitochondrial dysfimction in
tumor cells with byper activated mTORC], being suzgpested as
a possible therapeutic target in these tumors (Lam eral, 2017).

In summary, there is a consensus that antophagy acts
a5 3 chemopreventive mechanism in normal cells to prevent
their ransformation. In conirast o cells in normal tssmes,
deprived of miTients, growth factors, and oxygpen =5 a result
of abmormasl vasculanizstion In this context, swophagy may
support tumor growth and the adaptation of tomor cells to
metabolic siress a5 3 mechanism o provide mutitional suppont
(Fuabinowitz and White, 2010). Thos, depending on the disease
stafus, anfophagy can either be beneficial or detrimental. For
instance, the activation of the ULK] patharay by compounds
that act in the AMPE pathway can counferact inhibition of
mTORC] in TEc2-knockdown neurons n mice suggesting
that awiophary inducers can have therapeutic potensial to treat
TS C-associated nevromal pathologies (Dd Mardo ef af., 2014).

Autophagy in TSC and other conditions with
mTOR deficiency

To better imderstand the role of suwtophazy in TSC, we
searched the PubMed datsbase on May 16, 2019, o remeve
original articles describing the role of sutophagy in TSC
that were published in Enslich and available in the literatmre
‘between 2008 and 2019. The following keywords were used:
“msophagy”™ and “toberous sclerosis complex”, wiich resulted
in the initial retrieval of 183 articles. We excinded the reviews,
sidies befiore 2008 and stdies that did not relate to the scope
of imterest. Tenenty-six articles were identified 2s stadies related
o the subject of this review and the sindies are summarized
in Table 1.

Auntophagy seemed to play a role in various disease
processes observed m TSC. For instance, meufficient smtophagy
in homen melanocytes has been identified as respomsible for
hypopigmentation in specific sites in the skin, contributing
to perhexiline the development of HIVL, which is one of the
main climical manifestations of TSC (Yang & al., 2018).
Furthermore, some neuronal characteristics of TSC have
been described as associated with autophagy. The level of
autophagic proteins was different in dysmorphic nearons
than it was in balloon cells (the term wsed for the abnormal
cells observed in cortical tubers) or normal neorons, reflecting
different degrees of activation of mTOF. pathaays m TSC
cells (Miyahara o ai., 2013). Overactived mTOR, topether
‘with impaiTed swophagy, may produce an excess of synapic
protein in neunons of patients with autism spectrom disorders.
(ASD, 3 common morbidity in TSC patients). This finding
pathology of ASD (Tang er ai., 2014). Injured autophagy
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The paradox of s=tophagy in TSC

may also contribute to epileptogenesis. The suppression of
smophazy in the brain tisswes of conditional TSCT-knockoat
mice resulted in sherrant mTOR activation and seizmres. The
conditional delefion of Ate7 inmonse nevrons was sufficient o
promoie the development of spontaneows seimmes (MichIzhon
e al., 2012).

The decrease of sutophazy i some i vitne and in vive
stdies was explained by the inactivation of T5CT or I3C2
due to loss-of-function mutations, makimg the formation
of the regulatory complex of mTORC] infeasible. Due
to this impaired regulation, the mTOR sipnaling pathway
remained comtinmously active, leading to the uncontrolled
proliferation of mutated cells and, as a consequence, to
not always affect mors. In some cases, swtophazy-related
mTOF. overactivation led to endoplasmatic reticubom (ER)
o the formation of intracellular protein ageregates. These
azgresated proteins contribated to cellular toodcty in different
T5C cell culture models (Baboock er all, 2013; Di MNardo
et al., 2009). Additonally, sutophagy induction promoted
nmmroﬂlmﬂhymbhgmtﬂgmwﬂ:mﬂt
numoral microenvironment, which is penerally characterized
Ty starvation

A few smdies have also assessed the effect of dietary,
induction in TSC-associated tumors. The pro-sutophagic
@ al. (2014) showed that TSC1 was fundamentsal to the
hepatoprotective effect played by protein restriction in
ischemis-reperfusion injury. In agreement with this, TSC2-
deficient MEFs were hypersensitive to aming scids starvation
and hypoxia, in an ATGT-dependent manmer. Indeed, the
Ikmockdown of 4fg7 in Thel*" cells sensitized them to aming
acid deprivation (Mg eral., 2011). Considering the link betwesn
T5C and neoplasias, in a stdy with 5 TSC patients, ketogemic
diet did not produce beneficial effects to patients with TSC-
related tomors, with ne signs of srowth suppression of tEmoT
regression (Chu-5hore and Thiele, 2010). Considering the
management of epilepsy in children with TSC, cognition
in addition o redncing seizure frequency (Park f al, 2017).
However, it is important to mention that swtophazy was not
messured in these models using ketogenic diet.

The increase in the rate of ghycolysis in parallel with the
redoction of oxidative phosphorylation is 3 typical hallmark of
tumorigenesis (DeBermrdings o al., 2008). The overactivation
of PO/ Akt'mTOF. pathway promobes siycolysis and ghocose-
dependence, leading TSCL/TEHCT nmrtant tumor cells entering
apaptosis afier giucose withdraw (Maher erail, 2004). Indead,
T30 suppresses apoptosis in contexts of enerpy deprivation
(Tmoki et al_, 2003). Using a TSC tomor xenozraft mode] Tisng
@ ai. showed that animesls receiving 3-deconyglucose (2-Di, a
mndified form of glocese that cannot be nsed for ghycolbysis)
showed reduced proliferation of tumor cells and the smallest
ImOrs companng to animals receiving Western-style diet
ar unresiricted carbolnrdrate-free. In addition, temors from
animals exposed to carb-free diets were larzer and showed

areas of necrosis and inflammation. Alternative energy
subsirates such as ketome bodies and monoumsatorated obeic
acid supported the zrowth of The2+ cells i vitre. This result
may be considered in TSC therapy (Tiang X et al., 2011).
However, it is important to keep in mind that pro-aotophagic
inferventions used in these stodies and other strategies to
induce sutophary may modulste not only this mechanizm
ﬂleeﬁﬂnfﬂﬁemrmmmrdymmmm
sutophagy can lead to 3 misunderstanding if appropristed
methodolegies are not used. In fact, many smdies with an
‘sutophagy-ceniric’ bias do mot consider other mechanisme.
This aspect has to be lead imto consideration in shadies that
aim to xssess the effect of pro-sutophagy stratesies to weat
TEC tomors.

TSC, UPR and autophagy

Highhasal levels of EF. stress were detected in differens
ELT3 leionmyoma rat smooth mmscle cell line) (Ozcan e al.,
2008; Babcock & al, 2013; Jiang et al., 2014). ER. stress in
mmﬂcﬂsumwm:ﬂm
wihich results in higher protein symthesis that overloads the ER.
capacity of protein folding. Moreover, sutophagy impairmens
caused by mTOE overactivation in TSC-deficient cells also
coniributes to ER. siress, since misfolded protein spgregates
instead of being degraded by swophazy scoonmilates within
EF. lnmen In these cells, ER. siress was detected due to
activation of targets related to the UPE. The UPE. is a celhilar
responss rigzered to relieve ER. siress and reestablish protein
homeostasis (Hetz and Papa, 2018). Therefore, UPE. induces
chaperones expression to improve ER capacity of protein
folding, and the ERAD system (endoplasmic reticulum-
sssociated degradation) to eliminate unfolded or misfolded
proteins by proteasome or to eliminate protein aggrezates by
smophazy (Hwang and Qi 2018).

Higher levels of UPE targets as FERE, XBF1, CHOP
and GRPTE were detected in I5C]-- MEFs when compared
o wild-type cells, as well as increased UPE. parameters in
T3C-mmutant tomors (Cecan ef gl 2008; Cin & al, 2010;
Tenkerian & al., 2015, Johnson er al., 2015). It was also
obsened that mTOR oversctivaction of TSC-deficient calls
results in c-MYC activation, which in turm, is sble to induce
UPE. and ATF4 activation, by direct binding to its promaoter,
this may be a regulatory pathway (Baboock eral, M013). TSC-
deficient cells while presenting overactivation of mTORC1
show lower levels of mTORCE, as a compensatory negative
feedback mechanism Tt was shown that disnption of mTORC2
also confribuged to the activation of the FERE — elF2a amm
of UPE,, independently of mTORC] (Teokerian e al, 2015).

Increased basal ER. stress rendered TSC-deficient cells
hiphly sensitive to cell death indwced by pharmacological ER
siressors. as thapsigargin tunicanTycin and borteromib (Ozcan
e al., 2008, Jobnson et ai., 2015; Tenkertan e al., 2015).
Increased apopiosis in TS5C mmtant versns wild-type cells
sugpests that these dugs can be 8 promising therapy option
for disease condrol, simce it wiould selectively kill tomor cells,
‘wihile non-umaor and non-siressed cells wonld be able to cope



to transient stoess. Adjunct restment with rapamycin was
ahle to rednce UPE. activation and rescoed TS5C mutant MEF
{Ozcan et al., 2008), as well rescued leionryoma cells from
apoptosis mduced by bortezomib reamment (Babcock er al.
2013). These results confirm that overactivation of mTORC1
in TSC omatant cells is at least partly responsible for ER. stress
and UPE. activation.

Since sppophazy is trigpered upon ER. siress to elimnate
ENCESS proteins agzrezates, and to mediate cell death under
intense and prolongated stress, it is important o venfy its
relationship with ER. stress om TSC-deficient cells. Howrewer,
most of the sdies that induced or checked ER. stress in TSC
deficient cells have not described sutophazy levels. In TSC
nommal cells, drug-induced EFR. stress triggers autophagy-
mediated cell death in MEF cells and ER. stress-induced
mutophagy was atiribated to the downregulation of mTOR
pathway. Om the other hand when compared o wild-type
cells, TSC -noatant cells with constitutive activation of mTOR
were mare resistance o ER siress-induced sutophagy (Qin
et al, 2010; Eang, & al, 2011).

Melfinavir is an ER. stressor dmgz which was tested on
EcX" MEF cells and it was sble o reduce mTOR signaling
while incressed sutophazy levels, obsarved by decreased
SQ5TM] protein and incressed LT3 lipidation to the lower
resolving LC3-11 isoform. Chlorogquine, an sophazy inhibitor,
also enhanced nelfinavir-mdnced cell death in these cells. A
combination of nelfinavir and chloroquine potentiated EB
siress and affected sutophapy resnlting in Tel+ cells death,
while cells with normal expression of mTOFR. were tolerant.
The combination of an ER-stressor dmgz and an sutophagy
inhibitor also seems to be 3 promising therapeutic option for
TSC (Johnson et al., 2015).

Autophagy therapies in TSC- and mTOR-
deficient contexts

Many of the pathways that regulate autophazy are
dysregulated in cancer development. snd some therapeutic
compoumnds have been desipned to restore or inactivaie these
patirarays (Table 1). Some of these compomds directly mhibit
mTORC], while others inhibit i TORC] indivectty by redncing
the nuiritional support for cells or inhibiting the upstream
tarpets in the mTOR. signaling pattvasys (e al, 2011). Some
of these therapies leverage the combined therapeutic effect of
the mTORC] and mTORC? complexes. However, therapies
that fisrus o both complexes can induce considerable foricity
fornsed on the discovery of new compounds that act in these
patirays, aiming o control exacerbated cell proliferation and
mutophary. Among the altermative compounds. that regunlate
and promaotes spoptosis in HEE?93 cells (Li e al., 2017).
Perheriline, niclosamide, amiodarone (approved drugs) and
roitlerin {pharmacological reszent) inhibit mTORC] signaling
and stimmlate sutophagy (Balgi et al, 20009

In most cases, rapamycin treatment leads to the
mestoration of sutophagy in tumor cells. This restoration can
stop tumor growth in some cases. However, fumors may
regrow after prolonged treatment with rapamycin due to
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the inhibition of the AMPE pathway, a5 demonsirated in
MEF: fiom the Tsc2-mmll model (Campos er al., 2016).
The impairment of sutophagic fiux and the al:mnml.anm
of sutophagosomes observed in the Tsc2-ED newrons of
mice were also dependent on the AMPE pathway. After
treatment with rapanmyoin, LE3-I acommmilation and incressed
AMPE-UTLE] activation revealed that this acommlation of
sutolysosomes was insensitive to rapamycin, indicating a
mTORC]-independent mechanism regulating antophagy (O
Mardo et al., 2014). Indeed, AMPE can directly activate the
ULE] complex in an mTOR- independent manner (Fim er al,
2011). Comversaly, there is evidence suzgesting that persistent
mTORC] sipnaling in the TSC context reduces the capacity
of senescent cells to undergo antophagzy, which leads o cell
desth This seemingly contradictory role for anfophagy as a
prosurvival and cell death mechanicm of senescent cells is a
phenomenon that may also coniribue to the tomorirenesis amd
newrodegeneration in TSC conditions (Carroll &f al., 2017).

Metformin and resverairol have been given greater
attention in recent years as possible means to stinmlate
sutophazy in TSC. Metformin is an antihyperslycemic apent
used for the treatment of noninsulin-dependent disbetes
mellims. The exact mechanism of action of metformin is not
well eloridated, bat a possible inhibitory effect on the mTOR
sipnaling pathway has been recopmized (Amin o al, 2018).
Inhibition of mTORC] by metformin can ocour (3) through
the phosphorylation and inhibition of Raptor and (b) through
the activation of the T5C1 and T5C2 penes (Howell af al.,
2017 (Figure ). Mormal and non-TSC2 (J2C2-) embryonic
e calls irested with metfionmin showed an uprepolation of
mTORC] (Falender of af., 20110). In the tomor model of mice
with heterozyzous mmtations in T5C2 (Thc 1) there was no
mreduction in tomor size afier metformin treatrment compared
with those treated with rapamycin, suggesting limited
therapentic benefits of metformin in treating hamartomas
(Auricchio ¢ ai., 2012). In murine kidney I5CT umors,
metformin was able to reduce mTOR. sipnaling only in normeal
tizsmes it not in ammor cells (Dowling er af., 2016). In liver
cells of the same model, metformin mhibited mTOR. signaling
through & mechanicm imvolving the AMPE pathway and the
T5SC complex (Howell @ ail, 2017). Mone of these studies
assessed suophagy after restment. Some studies have raised
the prospect of metformin wse fo suppress the mitiation and
recurence of TSC-associated tomors, which would induce
fewer side effects and have a lower cost then other mTOR
inhibitors {Amin et al., 2019).

Fesveratrol is another compound investigated for its
effiect on mTOF. inhibition and on the stirmlation of auophagy
and apoptosis. Besveratrol (3,54 -mhydromystilbens)
is a polyphenolic phytoalexin derived from stilbene. The
compoumd is present in high concentrations in red wine, the
imbibing of which has been sssociated with a lower incidence
of heart dizease. Orther bensfits of resveratrol include its
anti-inflammatory, antioxddant (Wishart et al, 2018) and
neuroprotective effects (Quincozes-Santos et al, 2013). It
has been shown to regulate cell proliferation, apoptosis, and
anFiogenesis and to ameliorate DMA damage (Alayev ot al_,
201 5), and rezulate mitochondrial sctivity, which is importamt
for the treatment of obesity and diabetes (Azaraal and Baar,
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2011). Similar to mesformin, resveratrol suppresses the ity
af mTORC] through the AMPE pativay (Wang erai, 2018),
and induction of autophagy by resverairol has been showm
o ocour directly via the mTOR-ULK] pathmay (Park o al.,
2014). In addition, resveratrol inhibits the activation of mamy
profeins upsiream of the mTORC 1/ 58K sirnaling pathway,
including PISK and can modulate sutophagy by directly
inhibiting S6F1 activation {Armoor & al., 20087 (see Fizure 1).
Additionalty, resversinol seems to also regulate the activation
of mTORCT (Gumesanty @t al., 2010). Fecent work has showm
thet resveratrol is capable of inducing apoptosis and sopha sy
in bresst cancer tumor cells resistant to Cisplatin treatment,
non-small cell g cancer cells and renal cell carcinoma
cells (Park er ai., 2016; Chang et al, 2017; Lin er al., 2018;
Wang @ ai., 2018). Becanse of the ability of resveratrol to
mdulate the subophagy and spoptosis pathways, its efficacy
‘was imvestigated in the context of TSC. It has been reported
that resveramol prevented the positive regulation of sntophazy
induced by rapammycin, inhibiting the cleswvage of LC3 and
the formation of sutophagosomes in T5C2 cells. In this
context, resveratrol was able to prevent pfi2 degradation ina
TEC2-dependent mannes (Alayev ¢ al., 2014). A combination
of rapanyycin and resverairol tested in an amimal model was
able to specifically imhibit the PRE/ Akt mTORC] signaling
pativway, activating apoptosis and reducing cell survival in

a T5C2 xenograft tomor model of LAM but not in cells
expressing T5C2 (Alayev of al., 2015).

MNew treatment allematives focusad on

autophagy modulation

A ooy treatment initiatives have already been reported for
fumars with mTORC] sherrant activation. These altematives
by autephagy inhibition but not solely through mTORCL
inhibition The first example was publiched in the report by
Parkhitko et al. (2014), whe used chloroquine, a molecule
ﬂi.nblncksl}mmmp]ﬂgmumeﬁmunnﬂhm
T tion, o suppress maeaibopha gy and
sophagy. In this shady, the authors demonstrate that TSC2-
mall cells have distinctive autophazy-dependent pentose
phosphate pathway (PPP) alterations. With this in mind
they directly targeted mTOR.C]-independent sutophapry by
antimetabolite f-aminonicotinantide. The suthors showed a
40% reduction in cell proliferation after 8§ h of treatment.
In Bc* mice with spontaneously formed cystoadenomas,
the suthors showed a 50% reduction in macrolesions and
microlesions after 4 momths of resment (Parkhitko er al,
2014). The second example was related to Polo-like kinase
1 (FLE]1) inhibitors. These compounds were also shown to
be potential therapentic agents for the treatment of tomors
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with dysregulated mTORC] sipnaling. The

inhibition of FLE] by the small molecule BI-25346 siznificanthy
decreased the viability and clonegenic survival of TSC1-
and TSC2-deficient cells in vitro. This inhibition of PLE1
was associated with increased apopiosis, suzzesting that this
kinase can regulate both swtophazy and apoptesis (Valisnon
etal, 2015).

Conclusions and perspectives

Tuberous Sclerosis Complex, althoush relatively rare,
is the second most conmmon disorder in the rnodemmatoses
category of disorders. The disease can manifest in the
earty stages of life and often results in social exchosion and
vulnerability af the medical peychological and culoral levels.
Severe epilepsy disorder may oCour in very young patients.
In addition, there is inressed morbidity and a reduction in
life expectancy, especially when hamartomas related to the
syndrome emerpe. especially as infracardisc and brain tomors.
To date, mTOF. inhibitors have been widely used to attennate
the clinical mamifestations of the dicesse. However, several
challenges still exist in the management of TSC using rapalogs,
inchading their cost, side effiscts, definition of the ideal tming
3 beiter understanding of partial efficacy of these dugs in
certain applications. In this scenario, alternative or combined
ireatments mmst be sought. and medolators of sutophagy are
promizing candidates. The mTOF. inhibisor-induced sutophagy
in tumor cells may have a dual effect by either imermupting
or enhancing temor growth. Currently, it is 2 consensus that
mutophazy is fondamental to conirel cell homeostasis and
tissue functioning since its loss has been associated with the
development of several pathelogies. Amtophagy deficiency
has been observed in the early steps of tumor mitistion, for
instance In the other hand the adaptability to stress provided
by sutopha gy can contribute to metsholic sdaptation snd tomor
erowth in advanced stages of carcinopenesis (Amaravadi of
al., 20197 NC5I-deficient fibroblasts, for instsnce, are more
dependent on exogenous mirients, and the knockoat of ATGS
redured even more call adaptsbility to murient deprivation
(Filippakis ef al., 2018). In animal models, the above-
menfioned dynamic of autophapry in cancer is reproducibla,
Tt the evidence from hamen samples suzpests that this process
is more complex (Gallnzz et al., 2015). Acmslly, it seems
that the dominant effect played by sutophapy (ie whether
chemoprevention or umor supportng) may depend on the
tmor type, genefic and epigenetic background, the event
imvolved in the carcinopenesic, among other variables. The
fact is that the paradeecical role of sutophagy in promoting or
behaviors s inherent to the fimctioning of the mechamism,
which comirols multiple steps and, in the other hand is
comtrolled by several others (Amaravadi e al, 2019). The
larze muomber of mechsnisms controlling and being controlled
by TSC complex and mTOFR. adds even more varishles to the
mdels (Filippakis et al, 2018). These concepis nmst be kept
in mind constanily in the disoussion of pharmacological or
non-pharmacological sitategies that nduce antophagy, either
through the mhibition of mTOR. or through other mechandems,
In several studies, however, a direct role has been attribued
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to sutophagy even when the mechanism is not properly or
exclusively assessed. This ocours, for instance, in studies
showing that Bapanrycin is effective in contrelling tomor
growth and /or redocimg tumor volume in animal models
(Fenerson et al., 2005; Lee & al., 2009) and in TSC patients
(Cabrers-Lapez etal, 2012; Map et al, 2017; Li et al , 2019).
Indeed, these evidences suzgest that the chemopreventve
role played by sutophazy could be dominant But other
smdies challenme the establishment of a unique conclusion,
85 expmplified by the observation that TSC mdnaduals, despite
not showing the altered incidence of renal tumaors in relation
to controls, developed renal cancer foo much earlier in Life
(Peron & al., 2016).

Therefore, tao sspects need to be raised at this point The
first ome concems to the multimde of mechanismes controlled
by T5C complex and mTOR in the interface between
health and dizease, from amtophagy to protein synthesis,
the activity of impmme cells, cell metsbolism, cell growth,
and death (Boutowja o al. 2019). Attributing the effect of
T5C mutations or Fapamycin exclosively to sutophagy can
be a mismterpretation. The second point is that fumors and
other pathologies are not coordinated by a umique cell type
or mechanism Tomor microenvironment, for instance, is
formed by dozens of cell types, inciunding normasl, impmme
and mesenchymal cells. The sutophapry of all these players
might be mpdulated when this mechanism is activated, and
a prowing body of recent evidence has shed some light on
the crosstalk between tomor cells sutophapy and the tumor
microenvironment (Tanji et al., 2018). Notaithstanding, the
domimant role played by sntophagy modulation, i this combext,
may depend not only on the genetic stams of T5C1/TSC2 bt
also the metabolizm . the inmmmne stams, endocrine fimctions
and other signaling molecales. With this in mind. it is important
inhibitors or metabolism modifications (Medvez e al., 2015).
In this sense, festing compounds that modulate aotophazy
in 3 more specific manner or animal models with the co-
ocoumence of TSCLTECY and ATG mutations could provide
mare acorate evidence reganding the role of sutophagzy in
T5C (Filippakis er ai, 2018). And, in addition to Fapantycin,
new classes of mTOR inhibitors and conmpoands that modulate
other shovementioned mechanizms could be combined to
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Capitulo VI

Resultados parciais:

Fluxo autofagico em fibroblastos de pacientes com esclerose tuberosa e variante
germinativa patogénica em TSC2 apds tratamentos com compostos moduladores

da autofagia
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Introducéo

A doenca esclerose tuberosa € a segunda genodermatose mais incidente
no Brasil e no mundo, acometendo cerca de 1 em cada 6.000 nascidos-vivos de
ambos os sexos (Northrup et al. 2018). Trata-se de uma condicdo genética
autossOmica dominante causada por mutacées nos genes supressores tumorais
TSC1 ou TSC2, que acomete mdltiplos sistemas, que vao desde o surgimento de
tumores (hamartomas) no sistema nervoso central, pulmdes e rins, até
incapacidades cognitivas, deficiéncia intelectual e autismo e que ndo tem cura e
possui poucas opg¢Oes de tratamento, utilizados apenas para a tentativa de
controle dos sintomas Northrup et al. 2013).

As terapias utilizadas hoje para a doenca sao os inibidores da via de mTOR
(Cabrera-Lépez et al., 2012). Embora promissor, o tratamento com rapamicina e
seus analogos possui alto custo, pode apresentar efeitos colaterais e ndo ser
efetivo no controle e na erradicacdo dos tumores dos pacientes (Bissler et al.
2013). Os anélogos da rapamicina ainda ndo estdo amplamente consolidados
nem liberados para uso dos pacientes atendidos pelo SUS, com uma série de
guestbes em aberto relacionadas principalmente a variabilidade da resposta
terapéutica. De maneira geral, esses inibidores atuam na supressao da via de
MTOR, que se encontra hiperativada, e na indugéo do processo de autofagia nas
células dos pacientes. A autofagia regula os niveis de nutrientes na célula, sendo
capaz de estacionar ou estimular o desenvolvimento tumoral (Rabinowitz e White
2010). O uso de bafilomicina Al, que atua como um inibidor da fusdo entre o
autofagossomo e o lisossomo, permite avaliar o fluxo autofagico das células.
Combinado com a rapamicina, permite verificar a indugdo de autofagia pela
droga, além da deteccdo da presenca de etapas finais da autofagia por vias

alternativas (Klionsky et al. 2021).

O composto metformina (antidiabético de uso oral) € capaz de diminuir o
influxo de nutrientes na célula, e, consequentemente, estimular a autofagia (Liu et
al. 2018; Amin et al. 2019). O soro com baixa glicose (HBSS), por possuir menor
guantidade de nutrientes, pode simular um efeito de dieta hipocalérica nas

células, e, consequentemente estimular a autofagia. Devido a esse potencial,
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metformina e uma simulacdo de dieta hipocal6rica podem ser testados como
tratamentos alternativos para a esclerose tuberosa, com menor custo e menos
efeitos colaterais em comparacdo com os inibidores de mTOR. Por esse motivo,
verificar a resposta da indugdo da autofagia em fibroblastos de pacientes com
esclerose tuberosa (que possuem variante patogénica nos genes supressores
tumorais TSC1 ou TSC2) pode ser uma boa alternativa para a avaliacdo desses
compostos no sentido de prevencédo de surgimento e recorréncia de tumores na
doenca. Além disso, pode diminuir os custos com resseccdes cirurgicas e exames

de avaliacdo de tumores, melhorando a qualidade de vida dos pacientes.

Objetivos do estudo: Explorar o fluxo autofagico e a indugédo da autofagia, além
dos niveis de mitofagia, apoptose e necrose em células de paciente ET e variante
patogénica em heterozigose no gene TSC2 e um individuo controle sem ET, com
e sem o tratamento padrao de controle da doenca (rapamicina) e comparar com o
uso de compostos alternativos conhecidos por estimular a autofagia, como

metformina e soro com baixa glicose.
Metodologia
Amostra

Para as investigacbes foram utilizadas uma linhagem de fibroblastos de
individuo com ET e variante patogénica germinativa em TSC2 (c.4375C>T p.
Argl459Ter) e uma linhagem de individuo sem ET, que se encontram

estabilizadas em cultivo.
Aspectos éticos

Este projeto foi aprovado no CEP HCPA sob o numero 2019-0153.
Tratamentos moduladores da autofagia

Os fibroblastos do caso e do controle foram tratados com: rapamicina a
200nM; ou com rapamicina a 200nM mais bafilomicina a 100nM; ou com
bafilomicina a 100nM; ou com metformina a 20mM; ou com 1luL de HBSS; ou

apenas com veiculo DMSO.
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Investigacao fluxo autofagico por imunocitoquimica e anticorpo LC3

Foi realizada a investigacédo de fluxo autofagico nas células com a técnica
de imunocitoquimica utilizando o anticorpo marcador da proteina autofagica LC3
para avaliar importantes aspectos da autofagia, tais como a quantidade, o
tamanho e a localizagédo subcelular dos autofagossomos, moléculas fundamentais
para o inicio do processo e dos autofagolisossomos, marcadores da fase final da

autofagia.

Preparo das placas de cultivo celular

Foram preparadas placas com laminulas tratada previamente com poli-I-
lisina. As laminulas foram esterilizadas por 12 horas em alcool 70%, secaram por
2 horas na luz ultravioleta, foram alocadas no fundo de placas de cultivo de
células com 6 pocos. Foi adicionado 1000uL e cima de cada laminula por uma
hora. Depois disso, garrafas de cultivo contendo as células do paciente e do
controle foram tripsinizadas, e foram plagueadas 1x10* células por pogo, em cima
da laminula. Apds oito dias e 75% de confluéncia nos pocos, as células

receberam os tratamentos conforme o esquema abaixo:

1 placa por paciente; 1 po¢o por condicao:

00O
00

@ Controle DMSO

O Rapamicina

O Rapamicina + Bafilomicina
Bafilomicina

© Metformina

@® HBsS

Apos os tempos de cada tratamento as células foram fixadas em alcool
absoluto gelado. As laminulas foram preparadas para a imunocitoquimica com

1uL de anticorpo em 400uL diluente para cada 4 pocos, e foram visualizadas e
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fotografadas em microscopio de fluorescéncia para analises posteriores da

presenca, numero e tamanho dos autofagossomos e autofagolisossomos apés

cada tratamento.

Citometria

Analises de citometria foram utilizadas para caracterizar autofagia total,

mitofagia, apoptose e necrose nas células do paciente e controle. As células do

paciente com ET e do controle foram cultivadas em placas de 12 pogos, na

quantidade de 3.5x10* células por poco. Ap6s atingir a confluéncia de 75% a 80%

as células foram tratadas conforme o esquema abaixo:

(X ]

@O

. Controle DMSO

. Rapamicina 6h

@

Rapamicina 6h + Bafilomicina 2h

O Bafilomicina 2h

. Metformina 12h

@ HBss12h

L X
Q0O
o

Desfecho de Autofagia, marcagéo
com Laranja de acridina, Mitotracker
(200nM, 20min a 37°C)

Desfecho de viabilidade e morte celular

por Apoptose, marcacdo com lodeto de
propideo e Anexina V + FITC (1,5 ug/mL,
15min, temperatura ambiente) 110



Controle DMSO

Rapamicina 24h

00

Rapamicina 24h + Bafilomicina 2h
Bafilomicina 2h
O Metformina 24h

‘ HBSS 24h

Resultados parciais

Até o momento foi possivel realizar todos os experimentos com as duas
linhagens celulares: fibroblastos de paciente com ET e a variante patogénica do
tipo SNV (c.4375C>T p. Argl459Ter) no gene TSC2 e fibroblastos de individuo
sem ET (controle). Os resultados estdo sendo avaliados e 0 manuscrito esta em

preparacao.
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Discussédo Geral, Conclusdes, Perspectivas, Referéncias Bibliogréficas
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DISCUSSAO GERAL

As genodermatoses NF1 e ET podem ser consideradas sindromes de
predisposicdo hereditaria ao cancer pois sdo as sindromes com maior risco
associado para desenvolvimento de certos tumores, como os MPTNMs. Nessas
sindromes, a caracterizacdo molecular mais completa possivel dos acometidos
tem importancia crucial para o manejo e prognostico do paciente, assim como
para o aconselhamento genético de suas familias (Gerstenblith et al. 2010; Ladd
et al. 2020).

Como os sinais e sintomas mais precoces das genodermatoses sao
manifestacbes cutaneas tipicas, a suspeita destes diagnosticos geralmente é
levantada por um médico dermatologista. O diagnéstico precoce de pacientes
com NF1 e ET é de fundamental importancia para garantir o correto
acompanhamento e para reduzir o risco e/ou aumentar as chances de diagndstico
precoce de tumores, impactando assim o prognéstico (Gerstenblith et al. 2010).
Embora o diagnéstico geralmente possa ser feito pelo exame clinico e alguns
exames adicionais (em especial de imagem), o diagndstico molecular pode ser de
grande auxilio na confirmacéo da suspeita clinica em especial nos casos com

sinais e sintomas menos 6bvios (Frommbherz et al. 2021).

Uma vez feito o diagndstico completo de uma genodermatose, a conduta é
centrada fundamentalmente no acompanhamento multidisciplinar seguindo
diretrizes clinicas especificas para a faixa etaria do(a) paciente. No entanto, ndo é
infrequente que pacientes com manifestacdes tipicas sejam diagnosticados
apenas na vida adulta, quando ja apresentam complicacdes mais acentuadas das
doencas (Frommherz et al. 2021). No Brasil, a indisponibilidade do diagnéstico
molecular no SUS, limitacdes de acesso ao aconselhamento genético e também a
alguns tratamentos, sdo fatores que podem levar ao diagndostico e manejo sub-

6timo das genodermatoses.

NF1 é causada, na maioria dos pacientes, por variantes germinativas
patogénicas na regido codificadora do gene NF1. No entanto, uma parcela
importante de pacientes ndo tem nenhuma alteracdo molecular identificada com

analises convencionais do gene. Além disso, além da heterogeneidade molecular
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no caso de pacientes com variantes identificadas em NF1, a expressividade
variavel da sindrome pode estar relacionada a outros genes os quais podem atuar
como modificadores de fendétipo (Sabbagh et al. 2009; Vogt et al. 2011; Pasmant
et al. 2012; Kowalski et al. 2020).

O cromossomo 17, onde o gene NF1 esta localizado, tem o segundo maior
conteudo génico entre todos 0os cromossomos. Ele contém varios genes, incluindo
PMP22, PAFAH1B1, YWHAE, RAIL, que estéo relacionados a doencas genéticas
em humanos (Zody et al. 2006). Flanqueados por duplicacdo segmental (SD),
alternativamente denominados repeticdes com baixo nimero de copias (LCRS),
esses genes sao frequentemente afetados por duplicacbes ou delecdes
recorrentes, implicadas em uma série de disturbios genémicos em humanos,
incluindo neurofibromatose tipo 1 (Lupski and Stankiewicz 2005). Cerca de 4,7%-
11% dos pacientes com NF1, apresentam grandes dele¢cbes abrangendo o gene
NF1 e outros genes adjacentes, na regido cromossdmica 17g11.2. Essas grandes
delecdes sao denominadas 'microdelecdes de NF1' (Cnossen et al. 1997;

Rasmussen and Friedman 2000; Kluwe et al. 2004).

Desde a primeira identificacdo de pacientes com microdelecées NF1, se
observou que a maioria desses pacientes costuma apresentar fenétipo mais grave
e caracteristicas atipicas. Entre estas destacam-se dismorfias faciais, deficiéncias
severas de aprendizagem, grande numero de neurofibromas, alta estatura, méaos
e pés grandes com tecido mole redundante, hiperflexibilidade das articulacbes e
anomalias cardiacas congénitas (Venturin et al. 2004; Spiegel et al. 2005; Zhang
et al. 2015; Kehrer-Sawatzki et al. 2020; Scala et al. 2021). Outro ponto
importante € que os individuos com microdelecées NF1 tém um risco aumentado
de desenvolvimento de MPNST com diagnésticos em idade mais jovem (Evans et
al. 2002; De Raedt et al. 2003; Mautner et al. 2010; Evans et al. 2012). No
capitulo 1l desta tese apresentamos uma descricdo de quatro pacientes com
microdele¢bes envolvendo NF1 e que também apresentam fenotipo mais grave,
incluindo presenca de MPNST em idade jovem (paciente com 26 anos),
macrocefalia, escoliose e caracteristicas dismoérficas menos frequentes como

fissuras palpebrais obliquas, orelhas proeminentes, estatura alta e
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hipogonadismo. Apenas um desses pacientes apresentou microdelecao tipica
(tipo 1), enquanto os demais rearranjos apresentaram tamanhos atipicos. Foi
realizado uma abordagem de conservacdo evolutiva dos genes co-deletados
envolvidos nos diferentes tamanhos de microdele¢cbes encontrados nos pacientes,
com o objetivo de acessar a relacdo ortdloga e paraloga desses genes em
primatas e outras espécies de mamiferos. Além disso, foi possivel verificar o tipo
de selecdo agindo sobre esses genes e seus aminoacidos, buscando contribuir
para o estabelecimento da importancia desses genes para o fenétipo agravado.

A deteccédo e caracterizacdo precisa das microdeleces NF1 é de grande
importancia clinica, principalmente por causa da sobreposicdo fenotipica que
pode existir entre NF1 e outras Rasopatias (por exemplo, sindrome de Legius). O
entendimento do espectro das diferentes delecbes, e do papel de outros genes
co-deletados no fenétipo € de importancia para o entendimento da histéria natural
e para aconselhamento genético dos pacientes (Kluwe et al. 2004; Wimmer et al.
2006; Etzler et al. 2008). E provavel que a variabilidade clinica de NF1 resulte de
uma combinacdo de fatores genéticos, ambientais e estocasticos. Tal
complexidade e a diversidade de variantes moleculares que ocorrem nesta

doenca tornam, dificil o estabelecimento de correlagbes gendtipo-fendtipo.

Os grandes primatas possuem um grau elevado de duplicons, sendo os
duplicons centrais os mais abundantes e frequentemente relacionados com o
surgimento de novos genes, apresentando diferencas drasticas de expressao
génica e de variacdo estrutural (Jin et al., 2004; Johnson et al., 2001). A presenca
de um duplicon central ao longo do brago g do cromossomo 17 acabou levando
ao surgimento da familia génica LRRC37 durante a evolucdo dos primatas, por
exemplo (Jin et al., 2004). No artigo, sdo descritos quatorze genes co-deletados
gue foram analisados em oito espécies de primatas. As analises filogenéticas
apresentadas demonstram que alguns desses genes ndo estdo em concordancia
em todas as arvores filogenéticas das espécies analisadas, sugerindo distinta
restricdo evolutiva entre eles (Reis et al. 2019). Essa constituicdo pode ser
esperada para genes que apresentam divergéncia de fungdo durante a evolucao

das espécies e estdo sob distintas pressdes de selecdo e reforcando que a
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presenca desses genes em humanos é fundamental para a constituicdo de um

organismo saudavel.

Dos quatorze genes analisados, dez genes apresentaram evidéncias de
estarem sob selecdo purificadora (CRLF3, ATADS, TEFM, ADAP2, NF1, OMG,
EVI2A, RAB11FIP4, COPRS e SUZ12) e quatro genes apresentaram evidéncias
de estarem sob selecdo positiva (RNF135, UTP6, LRRC37B e EVI2B), o que

possivelmente aumentou seus valores adaptativos.

De Raedt e colaboradores estimaram que o risco ao longo da vida de
MPNST em pacientes com microdelecdes NF1 é quase o dobro do observado na
populacdo geral de NF1. O risco aumentado de malignidade pode ser explicado
por variacfes na expressao de um ou varios genes (genes supressores de tumor
em vez de oncogenes) localizados na regido da microdelecdo de 1,4 Mb (tipo 1)
(De Raedt et al. 2003).

A perda funcional de SUZ12, associada a perda funcional de NF1, foi
considerada um dos fatores para o desenvolvimento de tumores malignos da
bainha do nervo periférico (Zhang et al. 2014). Ao mesmo tempo, essa perda
funcional acaba ativando um interruptor epigenético que sensibiliza tumores ao
tratamento de inibidores de bromodominios, uma estratégia terapéutica
promissora (De Raedt et al. 2014). Devido a elevada expressdo de SUZ12 e
ADAP2 nos tecidos cardiacos, esses genes sao fortes candidatos a estarem
relacionados com ma formacao cardiovascular (Venturin et al. 2004). Quanto aos
demais genes, o gene OMG apresenta envolvimento com dificuldade de
aprendizagem em pacientes com NF1 (Terzi et al. 2011), além de regular o
crescimento celular (Vourc’h et al. 2003). Ja a haploinsuficiéncia de UTP6 parece
conferir as células de pacientes com a microdelegdo uma menor suscetibilidade a
apoptose, aumentando o risco de desenvolvimento de tumores (Piddubnyak et al.
2007).

Analises de expresséo génica de amostras de 23 neurofibromas dérmicos,
13 neurofiboromas plexiformes e 13 MPNSTs de pacientes com NF1

demonstraram cinco genes regulados positivamente: OMG e SUZ12 em
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neurofibromas plexiformes e ATAD5, EVI2A e COPRS em MPNSTs. Esses
resultados séo consistentes com um modelo no qual 0os genes superexpressos
agem como oncogenes. No entanto, € possivel também que na regido das
microdele¢cbes NF1 contenha um regulador negativo desconhecido que seria
inativado pela delecdo e essa inativacdo regularia positivamente oncogenes
vizinhos (Pasmant et al. 2011). Em nosso estudo, esses genes demonstraram
evidéncias de estarem sob selecdo purificadora, o que esta relacionado a

importancia de manter sua fung¢ao durante a evolugéo dos organismos.

Os resultados encontrados em nosso estudo apoiam a hip6tese de que a
haploinsuficiéncia de RNF135 contribui para a ocorréncia de doencas em
humanos. Além disso, a proteina RNF135 apresentou vinte e sete sitios sob
selecdo positiva, sendo trés deles localizados no dominio de dedo RING da
proteina, que podem ter sido selecionados para aumentar a eficiéncia nas rotas
de ubiquitinacdo em primatas (Reis et al. 2019). Outros trabalhos também
demonstram correlacbes gendtipo-fendtipo envolvendo a haploinsuficiéncia de
RNF135 resultando em crescimento excessivo (Ferrari et al. 2017), dificuldade de
aprendizagem e caracteristicas dimorficas (Stewart et al. 2007; Serra et al. 2019).
O gene RNF135, especificamente, apareceu hipoexpresso (regulado
negativamente) nas amostras MPNST investigadas por Pasmant e colaboradores
(2011), apontando para o seu envolvimento na predisposicdo a tumores
observada em pacientes com microdelecdo NF1 (Pasmant et al. 2011). Sabendo
que a inativacdo do gene RNF135 pode ocorrer por diversas alteracdes e ndo s6
pela sua delecdo, os achados do nosso estudo pretendem contribuir para a
inclusdo de investigacdo molecular no gene RNF135, além do gene NF1 para

pacientes com suspeita de NF1.

Assim como NF1, a esclerose tuberosa € condicdo genética autossémica
dominante ainda sem cura e com poucas opc¢des de tratamento (Kingswood et al.
2017; Rosset et al. 2017a). Variantes nos genes supressores tumorais TSC1 e
TSC2 sdo as responsaveis por essa genodermatose (van Slegtenhorst et al.
1998). O gene TSC1 (NG_012386.1) possui 23 éxons, sendo que os éxons 1, 2 e
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os primeiros 80 pares de bases do éxon 3 compreendem a regido 5’ nao traduzida
do gene. Seu RNA mensageiro candnico (NM_000368.4) possui 8626
nucleotideos no total e é expresso em quase todos os tecidos. J& 0 gene TSC2
(NG_005895.1) possui 42 éxons, sendo que 0 éxon 1 e os primeiros 29 pares de
bases do éxon 2 fazem parte da regido 5’ n&o traduzida do gene, e a regido 3’
nao traduzida compreende os ultimos 102 pares de bases do éxon 42. O RNA
mensageiro candnico desse gene (NM_000548.3) consiste em 5675 nucleotideos,
e similar ao TSC1, € expresso na maioria dos tecidos, com as maiores

guantidades de expressao no cerebelo (Gutmann et al. 2000)

O banco de dados ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) registra
2593 alteracdes no gene TSC1, sendo 2067 nucleotideos de Unica base (SNPs),
282 delecbes, 153 duplicacdes, 173 insercdes e 25 do tipo indel (inser¢cdo seguida
de delecédo). Para o gene TSC2 o mesmo banco de dados registra 6030
alteracOes, divididas em: 4964 alteracdes tipo SNP, 612 delec¢bes, 385 insercoes,
321 duplicacdes e 66 alteracbes do tipo indel (Landrum et al. 2018; ClinVar,
2021). Embora a grande maioria das alteracdes descritas nesses sejam SNPs,
existe uma parcela significativa de rearranjos, que incluem delecdes, insercoes,

duplicacoes e alteracdes indel.

O estudo de Longa e colaboradores (2001) analisou as diferencas de
rearranjos entre os genes TSC1 e TSC2 de pacientes com ET e identificou 19
delecdes parciais ou completas, trés envolvendo TSC1 e dezesseis envolvendo
TSC2. Resumidamente, trés caracteristicas principais parecem distinguir as
delecdes entre os genes: (1) tamanho de exclusdo: todas as delecdes de TSC1
detectadas estavam dentro da unidade de transcricdo, enquanto 12 das 16
delecdes de TSC2 tinham pelo menos um ponto de interrupcdo externo; (2) a
localizacdo dentro do gene: todas as delecdes de TSC1 estavam confinadas a
extremidade 3’ ndo traduzida do gene, resultando na mesma mutacdo de
mudanca de quadro de leitura ap6és o aminoacido K875, enquanto os pontos de
interrupcdo internos de TSC2 mostraram-se espalhados ao longo do gene; (3)

preferéncia por sequéncias recombinatérias: seis de oito pontos de interrupcédo de
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TSC2 internos mapeiam dentro de repeticdes Alu, enquanto nenhuma das trés

delecdes de TSC1 parecem ser mediadas por repeticdes Alu (Longa et al. 2001).

No capitulo Ill desta tese é apresentado o relato de caso de um paciente
jovem com fendtipos que ndo sdo comumente relacionados a ET: polipos
gastrointestinais e tumor neuroenddcrino pancreético. O paciente apresentava
uma grande delecdo no gene TSC2, englobando éxons 2 a 16, e incluindo codon
de iniciacdo (Reis et al. 2020). Os rearranjos génicos correspondem a
aproximadamente 15% das variantes patogénicas encontradas no gene TSC2
(Padma Priya and Dalal 2012) e a alteracdo observada no paciente relatado
resultou na completa remogéo do dominio de ligagcdo TSC1 (T1BD) na por¢do N-
terminal da proteina TSC2. Esse dominio é fundamental para a interacdo de
TSC1-TSC2 e formacdo do complexo TSC, que quando ausente resulta na
ubiquitinacdo e degradacao da proteina TSC2 e hiperativacdo da via de mTORC1
(Hodges et al. 2001; Huang and Manning 2008).

Estudos recentes envolvendo caracterizacdo de alteracdes genéticas em
ET demonstram a ocorréncia de dele¢cdes envolvendo mais de um éxon de TSC2.
Em uma amostra de 21 pacientes chineses, foram encontradas duas delecfes de
codon unico e uma grande dele¢éo envolvendo os éxons 10 a 16 (He et al. 2020).
Em uma amostra ainda maior de chineses, foram encontradas grandes dele¢cbes
apenas no gene TSC2, em 5 de 19 pacientes sem mutacdo identificada por
investigacdo na sequéncia de DNA, que corresponderam a 7,9% de todas as
mutacdes encontradas no estudo. Destas, uma envolveu os éxons 1 ao 37, uma
foi identificada como delecdo do éxon 16 e trés foram delecbes completas de
TSC2 combinadas com a delecdo do ultimo éxon do gene adjacente PKD1,
causador da doenca renal policistica autossémica dominante tipo 1 (PKD1) (Lin et
al. 2019). A delecéo envolvendo os genes TSC2 e PKD1 é associada a sindrome
de delecdo contigua TSC2-PKD1 que pode envolver diferentes éxons dos dois
genes e ocasiona lesdes policisticas renais progressivas de inicio precoce (Brook-
Carter et al. 1994; Boehm et al. 2007; Consugar et al. 2008). Mais recentemente,
delecbes nesses dois genes foi associada ao surgimento de rabdomioma

cardiaco (Osumi et al. 2020) e espasmos infantis (Matsubara et al. 2021).
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Além de contribuir para a caracterizacdo de apresentacdes fenotipicas
mais raras da sindrome, este relato de caso ressalta a importancia da
investigacdo molecular de rearranjos. Os estudos apresentados nessa discussao
demonstram a variabilidade das alteracbes moleculares na ET, indicam a
importancia do protocolo diagndstico molecular clinico que deve incluir a
cobertura total do gene e analise deste, tanto por sequenciamento de nova
geracdo quanto por um método que permita deteccdo de grande rearranjos
(Tyburczy et al. 2015).

Variantes patogénicas nos genes TSC1 e TSC2 séao identificadas em 75%
a 90% dos pacientes com diagnéstico clinico de esclerose tuberosa, porém uma
parcela significativa de pacientes permanece sem identificacdo da causa
molecular (Dabora et al. 2001; Padma Priya and Dalal 2012; Nellist et al. 2015;
Kingswood et al. 2017; Rosset et al. 2017a). Em uma coorte de 490 casos,
Sancak et al. identificaram 29 variantes (6%) que ndo puderam ser classificadas
como patogénicas ou neutras a partir dos dados clinicos e genéticos disponiveis,
sendo classificadas como VUS (Sancak et al. 2005). Outra questao importante é
gue apesar do notavel progresso na pesquisa de esclerose tuberosa na ultima
década, € que o teste molecular convencional, mesmo seguido de rastreio de
grandes rearranjos, ndo é suficiente para identificar variantes patogénicas nos
genes TSC1 e TSC2 em 10% a 25% dos casos (NMI = non-mutated individuals)
(Camposano et al. 2009). Nesse contexto, o desenvolvimento de metodologias
que possam avaliar o impacto funcional de VUS, bem como explorar outras
regioes (p.ex. reguladoras ou intrénicas) do gene em pessoas ndo mutadas (NMI)
com fendtipo de ET, torna-se bastante relevante (Nellist et al. 2015). No capitulo
IV desta tese, sdo apresentados os resultados parciais de uma abordagem de
caracterizacdo de variantes de significado incerto (VUS) encontradas em trés
pacientes, localizadas no intron 7 de TSC1, intron 10 e éxon 19 de TSC2 e
possiveis alteracdes em quatro pacientes sem identificacdo de variante a nivel de
DNA. A deteccdo de uma VUS ou a auséncia de qualquer variante em um(a)

paciente com fenotipo clinico caracteristico de ET € um desafio para a pratica
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clinica e aconselhamento genético e com essa abordagem pretende-se colaborar

com essa questao.

Em uma investigacdo de processamento aberrante de éxons nos
transcritos dos genes NF1, NF2 e TSC2 em amostras de tumores, realizada por
Kaufmann e colaboradores (2002), foram encontradas alteragbes in-frame em
cinco dos sete éxons investigados do gene NF1, em dois dos trés éxons do gene
da neurofibromatose tipo 2 (NF2) e em um de trés éxons do gene TSC2 em todos
os tecidos tumorais humanos testados, bem como em linhagens de células
tumorais. Esses achados demonstram que o0 processamento aberrante é um
processo muito comum em tumores e pode ser atribuivel a rara ocorréncia de
estruturas alternativas no local do sitio doador do processamento, que nao sao
reconhecidas pelo spliceossomo. Em células HelLa, o processamento aberrante
ocorreu mais frequentemente em temperaturas elevadas e baixo pH, condi¢cdes

frequentemente encontradas em tecidos tumorais (Kaufmann et al. 2002).

Os capitulos IV e V desta tese tem por objetivo investigar a hiperativacao
do complexo mMTORC1 em decorréncia de alteracbes em seu principal complexo
regulador, TSC. Como ja abordado anteriormente, variantes inativadoras nos
genes TSC1l e TSC2 levam a ativacdo sustentada da via homélogo Ras
enriquecido no cérebro (RHEB) da mTORC1, uma proteina quinase que regula o
tamanho celular em muitos organismos. mTORC1, por sua vez, inibe processos
catabdlicos, incluindo autofagia, e ativa processos anabdlicos, incluindo traducéo
de mRNA (Feliciano 2020). Assim, mTORC1 é o principal regulador negativo da
formacdo candnica dos autofagossomos, através da ativagcdo do complexo
Atgl/ULK1 (Hosokawa et al. 2009). A hiperativacdo de mTORC1 é uma
caracteristica fundamental na patogénese da ET e de outras doencas genéticas
do neurodesenvolvimento, coletivamente denominadas MTORopatias (Ebrahimi-
Fakhari et al. 2017b) e em ET esta associada principalmente a ocorréncia de
defeitos de desenvolvimento e predisposicdo a tumores, especialmente do
sistema nervoso central (Crino 2011; Costa-Mattioli and Monteggia 2013).
Alteracdes no processo de autofagia também ja foram descritas nas manchas

hipomelanociticas, sinais comuns em ET (Yang et al. 2018).
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Embora mTORC1 regule negativamente a autofagia, o impacto da
autofagia na sinalizacdo de mTORC1, em particular in vivo, ainda ndo é
completamente elucidado. Recentemente foi demonstrado por Wang e
colaboradores (2019) que células progenitoras neurais de camundongos com
delecdo do gene Tscl e do gene essencial da autofagia Fip200, sob condicfes de
estresse energético, requerem autofagia para manter a hiperativacdo de mTORC1
apesar da deficiencia do complexo TSC. A hiperativacdo de mTORC1 nessas
células aumentou a glicolise aerdébica e o armazenamento de lipidios via lipofagia
gue servem como uma fonte de energia alternativa, para atender ao aumento da
demanda de energia. A inibicdo da lipofagia ou de sua via catabdlica a jusante
reverteu os fenotipos defeituosos e reduziu a tumorigénese em modelos de
camundongo, descrevendo um novo paradigma de regulagdo de mTORC1 por
lipofagia seletiva e catabolismo lipidico (Wang et al. 2019). Na investigacao de
dezenove espécimes de tubérculos corticais de ET ressecados cirurgicamente
ndo foi encontrada diminui¢cdo significativa do nivel de autofagia em neurdnios
dimérficos e células gigantes, o que pode estar relacionado ao mecanismo
compensatorio da via de sinalizacdo da AMPK frente a baixos niveis energéticos
(Ge et al. 2019). Esses resultados revelam uma fungédo cooperativa da autofagia
seletiva no acoplamento da disponibilidade de energia com a patogénese da ET,
além do papel paradoxal da autofagia na doenca, abordado detalhadamente no
capitulo V desta tese.

As intervencdes terapéuticas farmacoldgicas disponiveis hoje para tratar
aspectos especificos da esclerose tuberosa séo os inibidores da via de mTOR
(Schwartz et al. 2007; Franz et al. 2016; Canpolat et al. 2018). Embora promissor,
o tratamento com rapamicina e seus analogos para indicacdes especificas (certos
tumores) na ET possuem alto custo, podem apresentar efeitos colaterais
significativos e ndo sdo totalmente efetivos no controle e na erradicacdo dos
tumores (Franz et al. 2016; Canpolat et al. 2018). Outros inibidores, chamados de
analogos da rapamicina tém sido estudados (Schwartz et al. 2007) mas também
apresentam alto custo, ainda sdo em sua maioria indisponiveis no SUS e carecem
de maiores informagdes relacionadas principalmente a variabilidade da resposta

terapéutica para que possam ser usadas mais amplamente na pratica clinica.
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De maneira geral, os inibidores da via mTOR atuam na supressdo da via e
na inducdo da autofagia (Lee et al. 2009; Li et al. 2019). O processo de autofagia,
por sua vez, regula os niveis de nutrientes na célula, sendo capaz de tanto de
reprimir quanto estimular o desenvolvimento tumoral (Galluzzi et al. 2015;
Medvetz et al. 2015; Reis et al. 2021) e pode responder a diferentes compostos
reguladores do metabolismo celular como metformina e soro de baixa glicose.
Esses compostos tém sido usados como indutores de autofagia em alguns
estudos (Kossoff et al. 2005; Kalender et al. 2010; Jiang et al. 2011; Auricchio et
al. 2012; Howell et al. 2017; Amin et al. 2019). Devido a esse potencial, nossa
proposta foi de testa-los como tratamentos alternativos para o controle de
potenciais tumores na ET, considerando que a inducdo da autofagia pode
estabilizar os niveis exacerbados da via de mTOR (Ebrahimi-Fakhari et al. 2017b;
Wang et al. 2019; Feliciano 2020). O capitulo VI apresenta uma abordagem
exploratdria de uso desses compostos em comparacdo com a rapamicina, a fim
de verificar uma possivel inducdo e restauro da autofagia em uma linhagem
priméria de fibroblastos de paciente com variante patogénica em heterozigose de
TSC2 e uma linhagem controle. Nossa hipétese € de que esses compostos
possam restaurar a via de autofagia nas células ndo-tumorais, na tentativa de
impedir a progressao tumoral das células. Futuramente, havendo comprovacao do
racional tedrico aqui estabelecido, ensaios clinicos seriam o proximo passo para

avaliar a efetividade destas intervencdes na pratica clinica.
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CONCLUSOES

Esta tese de doutorado teve como principal objetivo utilizar abordagens
evolutivas e moleculares para contribuir na caracterizacdo da neurofioromatose 1
e esclerose tuberosa, bem como ampliar o entendimento da patogénese da
esclerose tuberosa investigando processos celulares relacionados a autofagia.
Nessa proposta, uma parte significativa das atividades previstas envolviam
atividades experimentais em bancada e recrutamento ativo de pacientes, as quais
foram severamente afetadas, por restricbes de recursos financeiros e pelas
restricbes impostas pela pandemia do novo coronavirus a partir de margo de
2020. Em relacdo aos objetivos especificos originalmente propostos, estao

descritas a seguir as principais conclusdes obtidas nessa tese.

Com as andlises realizadas envolvendo NF1, através das analises
filogenéticas in silico foi possivel contribuir com a compreensdo do impacto de
grandes rearranjos envolvendo quatorze genes co-deletados em pacientes com
microdelecfes. A analise filogenética sugere restricdo evolutiva distinta entre os
genes analisados. Foi demonstrado que quatro dos genes frequentemente co-
deletados estdo sob selecdo positiva, incluindo aminoacidos especificos da
proteina RNF135 em seu dominio funcional principal, reforcando sua importancia
e contribuicdo para as doencas humanas. Além disso, os outros dez genes co-
deletados mostraram-se sob selecdo purificadora, que esta relacionada a
importancia de manter sua funcdo durante a evolugcdo dos organismos. Através
dos resultados deste estudo esperamos ajudar a esclarecer a correlacdo da co-
delecdo desses genes e o fendtipo mais grave do NF1 e lancar luz sobre a
importancia da inclusdo do gene RNF135 na avaliacdo diagnéstica molecular.
Embora os resultados da tese ainda sejam exploratérios, ele se junta a outras
evidéncias que demonstram o possivel efeito deste gene como um modificador de

fendtipo.

Na doenca ET, apresentamos descricdo de relato de caso que também
apresenta um grande rearranjo, dessa vez envolvendo a dele¢cdo de 15 éxons

incluindo o cédon de iniciacdo do gene TSC2 e a presenca de tumores
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gastrointestinais e tumor neuroendocrino pancreatico, duas associacdes raras,
além da auséncia de alteracbes genéticas em genes associados a cancer
colorretal e polipose colorretal. A descricdo deste paciente juntamente com uma
revisdo da literatura atual apresentados neste trabalho, lancam luz sobre a
importancia de considerar polipose do trato gastrointestinal e tumores
neuroendocrinos. Tratando-se de investigagdo de mecanismo da ET,
apresentamos uma revisdo bibliografica sobre a participacdo dos genes TSC1 e
TSC2 como reguladores da autofagia, bem como o papel das rotas alternativas de
autofagia, como privacao de nutrientes e fatores de crescimento, e de compostos
indutores de autofagia em ET. Além disso, descrevemos o papel paradoxal da
autofagia na formacgéo de tumores da sindrome, que pode atuar na sobrevivéncia
de tumores estabelecidos, fornecendo precursores metabdlicos durante a
privacdo de nutrientes; e paradoxalmente, a autofagia excessiva é associada a
morte celular em algumas situacbes. A melhor compreensdo da genética
molecular dessas doencas, bem como definicdo de correlacdes genétipo-fendtipo
podera influenciar o manejo destes pacientes e familiares, incluindo

aconselhamento genético e manejo terapéutico.
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PERSPECTIVAS

Considerando os resultados gerados pela presente tese, destacando a

caracterizacdo molecular dos pacientes com NF1 e ET, as seguintes perspectivas

emergem para o melhor entendimento dessas doencas pelo grupo:

Estudo similar ao apresentado no capitulo IV, com a caracterizacdo dos
transcritos de RNA de pacientes com NF1 e variantes sindnimas ou
auséncia de variante patogénica nas sequencias codificadoras de DNA,

previamente analisados pelo grupo (Rosset et al. 2018);

Ampliacdo das analises in vitro para incluir um nimero maior de linhagens
celulares de pacientes com ET e diferentes variantes patogénicas e
também avaliar o efeito dos compostos em tumores comumente

identificados na ET;

Avaliacdo de outros compostos conhecidos por modular a via da autofagia,
tais como resveratrol e tioxantona e comparagdo com a rapamicina em
fibroblastos de pacientes com ET e diferentes mutacdes germinativas nos
genes TSC1 e TSC2, a fim de encontrar outro composto com potencial

modulador de autofagia;

Utilizacdo de sistema de edicdo génica CRISPR-Cas9 para inducao
mutacional no segundo alelo (originalmente sem mutacéo) de fibroblastos
de pacientes ET com mutacdo germinativa, com o objetivo de mimetizar a
perda de heterozigosidade e avaliar possiveis marcadores tumorais nas
células editadas.
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Abstract: Meurofibromatosis type (MF1) 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 phenoty pe-modifier genes in extensively
discussed in an atternpt bo explain this variability Many datasets and tools are aleady available
to explore the elationship between genetic variation and disease, induding 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) netw orks were assembled,
and netw ork statistics were obtained by using forward and meverse genetics strategies. 'We also
evaluated the heterogeneous netw orks comprising the phenoty pe ontologies selected, gene expression
data, and the PFI retwork. Finally, the hypothesized phenotype-modifier genes weme verified by a
random-walk mathernatical 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: AKTI, BRAF, EGFR, LIMK1, PAKI, FTEN, RAF1, SDC2, SMARCA4,
and VCFP. Mathematical models using the random-walk approsch sugpested 52 and VCF as the
main candidate genes for phenoty pe-modifiers.

Keywords neurofibromatosis type 1; phenotype modifier genes; systems biology

1 Introduction

MNeurofibromatosis type 1 (INF1) is a disease with a worldw ide 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
every NF1 patient. Other less -ommon characieristics are scoliosis, macrocephaly, leaming disabilities,
plexiform neurcfibromas, and multiple other benign and malignant tumors [2,3]. Inter-familial and
intra-familial variability in NF1 isextensive: cutaneous neurofibromas may vary in number from dozens
to thousaneds; about 30°% to 507 of patients are affected by large plexiform neurofibromas; only about
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10F% of them develop malignant peripheral nerve sheath tumors (MPNSTs), an aggressive sarcoma and
one of the most eritical symptoms [2,4,5). Other tumors cutside the central nervous system ooour in
different frequencies between NF1 patients: low grade pilocytic astrocytomas, phe ochromocytoma,
gastrointestinal stromal fumor, thyroid tumors, ovary and lung tumors, breast cancer, juvenile
myyelomonocytic leukemia, myelody splastic syndrome, ostecsarcoma, and thabdomyosarcoma [3-5].

NFl is caused by dominant loss-of-function mutations in the fumor suppressor gene NFI,
which encodes neurcfibromin, an interactor of Ras GTPase proteins [6]. Although NF1 is a monogenic
disorder of dominant charactet, only a few associations betw een a specific NFI 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 intellipence, connective tissue
dysplasia, skeletal malformations, and dysmorphic facial features [7-9]; the 3-bp in-frame deletion
. 2070_2972delA A was previously assodated with absence of neurofibromas [ 10]; the missense variant
PArg1809CY s was associated with developmental delay andfor learning disabilities, pulmonic stenosis,
and Moonan-like features, but no external plexiform neurofibromas [11]; and missense mutations
affecting NF1 codons B44-848 wem associated with a more severe clinical presentation [12].

Apart from the aforementioned correlations, NF]lpatients with the same mutation may develop
savere symptoms of a mild dinical expression [13-15]. Modifier genes, environmental factors,
epigenetic factors, or a combination of them may be mesponsible for the remaining variability [16,17].
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, INFI animal
models and knock-in and knockdown strategies have reinforced these assumptions [18]. Seweral
strategies to discower and understand modifiers genes have been developed to help to explain the NF1
wariability and were eviewed recently [19-25]. These sirategies have identified important candidate
modifier genes, and soms hy potheses and associations have beenestablished so far [16,20,27]. Howewver,
many NF] characteristics and wariability rernain unecplained.

Systems biology is an integrative field that combines molecular biclogy experiments and
computational analysis. Its aim 5 t© understand the simplest ineractions in the complexity
of an organism by the evaluation of interaction networks [26,X7]. By integrating gemomics,
proeomics, 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 efiective 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 introducdng 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 outcoms (here NF1), and evaluates which the genes and mechanisms could be
connected to it [Z5]. The use of a deep phenoty pe characterization is a good approach in conditions
with heterogensous phenoty pes, when combined with next-generation sequencing data [29). Fora
better comprehension of these molecular mechanisms, ontologies databases have been widely used for
a cormect assortment of the gene function and in the phenome charaderization [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 unmelated pathways, in silico analyses were performed through systems biology tools
imvolving the NF1 gene, its protein-protein interaction network, and its related genes or phenotype
ontologies. Metwork 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

3of23

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

. Step2
sm“;'mf;f,:;‘:;:‘g and Selection of possble candidate
o phenatype madifiers genes by

Hevrofihepenatnsis type 1 fram G0
and HPO? databases and craation of
unicue netsork statistics unitmg
the selected genss

Step3
Creaton of curnples netwvor ks juining the
sderted HPO phenoly pes, genes
dfferentially axpressed in studies with
knock out and knodadown of the NF1 gene
andintegratad 613" and HPO petwark

secontay exgression analysis rom
the GEO®agsays and 1 aad
expresson tatabases

Stepd
Construction of the final netwerk vith 10
candidate phenatype modifers genes,
selected in steps 1 and 2, and phenatypes
assoctated With Meurohbromatosts type L

Step5s
Random walk analysis with possibie
vanidale phieniotype inudiliess
genes found

Step 6
Uhtainmformation of the 10
canddatagenes in Biohndd, Hu ki
nd PINOT, cnned seean i lor variants
n the LIk candidate genes m online

public databases

Hglel.Mm’ndEp&dﬂ!pl&Mlhdy The scheme shows the main steps in chronological order to
identity p | NF1 phenoty difier genes. Gene Ontology (GO)'; Human Phenotype Ontology
(HPOY; CeneB:pnes-onOumi!ms(GB))’ The Cancer Genomic Atlas (TCGA ).

21. 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 NFI 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 (G0) and NF1 Human Phenotype Ontology (HPO) msults (A) Venn

diagram shewing in red genes mlated with neuredibromatosis type 1 exclusively found by the HPO

project in the selected ontologies for NF1; genes exclusively found by the G0 consortium using the
ontologies selected for MF1 ame shown in blue; and in purple genes shared by both GO and HPO
analysia. (B) A combined netwiork using the STRING tool using the 1697 genes selected exclusively in

HPO jorange nodes); 1449 genes selected exclusively in GO (Blue nodes); and 265 genes observed in

both HPCY and GO (green nodes). The nebwork shows only dinect profein—protein interactions with

MF] (first neighlbors).

22 Netwark Sfaf istics

To verify the nodes with relevant roles in the information flow from the network assembled in the
previous section (Figure 2), systems biclogy network statistics wene applied wsing Cytoscape w.3.7.2
software. Two main parameters were observed: (1) betwesnness 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 (I1) the closeness centrality measure, which is based on the
fastmess of this information Aow (from the central node to the others) [31]. The mesulting 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, AKT] presents the highest levels of bebweenness and closensss centrality.
However, despite NF] 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
nebworks 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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Figuee 3. Betwesnness centrality and closeness amabysis of the STRING network previoushy geremied
in Figure 7b using GO and HPOL Lamge nedes have a mone central mole in oo ication amdmg
other nodes (hubyhub-like nodes), ie., moe connections. The darker orange the nodes am, the
faster information flows towards the central node; ie, they have the potential to impact the whole
network even when having few connections (bottleneck nodes). Thus, nodes can be visualimed in
four categories: (1) largefdark-crange nodes = hubfbotteneck nodes; (2) largeblue nodes = hubjnon-
bottkneck nodes; (3) smalldark-trangg nodes = nen-hubfbottlenack nodes; and (4) smallbhe: niodes =
non-hubyfnon-bottleneck bubs. NFL is represented by the yellow node on the right side of AKTL

23. Forward and Reverse Geefics Strafegies

As mentioned before, GO and HPO databases are related, respectively, to the gene function and
phenotype association. Hence, the observations of their independent netw orks, previously epresented
in Figures 51 and 52, were based on the forward and reverse genetics conapis.

When evaluating betweenness and doseness centrality by the forward genetics strategy (GO
network), six genes weme selected: AKTI, RAF], LIMKI, BRAF, EGFR, and FTEN. In the other analysis,
the reverse genetics approach (evaluating the HPO network) provided six genes as welk PAK],
VCE AKT1, SMARCA4, RAF1, and FTEN. Together, the strategies provided nine candidate genes for
neurcfibromatosis phenotype modifiers. Besides, the network communities were evaluated, and AKTI
was identified as the network main hub, whilst the EAF] gene had the highest score for authority.
The authority score estimates the importance of the node itself, and the hub score measunes 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 alered
in the absence of NF1. Themfore, the next step was designed to conduct gene ecpmession analyses to
evaluate this hypothesis.

214, Differentiol Gene Expression Nefworks

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

Using the GEO database, NF1 knockdown and knockout assays were selected: GSE14038 and
GSE113406. The log fold-change (logFC) and false discovery rate (FDRE) values for the ten potential
modifier gernes ineach dataset are presented in Table 52

In TCGA, we selected seven different types of turmors for which samples with nonsense mutations
in NF1 were available. We evaluated tumors that presented NFI nonsense mutations against tumors
with wildtype NFI. The logFC and adjusted p-walues, afier the FOR correction, for the seven tumors
evaluated and en candidate genes ame available in Table 53 Despile 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 tisswe/site-specific way, and check for signatures more related to a certain phenotype.
For both TCGA and GEQ assays, few genes were evidenced to be significantly differentially
expressed, demonstrating that the expression of all the candidates, and for the NF1 gene, is strictly
regulated. We did not identify a variable expression profile bebween the tumors evaluated, and knockout
assays Therefore, we performed other systems biclogy analysis with the PhenomeScape application
w 1.0.4 from Cytoscape software, assembling a complex network (Figure 1, step 3). For that, we used as
input (T) the ontologies selected from HPO database (Figure 1, step 1); (IT) the network generated in
STRIMG tool, as also mentioned instep 1 (Figure 1); and (III) expression data from studies selected from
GED database (Figure 1, step 2). The resulting upregulated genes (overepressed) weme presened in
red aned e downregulated (kower expression) in green. These nebarorks are available in Figures 53-57.
NFI is downregulated (lower expression) in the knockdown and knockout studies, and upregulated
(ovemxpressed) in the evaluation of malignant tumors when compared to benign neurofibromas. NFT
is absent from the network when its ecpression is not significantly aliered in the expression dataset.
Besides the genes previously selected in the forward and reverse genetics analysis, when evaluating
the complex netw orks, we observed that the SINC2 gene also had its expression altered when NF1
was affecied Furthermore, SDIC2 is the first neighbor of NFI, which means both genes shame a direct

protein-proein interaction.
15. Systems Biology Approaches Reveal 10 NF1 Phanof ype-Modifier Candidate Geanes

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 weme 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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Figuee 4. A complex network evaluation comprigsing the 10 candidate phenoty pe-modifier genes and
the NF1 phénoty pes they are relabed to. The ten candidate NFI phenoty pe-modifier genes suggested
by our anabysis ame mepesented with the NFl phenotypes they ame melated. Yellow nodes: genes
selected with the forwarnd genetics strategy; red nodes: genes selected with the reverse penetics strafegy;
purple nodes genes selecied by forward and everse genetics straegies; green node: gene selected by
evahaating the differential gene expression in the complex network. Bhee squanes: phenotypes provided
by the: PhernimeScape bool, sccording to the astociations presented in the HPO databasge.
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Table 1. Petential phenoty pe-modifier genes selected in this stady. Charackrization of the 10 potential phenotype-modiber genes and the approaches wsed for

their selection.
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26. 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 neurcfibromatosis type 1 (OMIM 162200). For this goal, we performed
the random walk analysis with the RmdonWalkRestartH package in R v.3.6.2

According to this mathematical model, the NFI gene only had to take “one step”™ (one inetaction)
to reach the phenotype OMIM 162200, The genes SIHC2 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 58). Genes LIMKT and PAK] also needed a higher number of potential interactions,
and hence more steps, than the others.
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Figuee 5 Random walk anahysis. The minimum seps (ineractions) between the slected gemes (nisdes)

and the reunfibromatesis 1 phenotype we caloulated. Two anabyses are showre (A one for SDCZ;
and (B} ome for VCE

With this analysis, we confirmed all the candidates as pofential phenotype-modifier genes.
Howewer, the results using this model pointed to SN2 and VICF as being mone directly connected to
the NF1 phenotype.

2 7. Literature Review and Genoric Databeses Evaluation

To chedk for genetic variants aleady described in our 10 candidate genes, we looked at two
databases: The Genome Aggregation Database (gnomADv. 21.1), which spans 125,748 exomes and
15708 genomes from unrelated individuals; and ClinWar, which aggregates information about genomic
wariation 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);
5DC2 and FTEN the lower (335 and 456, espectively).

In ClinVar, germline variants weme meported for all genes (N = 5216), with the exception of SDC2.
Almost half (46.4%) of them were submitted as variants of uncertain significance (VUS). EGFE has
the highest rate of VUS (67.3%), while all the 35 LIME] variants are classified as benign/likely benign
(B/LE). On the opposite way, FTEN and ERAF have the highest number of pathogenidf likely pathogenic
(FYLP) variants, cormesponding to 32 5% and 23.9% of all reported variants, respectively (Table 3).
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Table 2 Varants neported in gnomA D for the 10 candidate genes. The tital numbens and percentages of variants are prégentéed according to their anmotations
GENE  All  Misscnse  Synonymous Splie Sie | Frameshift  Inframe Deins  Intromic  Nonsemse  Stop Lost  Statlest  §UTH | FUTK

AKTT tl?ﬁ%] i.'lﬁﬁﬁl BO(ESE%)  3(032%) 4(04a%) t m‘é;, 1{011%) 0 0 36 (1869 B2 (REEY)
BRAF 173 :2134:%} nal:Ex; B6(EI2%) 1(009%) B (0L75%) EES;*J MIS%) 1O 0 13(121%) 31 (2EF%)
EGFR 2000 mﬁfﬁ] ﬂ::;'i:l 107 (EE5) 15 (075 2 (.10%) t ﬂfﬁ: 16 (LED%) 1 (0L0S%) 0 9 (.45, [SEH
LUMKT 1133 52514-1;%} {IB%;;*J BA(EIZ%) 5 (044%) 1 (L% E ﬂ‘gﬂ IML26%) 1 L0 0 44 [AEE%) 16 (LAI%)
ME1 774 tlﬁ’g‘k} ﬂ&li':*:l BA(FAIN) 4 (052%) & (0L75%) tﬂ‘gllﬁl SILES%) 1 (L13%) 0 BILIS%) 42 (543%)
FIEN 45 :1&?0%1 {l&gﬂ I7{ETI%) 5(LI0%) D E 4&19?&: 5(L10%) 0 0 W (14%) 18 [(A5%)
RAFI 1005 mz'g%} o :ﬁm BS(EATH) 4 (0.40%) 2 (0.20%) t ‘;FBEH 7 (070%) 0 2O%)  B(1B0%)  18({L7E%)
sDCz ms ﬁ&] i.'l!«gzﬁ! 1B(ETY)  5{L49%) 3 (0.90%) tﬁl-'!ll;'ﬁl ] 0 B{L40%) B AE) 18 (L18%)
SMARCAL 2975 tlf;%} mﬂm 164 (5F%) 4 (016%) 22 (LE5%) tFl]ﬁEEJ 0 1(004%) 0 o(0a5%) 33 (L28%)
ver @8 1]%!:%1 ml-:;*:l THETER)  1(011%) 1{L11%) tﬂlﬁ!?*:l 0 0 0 o [Z1E%) 20 [216%)
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Table 3. Germline variants submitted to ClinVar database for each candidate gene. The number of variants is presented according to its classification. Related

syndromes and other mlevant conditions. for NF1 phenotype ane also summarized.

Classification *
GENE Related Syndromes 3% Other Relevant Reported Conditions
Al B/LE PLP 1 YuUs
E17K variantwas associaked with 22
AKT1 182 L] | 4 7h Cowden, Proteus conditioms, inclindiog hreast cancer
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PHACE, Noonan
ECER 199 54 i 7 134 Convwedien, mto&gm-ise specified (NOS) Cmbn] aﬁmmaﬁm
hEne'rI:.tu.r:,r CANCET :.rmﬂamma'bm}r akin and bowel disease
LIME]T 36 36 0 o ] - -
PBAET P 2 _ 1 ~ hrbﬂ.bchuld.eue!npn-eﬂaldhm:hrwiﬂt
macrocephaly, seizures, and speech delay
Bunq,rrrﬁ.h}r\-:ﬂu\rakaba, Cowden,
Hemditary breast and ovarian cancer NOS  Macrocephaly/autism, Phophatase and Tensin
FTEN 156 7 s = s Herulular:,[r mmdmpmg {FTEN) Homolog hamartema tumes
RAF1 41z 155 Lk} 17 17 LEOPARD, Noonan Chordoma, retinoblastoma, and
SInC2 - - - - - - carrying the copy number gain of 84221,
which includes S[{2
Coffin-Sirs, NEEHE:JE-:I:I:IY Emli}pluwmhlimchu] dEE.cinq,l;
SMARCAY 2310 G50 95 8l 1154 cancer-predigsposing, Rhabdoid tumor medulloblastoma, neunodevelopmental
predisposition disorder, newroblasboma
VP 70 id 1 1 - R An'g,rﬂhﬁ]ﬂ'u.c laberal sclerosis, paget disease,

Charcot- Marie-Thoth disease
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Finally, we also explomed TCGA and Genomies Evidence Neoplasia Information Exchange (GEMIE)
datasets to check for turnor 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 heterogensity, we managed
to make reasonable assumptions only for AKT1, VCF, and SIMC2 More details are presented in the

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 ocourrence of
epigenetic alterations, and somatic second hits in MFl-associated tumors. The accumulation of somatic
MNF1 mutations is much more difficult to evaluae since each tumor needs to be sequenced individually,
but it may be responsible for some level of NF] 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 suppmess or enhance disease severity, including genes involved
in the pathways other than the NF1l-Eas-mTOR pathway. There is evidence that genetic modifiers
explain a major fraction of phenoty pic variation in NF1 [156]. 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 owt the main methods withwhich to discover novel phenoty pe-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 theirvalue in identifying a few phenotype-modifier genes to
date; howewer, they have some disadvantages, such as the high costs involved, being time-consurming,
the use and maintenance of animal models, and the confounding factors in studies with selected NF1
patients [15].

Ome of these limitations was observed in our expression analysis, for which a few candidate genes
samples (Table 52) generated distinct msults when compamed to GEO controlled knockdownylnockout
experiments (Table 53). Expression may depend on the tumor heteropeneity, Le, the number of cells
that are actually not expressing functional NF1, and its location, since the expression profiles of NFI
and melated 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 mENA levels. Known disease
genes are often not diferentially 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]. Omn the other hand, the differential gene expression networks also allowed
the selection of the SN2 gene as a new candidate, once its ex pression was altered when NFI1 was
affected. This example highlighted the need to evaluate the multi-omics data in a more integrated and
miultidisciplinary perspective [45].



Compers 10N, 12, 216

Table 4 List of genes and proteins previcushy dedcribed as NFI phenotype modifiens in the Liberatum.
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Metwork analysis makes it possible to combine diferent multi-omics studies, a strategy that
has been applied in several personalized medicine studies evaluating genetic syndromes with
phenotypic variability [£7-29]. 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 penes acting as
phenoty pe 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 ex perimental studies. They are also
summarized in Tables 1-3, mespectively.

The ontologies selection was an important step in our analysis, especially because NFI is important
in several molecular mechanisms. [fnot fAlered, our analysis could be later compromised by evidencing
genes that are not so deeply associated to neurofibromatosis fype 1, but which are more frequenthy
studied incancer (Le., TF53 and developmental genes). Thisstrategy has alsobeen applied in studies that
do not identify {or do not have access o) differentially expressed genes [50,51]. For Human Phenoty pe
Ontology (HPO), our workflow was based on a deep phenotyping strategy (computational analysis of
detailed, individual clinical abnormalities) [ 29], according to the heterogeneity of neurcfibromatosis ty pe
1 wisnalized in our patients. We also aimed to avoid ontologies related to congenital anomalies outside
the WF1 spectrum of phenoty pes, especially the ones that could have led to embryo lethality or severe
impairments (major malformations) that would have been diagnosed before NFL. Embryo development
is a critical, stepwise controlled process that can be distupted by genetic or enwironmental factors, such
as malernal infections or exposures [52]. Since the data on NFI expression in the embryonic period are
scarce, and we do not have information about the maternal genome or env ironment, we focused on the
functional anomalies (more e lated to the fetal period) that are better characterized in neurofibromatosis
type L

In our forward strategy, we found the epidermal growth factor receptor (EGFE) that acts upstream
of MF1 in the Ras signaling pathway. EGFR belongs to a family of receptor tyrosine kinases that are
anchomed o the cytoplasmic membrane. BGFR is frequently over-activated in cancer and studies have
shown that it is not expressad by normal Schw ann cells but it is overexpressed in subpopulations
of NF1 mutant Schiwann cells [53]. The great involvement of this gene in different cancers and its
differential expression patterns in WNFl-enriched tissues may indicate that the ocourrence of minor
wariants in this gene could act as phenotype modifiers in NFL. There are 2000 EGFE variants regisered
in the gnom AL database, 34.1% of them missense mutations. In ClinVar, most of the 199 catalogued
germline variants are ¥US (N = 134). Among the four FYLF 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 expession modify the
initiation of neurofibromas, increasing their numbers [54].

AKT1, BRAF, LIMK], PTEN, and RAF! 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 ocour through mutation of multiple genes, including FTEN, PIK3R], and mTORCI [55]. AKTI
presented the highest levels of betweenness and closeness centrality in systemns biology network
analysis, demonstrating itself to be the most elevant gene in the information fliee among our salected
genes (Figure 3).

AKTI germlire mutations ame mainly assodated with Cowden syndrome, characterized by the
appearance of hamartomas, and an increased risk of developing multiple cancers, especially breast
canet [55). One particular pathogenic variant, E17K, is eported to be linked to 22 different conditions
in ClinVar This variant was also found in gnomAD in a European individual. To explome how
this alteration could modify the phenotype when oo-ocourring with NF1 mutations, we looked at
miutational and clinical data deposied in the GEMIE database (v7.0). When excluoding ARTI-mutated
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patients and considering only NF]1 mutations with mome deleterious effects (nonsense, frameshift, and
splicing variants), the most frequent cancer types are non-small eell lung cancer (12%), glioma (10%),
and melanoma (9%). However, when grouping samples with both AKTI-E17K and NF1 mutations,
breast cancer becomes the most prevalent, cormesponding to 73% of all lumors. The link between breast
cancer susceptibility and NF1 alterations was already established [18]. However, the mechanism that
keads to this specific phenotype remains to be elucddated and AKTI emerges as a strong candidate.

PI3K- Akt pathway activity is negatively regulated by phosphatase and tensin homolog protein
(FTEN) [57]. PTEN is a tumor suppressor and its inactivation has a role in plexiformn neurofibroma
tumorigenesis and progression to high-grade peripheral nerve sheath homors in the context of NF1 loss
in Schw ann cells, which is a very variable symptom in NF], and may also participate in the mechanism
of tumorigenesis of other tumors related to NF1 [38,59]. Thene are not many variants eatalogued for
FTEN in gnomA D (N = 456]), but 1546 were already reported in ChinVar, with 35% still being classified
as WUS The phenoty pes related to FTEN variants are, as expected, similar to AKT1, including Cowden
syndrome and hereditary breast and ovarian cancer syndrome. Considering the importance of both
AKT] and PTEN in tumorigenesis, variants in the corresponding genes, not necessarily pathogenic,
could act as a modifier of NF] 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 profein plays a role in regulating
the MAPE/ERK signaling pathway, which affects cell division, difierentiation, and secretion. Germline
mutations in BRAF were previously associated with cardiofaciocutaneous, Moonan, and Costello
syndromes [60] In Clin'Var, 334 germline variants weme already submitted, 80 being classified as F/LP
and 117 of the emainder as VUS A recent study analyzed a cohort of 100 patients clinically suspected
of NF] and identified 73 NF1 mutations and two BEAF novel variants. The clinical features of NF1
patients with co-ocourrence of NFI-BRAF mutations were sevem, and BRAF variants may have a
synergistic role in determining NF1 phenotype [61]

Another member of the same family, the RAF] gene, was suggested by the forward strategy.
The RAF] gene encodes a sering/threonine kinase protein that functions downstrearn of RAS and
activates MEK] and MEK2. In GENIE, RAF] mutations are observed in various cancers. LEOPARD
and Moonan syndromes weme already assodated 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 retinoblas toma.

Finally, by the forward strategy, LIME] was suggested as a phenotype modifier The N-terminal
domain of LIM kinase 1 (LIMK1} egulates actin dynamics, affects cell adhesion and migration by
phosphorylating cofilin, and negatively regulates the Racl/Pakl/LIMK]/cofilin pathway [62] NFI is an
upsiream regulator of LIMET by acting on cofilin phosphorylation. When NFI is mutated, this patheray
is affected, possibly influencing neurcnal development and cognitive deficits assodated with the
dizsease [62,63] We found 1133 LIM KT wariants in gnomAD, but only 36 reported as germline in ClinVar,
all of them classified as benignylikely benign. That may indicate that mutated LIMEKT alone is not
pathogenic, but it does not ecclude a combined effect of NFI variants acting as a phenoty pe modifier

By the reverse strategy, AKTI, FTEN, and RAF] weme also sugpested, minforcing the possible roles
of these genes in NF] phenotypes. Additionally, PAKT, SMARCA4, and VCF were found. The kinase
PAK]1 is a Rag/CDC42- dependent serine/ threonine kinase that acts by activating several kinases such as
RAFE ERE, and LIMK], and other related pathw ays by activating TGFx and VEGE PAKI is required
for the malignant growith of RAS transformants in NF1 neurofibrosarcoma cell lines [64,65]. There are
not many PAK] variants registered in gromAD (MW= 774) and only six in ClinVar. However, two LP
wariants (Y131C and Y420C) reporied in ClinWar were assodated with an inellectual developmental
disorder with macrosphaly, seizures, and speach delay, phenotypes that are reported in NF1 patients.

SMARCA4 is a central component of the switch/sucrose-non-fermentable (SWISNF) chromatin
remodeling complex. mactivating mutations and loss of expression in several components of this
comiplex have been imnplicated in carcinogenesis [66-63]. Thus, variants inone of these penes might
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influence the NF]l phenotype. SMARCA4 has the highest number of variants in both gnomAT and
ClinVar among our candidate genes: 2575 and 2310, respectively Peripheral nerve sheath tumors
were already reported in patients with the syndrome carrying SMARCE] mutations, which belongs
to the same family of SMARCA4 [14]. Loss of SMARCE] was also related to Schwannoma, another
phenotype found in NF1 despite being more frequent in NE2 [69].

The wvalosin-containing protein (VCF) appeared as a strong candidate for being an NF1
phenotype modifier by our random-walk analysis. VCF gene is associated with the multisystem
degererative auntosomal dominant disorder of indusion body myopathy with Paget disease of bone
and frontotemporal dementia (IBMPFLY) and mutations were mrelated to 1-2% of amyotrophic lateral
sclerosis cases [710]. However, missense mutations im VCF, and low-effect and low-penetrant mutations
in this gene, have controversial roles in casing disease. Meurofibromin interacts with VCP through its
Lewdne- Rich Domain (LED}domain [71]. Patients with NF1 who have mutations in the LED 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 muatations in the LED
coding region in the NFI gene abolished the ability of NF1 to interact with WCF, while VCF mutants
wem shown to have reduced affinity for NFL Interestingly, non-dise ase-associated polymorphisms in
the LED region of the NF] gene may increase the risk of an IBMPFD patient developing dementia.
In the same way, polymorphisms in the ¥CF 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 poinied VCF as a strong
NF1 phenotype modifier candidate.

It would mot be a surprise if VCF variants were found oo-ocourting with NF1 alterations, especially
the ones in ATPAse domains 1 and 2 ([} and D2), responsible for interacting with neurofibromin’s
LED-domain For example, in ChinVar only bwo variants are reported as pathogenic DD2, one in
each domain Omn the other hand, 34 remain as VUS, 23 in D1, and 11 in D2 In gnomA D, more than
half of the (N = 491} cataloged VCF variants ame located in [¥] and D2 domains. Looking at TCGA,
theme ane few sarples (N = 28) with NF1 mutations co-oceurring with variants in VWCP DID2 domains,
most of them (47.2%) from uterine corpus endometrial carcinomas.

The last gene that was suggested by our analysis is SINCZ, 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 MF1 that might be influenced by variants in other
genes [75]. Despite SDC2 emerging as a strong candidate in our study, only 335 variants weme found in
the griomAD database and none in ClinVar, suggesting a highly conserved gene. However, the lack of
5DC2 in ClinVar may menely reflect its shsence from gere panels used for diagnostic purposes. On the
other hand, TOGA somatic samples carrying both NFI and SIN2 mutations are scaroe (N = 14/10,437),
most of thermn (57.1%) also melated to uterine corpus endometrial carcinomas. This finding does not
exclude the gene as a phenotype modifier, but variants co-ocourring with NF1 alterations might be a
rare event

The lierature 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 symyptoms
and control populations, followed by statistical methods to identify cormelations with the phenoty pe.
Momeower, in-vitro and in-vivo studies are also useful for validating previously selected genes, focusing
on CRISPRCasD assays to induce partially and complete loss of the proteins. Our candidate peres
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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

Ome obwious 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 mecommendad before dinical extrapolation.
Howewver, our purpose was to provide a new look in the strategies for evaluation of neurcfibromatosis
using the huge amount of data already awvailable 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 cur netw ork analysis, we also performed random
walk, a robust mathematical model that has been applied in the analysis of biological multiple:
heterogensous networks [76,77] We hope this comple 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 NFI Ontolagies

The complete list of NF1 gene ontologies (GO) and phenotype ontologies were obtained in
the AmiGO and Human Phenotype Ontology (HPO) databases, respectively. In modifier studies,
the selection of which phenotypes to study is a key step, and in NF1, several phenotypic features are
timee-dependent [19]. Then, we selected from both lists (GO and HPO) the ontologies elated to the less
frequent and variable characteristics and not necessarily time-dependent, presented by NF1 patients,
as reported in the literatune and in our clinical experience in the Oneogenetics clinics of Hospital de
Clinicas de Porto Alegre [16,7879]. For example, cutaneous reurofibromas ane common ared may
ocour im up to 99% of NF1 patients in a cohort; this is a variable characteristic, mainly in the numbser of
neurcfibromas, but it is less variable when considering their presence in NF1 patients. Thus, we focused
on ontologies relaied to characteristics that occur in a smaller number of patients to try to explain the
variability of less common but more aggmessive NFL symptoms, such as breast cancer, delayed mental
development, plexiform neurofibromas, and facial dysmorphism. The processes and phenoty pes
selected for the analysis involved NF1 and NFl-melated signaling pathways, such as the MAFPK cascade
and regulation of the Ras pathway, considering the upper ontology in the hisrarchy of each database.
Henece, some ontologies were not selected because there was an upper term in the hietarchy that
encompassed these ontologies. It is worth mentioning thatwe followed a guide for the correct selection
of ontologies to try to limik the bias introduced by the choice of erms 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

Metworks weme generated using STRING database w11, comiprising proein—protein interactions
(FPI) for Homo sapiens. Only experimental intetactions were selected, with a minimum required
interaction score set in 0,400 (default) The assembled networks wem transferred to Cytoscape
w3.7.2 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
cenfrality measures.

Comparison between networks was performed with DyNet application for Cytoscape w372,
Complex netw orks comprising HPO selected phenotypes, gene ex pression, and PPI networks were
assembled using the PhenomeScape app, also in Cytoscape w37.2, using the default settings.

4.3. Gene Expression Evaluation

REMA-seq and microarray secondary analysis were performed using studies selected in Gene
Expmession Omnibus (GEOQ) and The Cancer Genome Atlas (TCGA ) databases. For the GEQ studies,
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we looked for NFT 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 (EMA)
nommalization was applied using olige or afy R packages (R v.3.6.2). The differentially expressed genes
were obtained using the limma package (R w3.6.2).

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 (GBEM), and pheochromocytoma and
paraganglioma (PCPG). Despite tumors having a somatic origin, this information can be useful
to check how alterations in NFI could affect the global gene expression in a specific tissue/humor
(phenotype). We then compared these samples against wild type NFI 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 difierential gene
expression with edgeR package. All analyses weme performed in Rv.l.62

4.4 Random Walk Analysis

The heterogeneous networks comprising both the genes and phenoty pes selected wene assembled
in the RandomWalk Restart MH package, in R w362, and the random walk analysis was performed with
the same package.

4.5. Database Research

Oither databases consulted to obtain data for the potential NF1 phenoty pe-modifier genes wem:
(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
4 6. Varant Dafaseis

To explore variants in our candidate genes already reported in the general population or with
clinical significanwce, we consulied The Genome Aggmegation Database (gnomAD) v 211 and the
ClinVar archive. For gnomA D, variants wene classified according to its anmotation. In ClinWar, only
wariants reported by at least one submitter as a germline weme considered and classified according to

Finally, an additional analysis was performed consulbing the 70,720 tumor samples made available
by the AACE Project GENIE and the 10,967 samples from the TCGA PanCancer A tlas studies, using
the cBioPortal for Cancer Genomics Samples weme filiered according to their mutational status:
NFI-mutated patients including only nonsense, frameshift, and splicing; and patients with selected
wariants in our candidate genes, if available. Then, the clinical data wene accessed and confronted
with the mutational status to check which cancer types weme predominant when NFI was exclusively
alered and when NFI variant co-ocourred with variants in our candidaie genes.

5 Conclusions

We presented hete a not yet explored systems biclogy 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, differenitial expression data,
and phenotypes, reinforced by mathematical models such as random-walk. Combining all these
strategies, we found 10 candidate genes as potential NF]1 phenotype modifiers. Resources and time
may be scarce b carty out association studies and systerns biology analyses makes possible to better
explain the genetic heterogensity of this complex syndrome. Cur results must be interpreted cautiously
in clinical application and may guide further in-vitro and in-vivo validation studies, saving tme 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 resounes
Supplementary Materials: The following ame available online at hittp:[wwow.md pi.oomy 2072- 669412924 16/41.
Figune 51: Metwork for GO analysia. Figure 53 I\hhvm-kfurHBIlumn Figuee 53: A comples network
fn&aﬂﬂd using GEO MPNST dataset, probein—protein interactions, and onéologies as input data. Figure 54
complex retwork generated mgcgjmmmdmgg rotein interactions, and HPO ontologies
as imput data. Figuee 55 A complex network generated using ?EE'-EhRN& rodein—protein interactions,
and HPO ontologies as inpuk daga. Fi Séz A retw ork generated mgGEDCR]EFRrhdumd Iockout of NF1,
probein—protein interactions, and HPCY ontologies as input data. Figure 57: A network generated using GED
neurcblastoma cell line, protein-protein inkeractions, and HPO ontologies as input data. Figure 58: Random
walk analys® calculating the minimum jtﬁ&F& (imberactions) that a candidaie (misde) takes to mach the
mMm‘hﬁﬁiplﬂlﬂ;}g:t Table 51: Seleched NF1 omtologies, Table 52 NF1 knockdewn and knockout
assays in GECY database, Table 53 Tumors with NFI nonsense mutations. from TOGA database, Table 54: List of
genes and proteing previously described as NF1 phenoty pe modifiers in the lieratune.
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Abstract

Badeground: Melanoma is the most aggresie type of skin cancer and k asociated with emvironmental and
genetic risk factors. It oniginates in melanocytes, the pigment-produdng celk. Singke nucleatide pobrmonphiams
EMPs) in pigmentation genes have been desoibed in melanoma risk modulation, but knowledge in the fisld i still
limnifted.

Methods: In a cass-contral approach {107 cases and 119 contrals], we investigated the effect of four pigmentation
gene SMPs (TYR rs1 126800, HERC? rs1 129038 SLC24AS rsl 4264504, and SLC45A2 rsl 6891 982) on melanoma risk in
indiiduats from southesn Brazil using a multhariate logistic regression model and multifachor dimensionality
reduction (MOF) anakysis.

Results: Two SWPs were asociated with an incrsased risk of malanoma in a dominant modet rsl 12803844 and
rsl 42645444 [OF = 2004 5% Ck 1.106-3.968, P=23107% and OR="7.126 (05 Ok 1.873-27.110) P=40107%,
respactively] SMP rs1GR919B0C was assodated with a kower risk to melanoma development in a logadditie
madel when the allele C was inherited [OR = 0081 (95% CEO.O0B-0.782), P =3 1071 In addition, MDR analysis
showed that the combination of the 5146565448 and =16891 98206 genotypes was asociated with a higher risk
for melanama (P =3 107 ¥, with a redundant effect

Condusions: These results cantribute ta the current knowledge and indicate that epistatic interaction of thess
SMPs, with an additive or comelational effect, may be invobed in modulating the risk of melanoma in indhaduals
from a geographic region with a high incidence of the disease.

Keywords: Melanoma, ShPs, Pigmentation
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Background

Melanone is the most aggressive skin tumor, and its inc-
dence has been comelated with litihede of residence, oc-
curdng most frequently in fair-skinned indbddiak [1]. In
fact, the ek of developlng melanons diverges madoedly
according to skin pigmentation and geographical area,
mainly dise to the caustive efiect of ultrsdolet rad tion
[2, 3]. Currently, Australia arnd New Zealind have the
highest incidence and mortality mtes of melanoms in e
world, with incidence reaching 33.6/100,000 and 33.3/100,
00, pespectively [4]. In those two countdes, the dad of de-
veloping melanoma before age Tiyears & 1/24 and 134
for males and females, respectively [S]. In Braml melsn-
oma epresents 4% of all skin cancers, and 6260 new diag-
ffes ane esinted in 2018 The highest incidence rates
per regon am expected bor southern Brazil reaching 8.4/
100,000 [6]. These high mtes ane sttdbioted to geograph-
ical location— the southernmost state of Brzid Rio
Gmnde do 5ul, i within the same latbede as Australia
(H00346" South) [7]. Sedal practices with intense and
often unprotected sun exposisre and a s ority- European
ancestry are asocisted with lighter pigmentation of the
skin in these individuals [7, 8].

Approximately 106% of mebnomess ae cassed by germ-
line mutatons in cancer predisposition genes [9] These
indude genes predominantly associated with melnoma
(msch a8 CDEN2A and CDEY) bt aso genes melated to
multiple solid tumors induding melanoma. Examples are,
anwing others, the BAP! gene, the PTEN gene related to
Cowden's syndrome and XPD, XPC and APA genes me-
lated to Xeroderma pigmentosunmn. Most identifishle hedt-
able mutations associated with hereditary melanoma have
variale penetrance [10]. In addition to germline mists-
tions, our wnderstanding of the contdbution of single nu-
clectide  polymsorphisms  (SNF)  pooposed &  dak
modulatos for melanoma is increasing [11]. Seveml com-
i SMPs, wually of low penetrance, afe commonly in-
vestigated in polygenic risk models. These models can
amess the jolnt effect of independent SNPs in genes with
lower and intermediate penetrance such as MCIE, ARNT,
CDEI0, identified by the GWAS, and can asist in the
identification of indhviduals with a higher risk of suscepti-
bility to meelanons [12]. Somne of thete SNPs are located
in genes of the melanogenic pathway, and some have been
described in associton with melnoma in differest popu -
lations across the world [13]. A complicating aspect of
such dudies iz that, in multifsctodal disondes such &
melanoms, genetic and nongenetic Botors such as admix-
ture, population substructure, and evolution patterns, can
severay confbund the results and result in Ble-postive
asmocations [14]. Ths, diferences in allde freguency be-
tween cases and controls could be associsted with differ-
ences in ancestry rather than reflect an amodation of
genes with disease [15].

Page 2of 11

The Consorthum for Amlyds of Diversity and Bvolu-
tion in Latin Amedca [CANDELA) & a multidisdplinary
intermational study that imvolves researchers fooused on
studying the biclogical diversity of Latin Americans, ama-
lyzing smples from Medeo, Colombla, Peru, Chile, and
Brazil for a wide range of ksues mlevant to anthmopo-
logical, biological and medical research in these populs-
tions In 2014, an analysk to evaluate a possible
association between 18 SNP: in genes involved in the
plgmentation pathway and Melanin Index (ML) was per-
formed within the Brazllbn cobort of Consomtism fbr
the Analysis of the Diversty and Ewolution of Latin
America (CANDELA) with participants born in Rio
Grande do 5ul (RS5) and Bahia (BA), in the South and
Maortheast of Bzl respectively. As a pesult of this am-
Ilysis four SMPs were asmociated with differences in MI
in thete populations: 21126800 (pArgdGIa) on tyboe-
sirase (TYR), rs112%038 (3'UTR) in the hect domain and
teeldke domaln (HERCDH, rsl426654 (pThelllAk) in
solute support family 24 member 4 (SLC24A5) and
es16RULORD (pPhed7aleu) in the famiy of sohste, mem-
ber 2 (SLC4542) carders. Among these four SNPs, allele
A of 51426658 and allde G of rs16801080 were atod-
ated with less melanin content in the 352 paticipants of
RS cobort (P < 001) [16].

In this study, we aimed to assess the association of
these four SHPs with melanomas ek in southern Beazl,
a region with impo ttant contribution of European ances-
tey and with the highest indices of melanons in the

country.

Methods

Samp les and qeno typing

This case-contrd study was conducted at a public University
Hispital, Hogpital de Clinicas de Porio Alege (HCPA) in
southern Brazl, was approved by the [nstitutional Review
Boand wnder mumber 07-139 and all participants provided
infxemed consent. Overall, 255 uncelaied individuals were re-
cruited for e sudy between September 2007  and
Movemnber 2008, All participants were born in the State Rio
Grande do Sul, and of thesw, 120 had been diagnoed with
melanoma. Among the melanoms patients, 19 had a Bmily
higory of melanoms (melsbons o frd-, econd-, andlor
thind-degree relatives) and/or multiple primary melanomas
afnd 101 bad fstures of spomdic melanon All disgios=s
were confirmed by pathology reports. The 135 indhd dusls of
the contrl group wese fecrsited comsecistively among jpa-
tents who presented to the outpatient dinke of the same
dermatol ogy department e an inltil conail tation of fegula
Tollow-up for diseases other than skin cancer. Mone of the in-
dividisals inclisded in the contrl grosp feported a Bamiy his-
tory of the disase, and within the patients and contmol
gooips, there wee b Bmilial redations. All patients willing
to participate were dincally eamined and demographic
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varishles, plgmentation traits (eve and hair cdor), skin type,
tanning abiity, quantitathequalitative presence of nevl, and
daita Fromy primary lesions of patients with astanecis mekan-
onk were documented. Genomde DNA was obtained from
peripheral bioed, and genotyping of SNPs 1126800 (TYE),
£sl IMNBE (HERCD), el 426654 (SLC24AS) and ralcB1 00
(SLC45A2) based on the resls of the Consortium for the
Analygs of the Dhersty and Evdution of Latin Amerdea
(CANDELA, it/ wwwoisclac uk sl fcandela) was  per-
formsed wdng Human Cutom Taghlad® SNP Genotyjing
Assys 40X (Applied Biesystems, USA; Asay [Ds
AHBEFKH: C 4803-10; C 2908190 1y C_2842665 10,
respectively). Genotyping were conducted wsing 20ng of
genonik: DNA in a2 StepOre T Real-Tinte DCR Syatent (Ap-
plied Biosystems, USA)L Alldic discimination and analyss
wis performed g the Red-Tinie PCR soffverre 2.2, The
study was conducted acconding to the Dedamtion of
Heldnld Prnciples

Ancestry amalysis

Because the population structure due to admbore is a
kinown confounding factor in asssodstion stedies, the
proporton of African, European, and Amerindian ances-
tey of all individuals recruited was evalusted wing a pre-
viously published panel contsining 61 bialldic short
imsertion/deletion polymaorphisms (INDELs) [17].

Statistical analysis

Genotype and allele frequencies were obtained by smple
counting Differences between groups were oomjared
using Peamon’s chi square or Fisher's exact tests. All
tests were two-talled, and significance was set at (W05
Wilcoxon test was performed to com pare ancestry pro-
files between cases and controls, skin types and carciers
and noncarcies of fxed alleles in Buropean populations.
The sudy was conducted contldering two scensrios:
with and without population structure contmol.

After obtaining the proporton of Afdean, Eumopean,
and Amerindian ancestry of the indiiduaks recruited for
this stisdy we observed that some individusls had seik-
ingly different ancestry profiles when compared to the
mvajority of the smple, indicating populatio nal substeise-
ture [Additional file 1) To control br this substructure,
we peformed 10000 bootarap simulstions and caleu-
lated the average %5% confidence interval of these simu-
latioms to obtain the ancestey digdbution profile. Usng
this confidence interval, we were able to identify samples
exceeding the interval This appreach identified 20 indi-
viduals, which were removed to reduce sample substroc -
ture, which could skew the amalyds The peiining
samples were used in all subsequent analyses, such as in
the Handy-Welnberg equilibeism test, loghtic egresion
and MDR. To estimate the dsk of melanoma associated
with selected varbants, we calculsted odds mtos and
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their 95% confidence intervals wsing multivarite logistic
regression amalysis and controlled for the bllowing con-
founders: age (discrete variable); sex; skin type acconding
to the Flizpatrdck scale in & subtypes, hair color, number
of pevi (more or less than 50 nevi); European and Afri-
can ancestry. Eve color was not wed & a confbunding
variable because it is a covariable of the color of skin
and hair We chose these vartants for adjustment dnce
they are established risk factors for melanoma [18]. All
statistical anahmes were performsed using SPSS, vemlon
18 (IBM, USA) and B.

Multifactor dimension ality reduction

Higher-order gene-gene interactions among the SNPs
associated in the logistic regression analysis were used in
a ponparametele and genetle model-free multifsctor di-
memsiomlity eduction (MDR) approach (vesion 3040
Bivadate MDR aralysis was pedformed to verify the con-
tdbution of each SNP in the interaction and indeded
HERC2 rsl12WB8, SLOMAS rsl426654, and SLC4542
rsl6B01 982 The model with the highest testing balance
accuracy and with major cross-validation comslency
was selected as the best model Statistical significance
was determdined wsing a 1000-fold permmstation tet.

Results

Sample

Clinical festures of the 254 individusk recruited are
summarkzed in Table 1. Most individuals were female,
older than S0vess at recrultmeent and fae-ddnned
(36.8% din types | and [I). The mean age was higher in
the contrl growp and the mmber of nevi was higher in
the case group. A tihybod ancestry profile with pre-
dominant European contrbution was observed Al-
though admixture in the Brazilian population i
expected and dgnificant, in our sample, a homogeneity
of European ancestry and a difference of European and
Afelcan ancestry profiles between casms and controls
were observed (P= 004 and P= (8, respectively]. Add-
ithormally, mwan Eumpesn ancestry in individials with
skin types [ and II was diferent than that observed in
these with skin types IIL IV and V (0046, O %%
[Q94—0.959] versus 0.902, CI 95% [(875-0.928], P=
A02). Moreover, carders of almost all fixed alleles in
Euvropean populations had a different ancestry profile
when compared with noncarriers (e European ancestry
profile A in 51426654 was (0928, (I 95% [Q95-0.942]
and (L7486, CI 95% [QLR1-1.470] in carriers and noncar-
riers, regpectively, P =033; the Evropean ancestry profile
G in rs16891982 was 0936, Cl 95% [0.924—0.947] and
0740, CI 95% [0.561-0.918] in carles and noncarries,
respectively, P OU001) Ansong oeelanons patents, the
average age at diagnosis was 53.72 years (SD155), and
235% had intraepitheltal tumos, with the most commaon
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Table 1 Chascenstis of samphes nduded in this siudy

Global Cares Controls [
n=255 (% a0=120{% o=1353)

Sex

Female 157 1) T3 B0 B i) il
Age®

2 S0years ald 150 {0y TE a8 10 (FaE)

= 40y ald TS (o) 42 {38) 1) aoc:
Mean ages (500 sFon 431158 SAmOIn
Skin type

i gy TEE) i)

il 134 513 i (5E) s

i 100 {398 42 (38) S8

W T 433 Er]

W kL] 1 0 i) [F: ]
Hair mior

Blond 51 (M04) 30 (%) prdilx]

] 1133 T8y P L]

Light Brwn |-rdevd}] 19 1y 43 (38

D Browan 9 {15) Erir. ] LT Y

Bladc IEH 10&3) 11&1) aorr
Eyes color

Bl pialre )] E-Teck] 31 {3y

Green 4T (1250 prgril minka)

Brown 131 {528 51 43 &0 ji0s)

Bladk 104 a 17 aom
Wumber of nevi

z50 41 (165) Eelr )] LA

b1} HOT (B e 13 [9as) aom
Humber of dysplasic newi

z5 17 ) 15 {28 i)

o4 iR -ER ] 1Cck &) 15 [as) aom
Ancestry profile®

Ewrapean asr al-7h asn aom

Mfcan aod [alarrd falaei-] ke )

Matve-fmenan Q013 Qo alaz ] ik}
Abdvedaiov D @arelerd chads
S el i g 1 SR
.Altlnhﬂ vt i iy & il It i ol (A el
pard Dus A i i | ik W

histological subtype being superfical spreading melan-
oma (Table 2).

Population substructure contral

Using the 95% confidence interval calculated for each
ancestry, we detected a population substriscture (Awean
European ancestry was (.971, CI 95% [0.583-0.991],
mean Afeican ancestry was 00010, CT 95% [0.002—0.206],
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Table 2 Chnical featuses of patients with melanama and

Histobogic agpects of their wimons
Mean age at disgnaosis (S0 L3TR(155)
Brestow thickness/THM Staging® n )
n st Ts o L)
£ 10mm¢ T 41 (355
1.00=2 mmy T2 Fifr]
Z=4 oy T2 14 {123
= dmmd T4 meg
Histological subtype
Ml lemginous FIRE-]
Superfod sweadng T8 (TEH)
Modular mdanoma LN
Lemzga maigra BiT4)
Muitiple primary mefanama
Ve 2{am
Ma 12y
Family History of melanoma
Yes 19 155)
] 101 245
Ao D0 ptfland dadathedy, TN clicialica it of Shaligi sl Raaiaf 4
Th Bl i s el TH S agieg a cocedieg 1o Matioeal
L« aarcilledr Caa o Mtz (DT gpeiballimnsc vl § 2040 0

and mean Nathee-American ancestry was (L.013, 0 %%
[QLO0E3—0.280], see Addidoral fle 1A, A total of 29 sam-
ples (13 cases and 16 controls) were outside the ancestry
confldence interval and were excduded from the analysi
of Hardy-Weinberg equilibdum and logistic regresion
(see Additonal fle 1B) in onder to conteol for the popu-
lation substructure (the entire list of excluded samples
can be found in Additons Table 1)

Genotyping

Genotyping results are summarized in Table 3. Initially,
we undertook a sepamte analysis of the SNP frequencles
in individuals with and without a famdy history of mel-
anoia i the cae group and did not ldentify a signifi-
cant difference between groups (data not shown)
Therefore, we kave opted to contine the ad dithonal ams-
Iyses induding all individuals in the case group (those
with and without a famdy history of melanoma). Linkage
disequilbdum was not obsrved, and only S16891982
im SLOC45A2 did not follow Hardy-Weinberg equilibdum
when considedng the entire sample. After controlling
for substructure, al SNPs were in Hardy-Welnbeng equi-
lbdum (a=00% m112680% TYR F=0.089, P=1;
51120038 HERC2 §* =1381, P=1; m1426658 SLC2445
=079, P=1; 1680198 SLC4542 ¢ =3182, P=
0.498). Further analysis showed a statistically significant
difference in genotypic and alleic frequencies between
cases and controls for reld26654, =16891982 and
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Table 3 Allclic and genotypic Sequencies of TYR 51126809, HERC? 151129038, L0MAS 51426654, SLOA5AZ 116891 382 variants

Gene thr. Logtion Position® [ MAF Genotypes  Cases Contmls &
n % n )

Tre mn G A Boonic ipegdiEing =1 R A=0Xr GG TIiaaT R Gl
G 4% 489 47 (51.0)
LE) my 1 ()

HER" 2 13 clXFI+EMC T  nvonc{¥UTR) 10 G=04 Ak 1 42E) 3% (e oot
G 45 {IT5) [ TR
[ ] 24 (0) e A)]

SiCMAS B cANARG Boonic (A Th)  mi4EEss GO0 AL NTETE 1 ERY <oom?
G 2R Feib]
GG 10 1aa

RogsAr 8 [} Fro ] Boonic {pPhefd o) SldE19EE  C=014 GG 1035 93 isag) opaz
G 163y T
[ 1§ 10{74)

At Ch NP i etk pelsodpbiie, MAF mived alldic fagsiry

ﬂunwammmmuﬂr

g e el off categehcall o Bl i e aed comeds askdar i P el o Twasedidend

T :Ii-uq-all:u mﬂdﬂqmﬁg e el of categerical e Bas e caes s ool aubbarni Palion afa D doad,

el 120038, Compadsons of allelic frequencies between
the main populaton datsbases and other populaton
data of southern Brazilians are shown in Additioral
Table 2. Allelic frequency data reinforce similarities be-
tween South Braziine and Bumspeans.

Genetic variants and din pigmentation

Dretails from the comparative data on the assocations be-
tween genotyple frequencies and skin plgmentathon j=-
rameters in cases and controls are shown in Additional
Table 2. With the exception of SNP TYER =1126809, all
the SNPs were asssociated with cettain phenotypes The
SNP HERC2 rsl 120038 AA genotype was mone freguent
in individuals with light skin and eyes and blond hair in
both cass and controls (P< 001 for all anslysis). The
SNP SLC24A5 rsl426654 was also associted with lighter
skin and eve cdor, but only in the control group (P =
D017) The SNP SLC4542 rs1of01982 GG genotype was
more frequent in individuak with Bir skin and hair both
in cases and controls (P> .001 and P=008; P< 001 and
P =M, for cases and controls, respectively). The e
genotype was associted with light eve color only amang
cases (P 001).

Genetic varants & risk factors for melanoma

Clinical features of the melanoma patients are summma-
rized im Table 2. Three of the fbur SNPs wen sssociated
with melanoma outcome. The HERC? rsl 12903844 and
SLOCS5A2 m16801982GG genotypes and the psl426654A
alldle were more frequently observed in cabes than con-
tools (P= 0016, P= 002, and P <0001, espectively). In
a regression logistic model, induding the Blowing risk
factors: sex, age, halr color, ddn type, number of nevl

and Afeican  ancestry, these msocatons remained
strong, suggeding that they may be independent risk
factors. Odds ratios (OR) fbr melanoma assoctated with
genetic efiect models that were obtained before and after
genetic sulst nscture conteol and are dhown in Table 4.
The domimant model fr HERCE rsl129038 and
SLC2445 m1426654 was considered the best modeal, and
in both, an increase in OR was observed after substruc-
ture control [OR=2212 (95% CE 1.106—4426), P=
AR5] and [OR=13996 (95% CL 1.711-113.995), P=
4], respectively. For SLC4542 m16891982, the most
suitable genetic model was log-additive, showing a slight
reduction in the effect modification after substructure
reduction when compared to the entire sample [OR=
0068 (95% CL Q007-0692), P=023] and [OR=0.081
(95% CL (udE—0.782), P= 0340].

Additionally, we performmed nonparameteic MultiBctor
dimensiorality reduction (MDE, v. 3.04.) to detect and
charactedze gene-gene Interactons among HERC?
(=1129038), SLC2445 (rsl426654), and SLC4542
(=16801982) in fdk of deweloplng melanons (Moobe
et al, 2006} Significant two- (P < 001) and three-locus
interactiong (P= 031) were identified in our analysis
(Table 5). According to these results, the best model for
predicting melnoma development was the comb ination
of the three factors (HERC2 rsl129038, SLC2445
51426654, and SLO4542 rleB1982). Mome details
about the criteria for selecting the best model can be
found in [19]. The lamgest main effect with the higher in-
formation  gain  (IG) was observed for SLC2445
reld2e654 (5.63%), with W0% sccuracy for this model.
The contibution of the other two mades, SLOS5A2
el 6EOI9R2 (3R0%) and HERC2 m1129038 (234%),
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indicated that they alko have an important role in pre-
dicting melanonm rlde This istemction mepreents a
high redundancy effect, which can be interpreted as an
additive or correlation effect (Fig. 1) Thes Anding are
confimmed when amhzing the interaction graph with
genotyple ssodations (Fig. 2). The comblaation of
SLC24AS ml426654AA and SLOSSAZ rsl6891982GG
was significantly sssocated with melanons dsk fegand -
less of the genotype of HERC2 rs1120088, confloning

the lower weight of HERC2 (234%) in the amalysis of
gene intemction. However, ewn lsmlsted HERC2
rEl129038 analysis shows that the AA genotype confers
an lncreased ek for melanoma Logste megresion
msdels were created with the dsk genotypes pointed owt
by MDR for rsld426654 and rsl 6801082 (AA and GG ge-
notypes, espectively) and compared to a model withowt
these rik alledes to identify the best meodel. The oom-
parison, wsing ROC curve analysis demonstrated that

Table 5 SNPs ine@ction by the multiboig dimensionality eduction MADR) analyss

Maodels Balanoed Acouracy O Taining  Balanoed Accuracy O Testing  Cross-vallidation consistency I

el o0 iR u ] asmea 50 iE1E]
st and rs S fulral ] el g o 0001
el P0NE =4 and m1GENSEE  OAMT SEL 5] wha ax

Evalnad ey & §000d e N i

ol naiieeg it sk wa iy et i el 1 el Brypeobuids of paall aiueeci e
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5.63%
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Fig: 1 Mulsfarior dimen sonaity reduction (MOF) nemcion models Interacion ance gaph comprsed of nodes with painsis: comnmecions
Values in nodes rprean tinfommation gain §G) of indvidual gene. Wile valiues betwen nod e ae e 1G of mdh mirsss combmton The
| e of imteracian s showed by mior of e ine. The biue ine epesan s negaive entopy. Redundancy or inkage dsmuilibrum

HERCZ

Legend:
2.34%

Sinergy

Redundanzy!
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the model with the dsk alleles is more appropriate than
the model withowt these alleles (AUC 0702, 95% CI
06370706 vesus AUC (upbd, 95% CI (ual2—0.736).

Discussion

Based on a study developed by CANDELA, we investigated
4 variants previoudy ssocsted with ddn pigae atation 1n
sputhern Brazl in melanoma patients and unaffecied con-
trols from the same geographle reglon [16. A model of lo-
gistic regresson induding ancestry, melanoma risk factors
and SNP's HERC? s1120038 and SLCMAS m186654 in
domdrant models of inheritance showed significant aseocts -
tons with melanoma The SLOSA? m168910820C SNE,
in a log-additive model, was asociated with a lower dsk for
developlag the disase.

Pigmentation isa polygenic trait. and different variants
have been msodated with melinin levels in populstions
over the world [2)]. One of the four SNPs investigated
51120038, oocurs in the ustrandated reglon of HERC2,
and three TYR rsll26809, SLC2445 rsl426654, and
SLCH5A2 m16B01982, are present in genes involved in
the synthesis of melancsomes, the vesicles whem mel-
anin  producton and deposition occurs. Im fach
ral426654 and rsl6891982 polymorphisms are determi-
nants of pigmentstion in Europeans [21], as well & in
other populations [20, 22]. Our findings comroborate the
asscltion of some genotypes with lighter plgmentation
and predominant European ancestry. The association of
European ancestry and falr skin, eves and lair was

prevously demondrated in a sample of 1504 individisals
from the same geogrmphic region of the present study
[2]. and the different ancestry profles between dadoer
and lighter individuals has also been previously reported
[M]. Although our sample is not represntative of the
toi-hybrid pattern seen in most Bazilians [25, it reflects
the masdve colonization by Europeans in the specific -
gion of the sudy [16, 23]. Just as there are regloral dif-
ferences in the proportons of ancestral populations in
Brazil, we also expect heterogeneity in the frequency of
genetic variants of gecfic genes, especially thase related
to skin, eye and hair pigmentation. Although research
with admbted populations can be weful or allele detec-
tion imvolved in susceptibiity to common diseases, the
population subs ructure i a potential bias and should be
controlled [%6, 27). In additdon to a Imitstion in sam-
plimg (the sample was pamtislly paiced), the Hardy-
Weinberg deviation found in our alleic frequencies or
SLC45A2 m16B01982 can aleo be explained by the oc-
currence of interethnic mix and population substructure.
Prevowsly idestifled in Europe and in other Brazilian
populations [28].

The nonsmonynwiss SNP TYR 1126800 (pAsMRGla)
has been previowsy asociated with lght pigmentton of
skin and & frequent in Cascadans [ts presence resulis in the
reduction of acthvity of tyrodnese, a key encyme in of the
mvelanin prodscton pathvey, and sme suthom pepored an
incressed fsk of melanoma in caries. Both in Eurspe and
Australin [29] However, we did not olserve a condstent
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asanciation of this SNP with pigmentation nor with fek for
mvelanooma Lnour seres.

On other hand, HERC? rs1 12088, which was previ-
ously assocated with lighter eve pigmentation in Euroe-
pean  populations [30, 31] showed a significantly
asspciation with fair skin Eyes and bair in our sample
Foremic asochtons hae decrbed thiis SMNP as a good

predictor of blue eyes in Euopeans [30, 32] and Beazi-
lians [33]. and our findings reinforce these predictions.
Firally, SNPs SLC2445 =1426658 and SLC4542
ral6RV1982 were associated with fair skin, eves, and hair
and with melanoma SLC24AS ral 426654 (pThel11Ala)
was fra described in zebrafish as responsble for the
golden phenotype dise to a delay in melanin production
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during embryonic development [34]. In melnocyte cul-
tures, homozygous GG leads to an increase in SLC2445
gene tramecripts and a consequent increase in tyrosinase
activity and melanin production [35]. The decrease of G
allele frequency is gradual from Africa to Europe, indi-
cating that a selection pressure in Bavor of the A allele
acted on the determimation of fair skin in places where
the intensity of U eadistion is lower [36, 37]. Evidence
of naturl selection makes this SNP a frequent compo-
nent of ancestral and forendc informative panels [38]. In
our study, we confirmed the association of the AA geno-
type with Bir skin and light eves and we identified al-
lelic frequencies consstent with thos obsenved in
European populations [ and in previous studies of Bea-
ziliars from other reglors [39]. Likewise, SNP SLC4542
e5leR01982 & also widely stidied reganding s relation-
ship with pigmentation in different populations.
SLC45A2 encodes the membmpe-asociated trnsporter
protein carrier involved in melanin synthess, and experi-
mefital studies n zebeafish Mice and yeast have deady
demonstrated that the presnce of the misense variant
ral6BN 982 (pPhe3MLeu) mesulis in decressed protein
activity [40]. This SNP ks alo considered an ancestry in-
formative madoer (AIM), since it is able to differentiate
Euvropean populations due to G allede frequency. Which
iz sirndlar to the m1426654 A allele [41]. These findings
ame aligned with the theory of vitamin D synthesis.
Which proposes that lght skin is a festure seected to
compensate for the lower solar incidence in popula-
tions Uving far from the Bgustor [42] and with in-
creased ability of the skin to respond to wltra viclet
(UV) radiation [43].

Alldles associated with lighter pigmentation were
also assvclated with melanoms i our study, and this
result remained significant after analysis with moulti-
variate loglstle megression adjusted for the dsk factos
ancestry, gender, age, eye hair, and skin color, and
number of New. We contldered this analysls esential
to identify whether the vadants uedied could be
conddered independent ridk factors for the ocour-
rence of melanoma Thus SNPs HERCZ m1120WG8
and SLOMAS 1426654 momined strongly assocsted
with dsk for the development of melanoma in a dom-
inant model. The presence of homorygous genotypes
of either SMNP (AA for rs1426654 and AA for
el 120038) were assoclated with increased melsnoma
risk, while the SLC45A2 rs16891982 C allele was as-
socjated with protection for melanoma s shown pre-
viowsly in a GWAS study in Greece composed of 284
patients and 284 controls (OR=0.51. 95% CI 034
076 P=0.001) [#4]. On the other hand, an Auwstra-
lan sample with indbidisals of 100% Momthem Eum-
pean  ancestry (1062 cases and 1262 controlk)
showed the same allele asmocsted with the risk to
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melanona in logistic regression modes induding pig-
mentation features and ancestry, similar to the one
presented here (OR=204. 95% CI 127-3.40) [45]
The resulis remained unchanged afier populbiton sub-
structure amalysis. Furthermore, the independent ef-
fects of each of these SNP were also accessed by
MDE amalysis and the amlysis considering the entire
sample showed a redundancy interaction between the
same SNPs that displayved significance through logistic
regression (P =.031). The interaction llustrated in Fig.
1 shows that these three genes act redundantly to in-
crease the dik of meanoma The genotyple ool -
tions  SLC2MAS  ocl426654AA  and  SLO4SA2
e2leR01MRIGE present a greater contebution in de-
termining the risk for the disease, presenting a pos-
sible epitate effect similar to that found between
SLC45A2 and VDR [46], SLC#SA2 and QCA2. and
MCIR and SLC24A5 [45]

The two modt impoant Imitations of our study are
sampling process (ndividuals showlng mostly Euno des-
cemndant ancestry in the entire sample) and relatively lim-
ited sample dze However, despite thes limitatons our
results are in line with previous sudies and de monsteate
that SMPs in genes relsted to pigmentstion confer an in-
dependent increase in the risk for developing melan oma
I dete g complex hisman traits in general, comimon
genetic varkants tend to have small effect sizes individually,
bt togethe e They ey seveal important inibemstion and
contribute to the ssessment of individual risk for com-
plex diseases such as cancer [47]. The development and
evaluation of predictive models that combine e mvironmen -
tal and genomde dak Botors can help iprove el o
prevention and population screening by motivating dsk
reduction belavom, epectlly in regions with high ind-
dence mtes. High UV mdiation exposure and predomin -
anly European ancestey [48].

Additional stusdies should be pedormed to vedfy
whether the same scenarlo oocus in other egons of
Brazil and Latin America Although an assodation be-
tween SLO24AS m1426654 and SLOISAZ s16801082
and melinoma has been previously described in Euro-
peans, to our knowledge, this &k the frat study that con-
fims this sssodation in a South Amedcan high-risk
population

Conclusions

In this case-contml study conducted in Southern Brazi,
ENPs SLOC2MAS rsld26654 and SLC4542 =16891982
were assoclated with an increased dsk br melanoma,
which was found to be sdditive and independent of pig-
mentation profile. These meslis contdbute to the
curmdt knowledge about melanons rigk Bactors in ndi-

viduals from a geographic reglon with a high incidence
of the disease.
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Li-Feumeni and Li-Fraumeni-like (LFS[LAL) Syndrome are camcer predisposition symdromes caused by
germline pathogenic vanants in TP52 and are associated with an inorezsed risk of muoltiple eariy-omsst
camcers. [n Southern and Southeastern Brazil, a germline founder wariant with partial penetrance located
im the oligomerization domain of TPA3, cMIDG-A pufArg137His, commonly knows as RI57H) has been
detected im (3% of the gemeral population. Recently, the functional MIES0S variant 2043556 (A~G) has

Keywords been identified a5 2 movel LFS phenotype modifier in families with germline TP33 DMA binding variants.
L-Fraumeni Syndrome In this study, our goal was to verify MIBGDS rs2043556 allele frequencies and further sxplore its possible
I REDS gene effects om the phenotype of 738 Brarilian individuals carryimg TPS2 pArg337His) The MIREDS rs2043556
TEHMISSE G allele was detected in 136 [571%) individuals, inchuding 25 homoeygotes (105%), and althowgh it had
Mdriple primayy pamors been previously associated with an earlier mean age of tumor onset, this effect was mot observed in this
study (p = [L8) However, in pfArgii7His) mutation carmiers, the GG genotype was significantly associ-
ated with the oocurrenoe of multiple primary tumors (p = 1U005). We provide further evidence of MIBGRS

rsM¥55E G allele’s sffert as 2 phenotype modulator in carriers of germline TPS3 pathopemic wariants.
© 2019 Elsevier Inc. All rights resenved.
Inrodecrion spectively [3.4]. The prein produc of TPS3, p53, is a manscrip-

Li-Fraumeni Syndroms (LFS) (OMIM # 151623) and its variant,
Li-Fraumeni-like Syndrome (LFL), are aurosomal dominant cancer
predisposition syndromes charaerized by a high risk Tor develop-
ment of mulriple TUMOrs ar a young age |1.2). Germiling parhogenic
Variants in the TP53 gene are sdentifted in approximarely 70% and
40% of families thar meer cinical criveria for LFS and LFL. re-

* Comesponding axhor
Emol aedrers: igvisia@hopa edobr (LA Vidm)
1 babed C. Bandeira and Igor & Visira hare conmiued equally o this work and
should be considered co-frs axhors.

s dnLong] 0. 1016 Lcancergen 20101 Lo05
12M0-77E2)E 2009 Hsevier Inc. Al righrs reserved

rion faomor whose ability m mediae mmaor suppression has been
extensively studied. pS3 exerts irs multiple antiprofiferarive fonc-
tions through the manscriprional conmmol of several [@rger genes
and thiough Provein- protein ineracions [5).

In sourhern and sourheasvern Brazil, the TIPS founder variant
C1010G=-A or p{ATg337His, commonly known as R337H), locared
in the olignmerizaon domain (OO of the gene, is derected in
0.3% of the general populatson. Alhough penerrance is reduced in
relation m DMA binding domain (DED) variants, its frequendy is
higher than whar is observed for any ocher germling variano pos-
sibly present in the gene [G] Cwmently, c1010G-A is associated
wilh 2 broad spectrum of TUMOTS, similar o the one observed in
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Tamilies with LFS/LFL caused by DED variants [7-9). Recemt smudies
have prioritized epidemaobogical aspects of this murarion, while the
mechanism of cancer predisposition associated with this founder
variant and irs penetrance is sill not complerely undersmood [E9).
Despite existing evidence kinking the LFS[LFL phenotype with di-
Terences in muant pS3 activity in erms of cellular kocalization
and functional effect, these genotype-phenorype commelaons do
not fully explain me ghobal and inmra-familial heterogeneity ob-
served in carmiers of this Brazilian founder muoagion [10.11].

In this COMIEXE, several recemt sudies have explored the mode
of coexisting or secondary generic faciors thar might modify ps3
function, Amang these are MITORMAS [MiENAs), 3 class of 18-
m 25-pudeotide-long singlesmanded non-coding BMAS imvoled
in the posemranscriprional regulation of geme e pression [12,13].
These small molecules play a role in several biological processes,
inCluding cell proliferatson, differentiation, apoposis, and develsp-
MENt, ATiNg a5 CNCOZENes of mar suppressors |14- 16). In addi-
[iom, it has been shown thar several miRMAS comImibute © a re-
fined p53 expression control by inEeracting direccly with tanger
sites on the 3UTR of the TP53 mRNA and, thus, they could be
considered clinically relevant cncogenes. A few examples of in-
diret p53 regularion through a mikMA necwork have been de-
scribed, inchding the effect of miR-605, which directly modulares
MIOMZ EXpression, the main pS3 amiviy negarive regulamor |17,18].
MiR-605 also appears to be indocible by p53 in response o cell
siress mechanisms |19, Furthermore, the presence of a MIRGDS
gene variant, rs2043556 [A=G), has been associamed with an in-
creased risk Tor developing dilferent camcers | 16]. More recently,
this same single muckeotide palymorphism (SNP) was sdentified as
a Tunsonal variant and a novel genetic modifier of the LFS phe-
notype, specifically associaed with an earlier mean age of mumor
omset in Canadian families with TP53 parhogensc DBD varianrs [20].
Hence, the objective of rhis study was to determing the allelic and
ZEnOTypic frequencies as well as the phenorypic elfec of MIRGDS
SNP 152043556 (A-G) in Brazilian LFS/LFL individuals carrying the
germline founder variant pjArg3aT His).

Marerials and methods
Smdy suiweas @nd ethical ospeas

Patienes selected for the smody were recruited from three ter
riary care haspitals in southern and sourheastern Brazil. They all
Tulfilled the Chomprer criteria for LFS[LAL and were carmeers of
2 germiling TPS3 parhogenic variant, either pJArgi37Hi) (main
SOy group) or 2 DBD variant (comparison group) A mowal of 238
P{Arg3I3THIS) Carmiers were recruited, 65 from Hospital de Clinicas
de Pormo Alegre (HOPA, in the Gy of Porto Alegre, sourhern Brazil),
66 from A.C. Camarge Cancer Cenrer (city of 530 Panlo, sourheast-
erm Brazil), and 107 from Hospial de Cancer de Bameros (city of
Barreros, southeastern Brazil) Six LFS parients carmying germiine
DBD varianes from HCPA were recruited and included in a comipar-
ison group. Genetic amalyses were previously approved by research
erhiCs commimees of the imeohved codlaborating centers {regisered
under the Cemiflcare of Presemtarson for Erhscal Appreciation -
CAAE m° 52641616.0.:00.5327 )

MIRG05 SNF genog pm g

Taqhian® allelic discriminarion anatyses of variano rs20d3556
were performed according to Applied Biosystems® srandard pro-
mcols (Applied Biosysems, Carisbad, USA), uwsing fluorescent
allele-specific probes (reference number C_1737438_10). TPS3
P{ATgI3THES) genonyping was performed Tollowing previoushy pub-
lished provocols using costom TagMan® assays [21]. Sanger se-
quencing confirmed all samples with a variant identifled by Tag

Man®. Sequencing of TP53 exon 10 encompassing pfArg3ITHIs)
was pedformed according o WARC sandard provocols (primer
sequences and PCR conditions availabde ar  hoopsfpS3diancro
downboad/tpa3_direcrsequencing_iarc. pdt), while MIRSDS was ana-
hyzed according o the primers described by i Said & Malkin [20].

Seamistical analysis

Genorype and allele frequencies were estmared by simple
counting. Differences berween groups were compared using rhe
Knskal-Wallis' (median age a1 Tumor onser), Pearson's chi-squared
[maultiple primary Tumors and cancer personal history ) of Fisher's
BLaCT eSS [[Umor ype). All pesrs were rwo-railed, significance was
Ser at p bess than 0.05 and swristical analyses were done sing
SPSSE version 18 (SPSS Inc. Chicago, USA).

Chimical dara om LFS/LFL patients incloded in the main sody
EIup are summarized in Supplementary Table 1. Among the 238
PJArgI3THIS) carmiers, the variant G-allele for MIRGDS rs2043556
was derecred in 136 individuals (57.1E), including 25 homary gores
(GG genorype, 10.5%) (Table 1) Moremver, the G-allele had a high
frequency in this seres [0.34), similar to the frequency observed
in popularion darabases, especially those relared 10 Larin cohorms
(Supplementary Table 2). Presence of the MIRGDS rs204356 G ab
lele was not assoCiared with age of tumor onset (p — 0.8, Fig. 1,
supplementary Table 3] of tumor ype (p = 03] (Table 2) or per-
sonal hisory of cancer (p = 0, Supplementary Table 4). Genony pic
frequency dismibution was also nor related with the median age
of breast and adrenooomscal Cancers ((Wo COMIMON TUMGOE Types
found in LFSLFL familkies, Supplementary Table 5). However, the
GG genomype was signifhcanily associared with the oooormence of
miultiple Primary Domors (= 0.005) (Table 2). For insance, among
these TFS3 piArg3 TTHis) and re204356] GG positive patients with
mumear diagnosis in multiple primary sives, one female parient de-
velaped very earty-omser reast and ohyroid cancers (ar 23 and 25
years, respactively; dara nor shown). Of note, 26 of 122 cancer-
affected parients {10.3%) developed more than one primary Tumos
(Tale 2} Among these 26 patients, 4 (15.4%) had synchronmos m-
mors; for the remaining Merachronous nomers, the Jverage time
berween diagnoses was approximarely & years (Supplementary Td
ble &

I[I}llﬁ.i‘:im'l. MIRG0S rs2043556 was genoryped in a small group
ol LF5S parienrs with DBED mamations (comparison group, N = 6).
Clinical data from these patients is summarized in Supplementary
Tabde 7. The variant G-allele was dereaed ar a frequency of 0.33,
very similar to the one observed in the p{Arg33THis) group. In-
[ETESTENElY, ONE PAlENT in the CHMpAarson group heernzygms for
the TP53 pArgZ7 3HE) varian (identifler LF5-4) was GG homazy-
gous for the MIRGDS SMP and was diagnosed with muoliple momors

Tabie 1
Cemorypic and alleic freguencies of
MU 043556 WG] In TPD
PL{ATE3ATHIS) MULEIon @rrhers with the

LF5[LA phenorype.
Cemcrype tequencies N [X)
"= I8

b 102 [425%)
AT 111 [46.5%]
[= 25 [1R5K)
ACHGE 136 [57.1%]
Alless freqaency

a

034

+ Riskprarian aliele.
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1oirs
Genotype Median age B
SNP rs20435856 in years [(IRp § ;
.
A 365 (31.75) -
AG 1.5 (41.75)  0.808" % :,:
GG 40 (36} = AR
L
3 - -
IR, interquarlile range. ) —_——r

" Kruskal-vWallis test, Rge 22 diagrosts

Ag L Disrbution of the median age of fire @ncer diagnosis aooonding o MRS 043556 genorype in TPSE pATRISTHIS @rrers The ploc on e right show's the

perenage of Gncesunalfeced individuals harboring the fomnder variane for sach MURSDS genorype 25 2 funcrion of 2ge of CIRCET ONSEL.

Laukernia

£l

=il Ty

JEv gRncnma, T grs
Bragel capcar, 28 yis
Thigh Sarcoma, 3 yrs

s N - 2 = =

re043SEE |

I

ChE, Tys

Fig L Pedigres of an LFS proband {indicred by the black anow; identifler LF5-4 in Supplementary Tabie 7)

A, Tl
—— A panrtpa
—— 315 ganchps

LESENE

W Jive saenms
W Braasl Farcer
W Thigh Sacora
W Livar carcar
W

Leukzmia

‘dassicl dinical riseria and harboring e TFS3 DhA-

binding domain germiine varian pAgITiHE), along wih the MRGIS variant C-aiele in omozygests jconfimmed by Sanger sequencing as showm by the lower kst panel)

¥irs, years; CNS, ceniml Bereous 5 Sem mmor

(samcoma at age 17, breast cancer at age 20 and a new Sarcoma ar
age 38 years) Fig. 2 shows the pedigree of this proband. To our
know ledge, this is the frst descripion of a patient with a D8D
P53 parhogensc variant carmying the MIREDS rsP043556 G-allele in
homozygosis, Sanger sequencing confirmed the GG genooype in all
cases identifled by TagMan® analyses (Supplemeniary Fig. 1)

HSCussiom

In a previous report, MIRSDS re2043556 (A-G) was propased ta
be a genetic modifler of the age of cancer onser in 4 Canadian
cohort of LFS patients (classical LFS criteria) composed predomi-
nanily of TP53 DBD murarson carmsers |20). Presence of the G-allele
in herermygosiy was a5s0ciamed with 3 10-year acceleranon in the
mean age of TUMoT onset (p — 0.04) in this LFS case seTies. Impor-

tantly, none of the pamscipants in this previously mentioned study
were carriers of the Erazilian founder mucation pJArg337His) we
did not observe the same STec in our Cobho, and although this
could be doe to the different genetic background berween Cana-
dian and Brailian popularzons, the mast imponant difference be-
Tween both snadees is the localizaton of the germiing TPS3 mu-
tarions of their parmicipanrs (DED vs. OD) The moditying effec of
MIRGS rs243556 G allele in hererm@ygosity on the age of cancer
diagnosis previously observed in carrers of highly penemant D8D
muULations might be insufMcient m Cause a detectable phenotypic
change in carmiers of “milder”, less pemerranr TPS3 varianms such
& pArgIFTHIS). In addition, it &5 worth emphasizing thar a sig-
nificant proporion of cancer diagnoses repomed in pArg337THis)
CATTIErs OCCUrs im adults, excepr for adrenocomical camcinomas and
brain mumors, which occur more frequently in Pedisiric parients.
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Multiple primary mmoms

Alagnasis, N k)
12 [46.1]
5231}

a[0a)

Al ok, M)
44 [458]
44 (458)

Single mmar
a@3)

03087

Other cumor ypes,
HiE)
18 [64,3]

TS
afnav

asmosancem ©, N k)
53331

9 0E0)

1[E7

CHE mmom®, N (%] Sarcomas and

B [B6,7]
3(33,3

o[

12048,1)
415,41

carcinamas, M (L)
10 [38,5]

Admnocordca

Areast cancers, M

(x)

18 [40]
19 (42,2)
ar17a]

Genoly pe (e quences of MIREDS B2043556 In TRSI pArgd T HIs carrlen aoorling o mmor g pe ad mimber of cance diagnose,

Geno gy pe SHP

20 3556
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LC Bondera, LA, Vieks ol TF Andreis & & [Conoer Comerics 240 [20020) 54-58 5

A remarkable finding im rhe presenr soudy is a2 sigmificant as-
sOCiarion benw een the homorygous GG genonype and rhe develop-
Ment of More an one primary (mor, SUEEestng that the G-allele
might have a dose dependent effect associared with increased
cancer predisposition, of might exert an influence on predisposi
i 10 3 Second primary mmor. This associaron berween MIRG0S
rs2043566 and multple cancer diagnoses seems o be Emited o
TPS3 pJArg337THIS) Carrsers, since in e previous sdy (N — 55)
[20) and in our small cohoat (N = 6). amaong LFS patients with TP53
DBD murarions, the frequency of multiple primary mmors dsd not
differ berween individuals harboring the variant G-allele and rhose
Wwith the AA genotype.

Furthermore, |4 Said and Malkin [2015) [20] showed in their
Tuncrional experiments rhat, in MIBEDS rs2043556 AG hetermy-
gotes, the miR-E05 processing eMciency from ifs reurser oo irs
marure fonm was Ccompromised, leading m reduced marure mik-
G605 levels. Therefore, ir is reasonable o hypochesize that GG ho-
mEYgHes ould have dramatically impaired miEMA processing,
miggering severe deregulation effects on MDMZ andjor p53 func
mion. This effea would be profoundly delererious in the pres
ence of a germline TP53 DED mutation, bum less so in the pres-
ence of a “milder TF53 OD murarson. In addition o MDM2 and
pS3, ocher validared individual targer regulated by mik-605 in-
chudes Sec24D (miFTarBase database, hrrps/|mirtarbase mbcnoo.
edu.rw | phpf search php#mima), a cellolar ramoking protein Lack
ing 3 well-established robe in carcinogenesis |22, as well as MAPK
signaling parhway was shown o be induced by miB-605 over
expression, leading @ tumor suppressive effects in TPS3 mu-
rane cell lines acconding m the preliminary evidence repored by
Malkin's group |23] In agreement with this hypochesss, our study
identifed, for the Arst time, 3 consideratde amount of MIRGDS
rs2043556|GG)] homozygoees meeting LFS/LFL clinical criteria and
harboring the TPS3 O muaron piArg3ITHis), differing from the
results of the study by 1d Said and Malkin (2015) in which no
GG homozygoes were identifled [20]). When considering the G
allele frequencies described in popularion dambases worldwide,
the faa thar none of the individuals in the Canadian study had
the G-variant allele in homozygosis is amiking. This difference in
GG genotype frequency [0f55 vs. 25/258) berween Canadian and
Brazilian LFS[LFL cohors exhibited a statistically signiflcant i
ference, reinfocing thar these Andings are not random evenrs
[P — DODEL

In concusion, our results SUPpOT Previous studses in show-
img thar the MIRGDS rs2043556 G allele is a povential phenoay pe
modifier nor only in LFS/LFL patienrs with DBD muramons b
also in those with OD mumarions, as demonsiraed here in carri-
ers of the exon 10 founder TPS3 variant p(Argi37Hs) In these
parsenms, we idenified an association berween the presence of
the MIRGDS rs2043556 GG gemonype and occurmence of multiple
primary mumeors. Larger smodies inchuding parients with different
TFS3 germline muracions preferentially aocompanied by funcasonal
analysis of the MIRRDS rs2043556 risk allele are raquired o con-
firm this hypoehesis, Taken together, these Andings emphasize the

© Tvent yoight pacients developed other tumer oypss, Indduding preatace, dordd, lung kidrey, utaine cancen, colarectal, gotie cancers, phe cohr amecyt ama, melanama, ledkamia, [ymphoms, ad muliple mydema

3 imponance of analyzing mikNA genes thar directy or indirectly
5 regulare p53 expression as pomeniial phenogype modiflers and as
i Promising therapeuric targers in LFS/LFL

i

55 %

Es ; g INEEMMEL FESOUTTES

il E ARC TP53 Dambase. April 5. 2019, <hirp/psdiarcio

gﬁ 5 E Download/TP53_DirecrSaquencing_ LARC pdfs.. miRTarBase

e moa Darabase. Sepiember 20, 2019,  <hip:/mirtarbase mbc noo

edu.Tw ) phiy search php#mimas .
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TRABALHOS CIENTIFICOS ADICIONAIS: DIVULGACAO CIENTIFICA

A divulgacéo cientifica, também conhecida como popularizacdo da ciéncia,
comunicacado publica da ciéncia e jornalismo cientifico engloba as atividades que
buscam fazer a difusdo do conhecimento cientifico para publicos néo
especializados. A divulgacéo cientifica € fundamental para o desenvolvimento da
ciéncia, uma vez que ela € responsavel pela circulacao de ideias e divulgacao de
resultados de pesquisas para a populacdo em geral. Desta forma, através da
divulgacao cientifica € possivel potencializar o debate cientifico e instigar novos
talentos para atividades de ciéncias (Massarani et al., 2002; Massarani et al.,
2019). A divulgacdo cientifica iniciou-se hd mais de cinco mil anos. Mais
recentemente, a popularizacao da ciéncia tem sido interpretada também como um
instrumento para tornar disponiveis conhecimentos e tecnologias que ajudem a
melhorar a vida das pessoas e que deem suporte a desenvolvimentos
econdmicos e sociais sustentaveis. Tais acdes podem ter ainda um importante
papel de apoio as atividades de ensino. Atualmente, a divulgacao cientifica ocorre
em praticamente todos os formatos e meios de comunicacdo: documentarios de
televisdo, revistas de divulgacdo cientifica, artigos em periodicos,
websites e blogs (Porto, 2009).

Em marco, a Organizacdo Mundial da Saude (OMS) definiu o surto da
doenca Covid-19, causada pelo SARS-Cov2 (hovo coronavirus), como uma
pandemia. O primeiro caso da pandemia de Covid-19 foi identificado em Wuhan,
na China, em 31 de dezembro de 2019. Desde entdo, 0s casos comecaram a se
espalhar rapidamente pelo mundo: primeiro pelo continente asiatico, e depois por
outros paises. Em fevereiro, a transmissdo da Covid-19 no Ird e na Itélia
chamaram a atencéo pelo crescimento rapido de novos casos e mortes. Pouco
tempo depois, foi confirmada a primeira morte por Covid-19 no Brasil, em S&o
Paulo (Brasil Escola, 2019; Portal Fiocruz, 2020; Johns Hopkins CSSE, 2021).

Os sintomas de Covid-19 sdo altamente variaveis, variando de nenhum a

doencas com risco de morte. O virus se espalha através das pessoas,
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principalmente pelo ar e pela proximidade entre infectados e nédo infectados,
sendo as vias de transmissdo mais comuns a boca, o nariz ou os olhos, através
da tosse, espirro ou fala. Embora seja menos comum, O nNOVO coronavirus
também pode se espalhar através de superficies contaminadas. As pessoas
permanecem contagiosas por até duas semanas e podem espalhar o virus
mesmo se forem assintomaticas. As medidas preventivas recomendadas incluem
distanciamento social, uso de mascaras faciais em publico, ventilacdo e filtragem
de ar, lavagem das maos, cobertura da boca ao espirrar ou tossir, desinfeccao de
superficies e monitoramento e autoisolamento para pessoas expostas ou
sintomaticas. Varias vacinas foram desenvolvidas em tempo recorde e estédo
sendo distribuidas ao redor do mundo. Os tratamentos atuais se concentram nos
sintomas enquanto drogas terapéuticas que inibem o virus sdo desenvolvidas.
Autoridades em todo o mundo responderam implementando restricdes a viagens,
lockdowns, controles de locais de trabalho e fechamentos de instalacfes. Muitos
lugares também trabalharam para aumentar a capacidade de testar e rastrear 0s
contatos dos infectados (Centers for Disease Control and Prevention, 2021; NHS,
2021).

A velocidade de espalhamento do novo coronavirus, bem como o
crescente nimero de ébitos em decorréncia da doenga, foi acompanhada de uma
crescente desinformacdo por parte da populacdo brasileira. Nesse contexto,
surgiu a necessidade de divulgacéo cientifica com acdes voltadas principalmente
ao enfrentamento da pandemia, ao combate a desinformacédo e as fake news e
para fomentar as vacinas contra a Covid-19. Desde o inicio da pandemia,
diversas iniciativas voluntarias encabecadas por cientistas e pesquisadores
buscam auxiliar na divulgacdo de informacdes cientificas confidveis na tentativa
de frear o curso da pandemia, diminuir o0 nimero de mortes e conscientizar a
populacao sobre a adeséao
as medidas de enfrentamento e o incentivo a vacinacdo. Desde maio de 2020 eu
integro trés dessas iniciativas, realizando trabalho voluntario de producgédo e
revisdo de textos de divulgagéo cientifica, contedado didatico para redes sociais,
como postagens, imagens, videos, podcasts e audios de Whatsapp explicativos e

atualizagdo de midias sociais como Instagram e Twitter.
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1. Rede Analise COVID-19

A Rede Andlise COVID-19 (https://redeaanalisecovid.wordpress.com/)
surgiu no final de fevereiro de 2020 nasceu de uma iniciativa na rede social
Twitter (https://twitter.com/analise_covid19) para a criacdo de um espaco
construtivo e de discussdo a partir da reunido de pesquisadores, profissionais e
pessoas engajadas no tema, como uma necessidade de coletar, analisar e
divulgar informacdes respaldadas na ciéncia sobre a pandemia da COVID-19 no
mundo e no Brasil. Desde entédo, a Rede vem crescendo e ganhando espacos nas
redes sociais (44 mil seguidores no Twitter e mais de 3500 mil seguidores no
Instagram - https://www.instagram.com/analise.covid19/) levando informagao
cientifica, combatendo a desinformacéao e instigando a formac&o de novos grupos
e colaborando com diversas redes voltadas para a comunicacdo e divulgacéo
cientifica. Nosso principal objetivo e comprometimento € com a informacgéo
cientifica acessivel.

Alguns textos de minha autoria que foram publicados pela Rede Andlise
Covid-19:
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Tematica

Titulo texto

Link de acesso

Divulgagéo de

estudo cientifico

Entenda por que a reabertura de
pré-escolas e creches antes da
distribuicdo de uma vacina segura
contra 0 novo coronavirus nao

parece uma boa ideia

https://redeaanalisecovid.
wordpress.com/2020/08/0
5/entenda-porque-a-
reabertura-de-pre-escolas-
e-creches-antes-da-
distribuicao-de-uma-
vacina-segura-contra-o-
Novo-coronavirus-nao-

parece-uma-boa-ideia/

O risco de COVID-19 para
gravidas: evidéncias de alteragcfes

moleculares associadas com pré-

https://redeaanalisecovid.
wordpress.com/2020/11/1
0/o-risco-de-covid-19-

para-gravidas-evidencias-

de-alteracoes-

eclampsia na infeccdo  por | moleculares-associadas-
SARSCoV-2 com-pre-eclampsia-na-
infeccao-por-sarscov-2/
https://redeaanalisecovid.
wordpress.com/2020/12/0
Revisdo sisteméatica e meta- | 1/revisao-sistematica-e-

analise: O que varios estudos tém
a nos dizer sobre a carga viral e

tempo de transmissédo da doenca?

meta-analise-o-que-
varios-estudos-tem-a-nos-
dizer-sobre-a-carga-viral-
e-tempo-de-transmissao-

da-doenca/

O que sabemos sobre os

assintomaticos para a COVID-19

https://redeaanalisecovid.
wordpress.com/2020/12/0
7/o0-que-sabemos-sobre-
os-assintomaticos-para-a-
covid-19/
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Participantes de testes das
vacinas para a COVID-19: a

guestao dos placebos

https://redeaanalisecovid.
wordpress.com/2020/12/1
6/participantes-de-testes-
das-vacinas-para-a-covid-
19-a-questao-dos-

placebos/

Tratamento precoce e Kit Covid

https://redeaanalisecovid.
wordpress.com/2021/01/2
O/tratamento-precoce-e-
kit-covid/

lvermectina: sera mesmo a droga

https://redeaanalisecovid.
wordpress.com/2020/12/2

milagrosa? 2/ivermectina-sera-
Combate as mesmo-a-droga-
fake news milagrosa/
https://redeaanalisecovid.
Checamos: Vacina RNA, Metais, | wordpress.com/2020/12/1
Enzima Luciferase, 5G e | 1/checamos-vacina-rna-
Criptomoedas metais-enzima-luciferase-
5g-e-criptomoedas/
https://redeaanalisecovid.
Evitar fldor, suplementar com | wordpress.com/2020/11/2
magnésio e agua alcalina, so6 isso | 4/evitar-fluor-suplementar-
basta? com-magnesio-e-agua-
alcalina-so-isso-basta/
https://redeaanalisecovid.
“Vacina feita as pressas”? wordpress.com/2021/01/0
Vacinas 6/vacina-feita-as-pressas/

“Vacina feita as pressas”? Parte 2

https://redeaanalisecovid.
wordpress.com/2021/01/0
6/vacina-feita-as-pressas-

parte-2/
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2. Unido Pr6 Vacina

A Unido Pro-Vacina (https://sites.usp.br/iearp/uniao-pro-vacina/) é uma
iniciativa organizada pelo Instituto de Estudos Avancados (IEA) Polo Ribeirdao
Preto da USP em parceria com o Centro de Terapia Celular (CTC), o Centro de
Pesquisa em Doencas Inflamatérias (CRID) e a llha do Conhecimento, e hoje
relne pesquisadores, cientistas e divulgadores cientificos de todo o Brasil. O
objetivo € unir instituicbes académicas e de pesquisa, poder publico, institutos e
orgdos da sociedade civil para combater a desinformacdo sobre vacinas,
planejando e coordenando atividades conjuntas. Entre as acdes realizadas estao:
producdo de material informativo; intervencdes em escolas, espacos publicos e
centros de salde; eventos expositivos; combate as informacdes falsas e

desenvolvimento de games.

3. Todos Pelas Vacinas

Todos pelas vacinas € uma rede nacional criada por 21 organizacdes
ligadas a divulgacdo cientifica e ao combate a desinformacdo, unidas com um
anico objetivo: promover a conscientizacdo sobre a importancia da vacinacao
contra a Covid-19 e outras doencas preveniveis por vacinas. Fazem parte da
iniciativa a Sociedade Brasileira de Imunologia, Sociedade Brasileira de
Microbiologia, Associa¢éo Brasileira de Saude Coletiva, Sociedade Brasileira para
o Progresso da Ciéncia e Sociedade Brasileira de Virologia, além de contar com o
apoio da Sociedade Brasileira de Medicina Tropical, Sindicato dos Professores
pela Universidade Publica, Associacao Nacional dos Procuradores da Republica,

entre outros. O site https://www.todospelasvacinas.info relne centenas de

materiais de divulgacao cientifica, incluindo artes, perguntas e respostas, material
para educadores, podcasts, artigos, fios publicados no Twitter, jogos didaticos,
material informativo para criangas e memes. Alguns materiais produzidos por mim
para as redes Unido Pr6 Vacina e Todos Pelas Vacinas incluem videos e audios
de combate a desinformacdo sobre tratamento precoce e kit covid
(https://drive.google.com/drive/folders/12T3zD89S3H1gCjGVmBPUfDGHCcTO_b4P
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M), 0 uso de ivermectina para tratar Covid-19
(https://drive.google.com/drive/folders/12T3zD89S3H1gCjGVmBPuUfDGHcTO_b4P
M), campanha de vacinacao da gripe comum
(https://drive.google.com/drive/folders/12T3zD89S3H1gCiGVmMBPUfDGHCTO_b4P

M) e outros, disponiveis para download.
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4. Movimento Biotecnologia Brasil

O Movimento Biotecnologia Brasil (https://www.movbiotecbrasil.com/) é
uma instituicdo fundada em 2015 que visa mobilizar os cidaddaos em prol da
implementacéo planos, programas, projetos, acdes e atividades de ensino para o
efetivo desenvolvimento da Biotecnologia e da profissdo de Biotecnologista no
Brasil. A proposta € defender a interacdo do Governo Federal e das
Universidades Federais com o setor empresarial, laboratérios publicos e privados
e institutos de pesquisa, buscando criar oportunidades para os diversos setores
que utilizam a biotecnologia no pais. Fui selecionada como Coordenadora
Estadual do Rio Grande do Sul em junho de 2020 e desde entdo venho
participando da realizacdo de acdes, eventos e cursos educativos online, além de

producado de conteudo digital para as redes sociais do Movimento.

Atividades que desenvolvi pelo Movimento Biotecnologia Brasil:

- Palestrante no Congresso Biotecnologia Brasil, com a palestra online
intitulada “O papel do Biotecnologista no enfrentamento do SARS-CoV2” - julho
de 2020;

- Organizacgdo do Simpésio Biotecnologia Brasil - novembro de 2020;

- Criacdo de minicurso “Biologia Sintética na Producdo de Vacinas” no
Simpdsio Biotecnologia Brasil - novembro de 2020

- Criacdo de minicurso “Biologia Sintética na Producdo de Farmacos” no
Simposio Biotecnologia Brasil - novembro de 2020

- Organizacgao da Jornada de Biotecnologia Brasil — fevereiro de 2021

- Palestrante na Jornada de Biotecnologia Brasil, com a palestra online
intitulada “Como comecar sua carreira de cientista dentro da faculdade” —

fevereiro de 2021
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5. Lista de participacdes na midia — Divulgacéo Cientifica

Participacdo Seminario Conselho Estadual de Saude do Rio Grande do Sul:
https://www.facebook.com/ConselhoEstadualdeSaudeRs/videos/80365994053618
6

Participacdes em matérias de websites:

Participacdo matéria BBC Brasil hitps://www.bbc.com/portuguese/brasil-56824217

Participacdo matéria UOL Viva Bem:
https://www.uol.com.br/vivabem/noticias/redacao/2021/04/01/antietico-uso-de-
preso-como-cobaia-ja-foi-negado-por-d-pedro-ii-no-brasil.htm

Participacdo na Revista Selecfes Reader Digest
https://www.selecoes.com.br/saude-bem-estar/entenda-por-que-e-importante-se-
vacinar-contra-a-covid-19/

Participacdo TRT World news https://www.pri.org/stories/2021-01-05/brazilians-
flock-coast-during-height-tourist-season-while-coronavirus-cases-surge

Participacdo matéria G1 Bem Estar
https://gl.globo.com/bemestar/coronavirus/noticia/2021/01/08/teste-de-covid-19-
por-saliva-utiliza-tecnica-mais-simples-e-barata-que-o-rt-pcr-veja-perguntas-e-
respostas.ghtml

Participagéo Revista Veja https://veja.abril.com.br/blog/diario-da-vacina/a-falacia-
dos-tratamentos-precoces-contra-a-covid-19/

Participacdo Portal R7 de noticias https://noticias.r7.com/saude/se-pais-vacinar-1-
milhao-por-dia-76-teriam-uma-dose-em-5-meses-20032021

04/03/2021 Participagao IEA USP http://www.iea.usp.br/noticias/iniciativa-da-
uniao-pro-vacina-resgata-participacao-das-mulheres-na-historia-da-vacinologia

Entrevista Portal Noticias Piaui:
https://www.clubenoticias.com/noticia/12449/butanvac-saiba-mais-sobre-essa-
tecnologia-e-como-ela-pode-ser-importante-no-combate-a-covid-19

Participacdes em lives e programas de televisao:

Entrevista CBN Madrugada
https://cbn.globoradio.globo.com/media/audio/336008/sao-anuncios-que-trazem-
esperanca-mas-devem-ser-re.htm
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Entrevista Jornal da Record das 20h
https://www.youtube.com/watch?v=90QRha pXHPY

The International Journalists' Network - Webinar #33: Rumos aos 3 mil mortos por
dia: o que mais podemos fazer?
https://www.youtube.com/watch?v=ak2KGRYnPnY

Entrevista TVT Programa Central do Brasil https://www.youtube.com/watch?v=L9-
PZa6Jhe0

Entrevista Programa Cruzando Conversas RDC TV https://Inkd.in/dtT6k9F

Participacdo Radio Show Time: Oncogenética e Covid-19 - 12/03
https://soundcloud.com/radioshowtimeoficial/evening-news-12032021

Entrevista Radio Oceano FM 91.1 FM

Participagcédo Vacina Talks: UPVacina:
https://www.youtube.com/watch?v=aGt5cTAtyYY

Live IGTV Rede Andlise Covid-19 - Vacinas: uma questdo politica, mas nao
partidaria https://www.instagram.com/tv/CG3colR|jGQ/

Live IGTV Rede Andlise Covid-19 - O quéo perigosa pode ser a 22 onda da Covid-
19 https://www.instagram.com/tv/CHJejoaDNvQ/

Live IGTV Rede Anélise Covid-19 - A Covid Longa: sintomas que persistem apés
a cura https://www.instagram.com/tv/CHbgAMT|9Fw/

Live IGTV Rede Analise Covid-19 - Covid-19: Desvendando as fake news
https://www.instagram.com/tv/CHth5pPDdUx/

Live Rede Andalise Covid-19 YouTube - Dados da Pandemia: Uma verdade
inconveniente https://www.youtube.com/watch?v=XckFqlte-XY &t=2s

Live Rede Andlise Covid-19 YouTube - "Entdo é Natal!" E o que faremos para
minimizar os riscos? https://www.youtube.com/watch?v=p3TGyp6Bw6c&t=17s

Live Movimento Biotecnologia Brasil - Biologia Sintética na producdo de Farmacos
https://www.youtube.com/watch?v=3ibGJQ02g3k

Live Movimento Biotecnologia Brasil - Biologia Sintética na producdo de Vacinas
https://www.youtube.com/watch?v=KZGHfOkmoys&t=1132s
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Mesa Redonda Movimento Biotecnologia Brasil - Biologia sintética sob o olhar da
bioética: riscos, promessas e responsabilidades
https://www.youtube.com/watch?v=4RfDW4Pec k&t=2247s

Live Bem-estar Capital - Vacinacéo e Controle da Pandemia
https://www.youtube.com/watch?v=FICXxC3KKkoEI

Live Aspectos bioquimicos do novo coronavirus - Uninassau Pernambuco
https://www.instagram.com/p/CJuTU9THALI/

Live IGTV Elas na Ciéncia - Elas na Live: Covid-19
https://www.instagram.com/tv/CKfFl eHZF7/

Live IGTV Revista Com Tempo https://www.instagram.com/tv/CLAwVacpMNk/

Participacdo ZS WEB TV ljui - 15/01/2021
https://www.facebook.com/watch/live/?v=3944059018946440&ref=watch permalin
k

Participacdo ZS WEB TV ljui
https://www.facebook.com/zalmirsoaresnoticias/videos/472189493972843

Participacdo Radio Jornal Ibia
https://www.facebook.com/watch/live/?v=818980658689425&ref=watch permalink

Participagédo TV Thati Programa Ribeirdo em Movimento
https://www.facebook.com/watch/?v=459142975468238

Participacdo Manawa Radio Web: Programa Horizontes
https://www.facebook.com/568679746639413/vide0s/239428761193496

Threads no Twitter: https://threadreaderapp.com/user/laribrussa

Palestras em Eventos:

Simpaosio Académico de Biotecnologia da Uni Federal de Uberlandia - Lina Biotec
- palestrante

Conbiotec: Congresso Biotecnologia Online - palestrante

Centro Académico Barbara McClintock, da graduacéo de Biotecnologia da USP -
palestrante https://www.youtube.com/channel/lUCRQKMpSN2ovX 3bKSt2g2Gg
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ANEXOS

Prémio de produtividade do Programa de Pds-graduacdo em Genética e Biologia
Molecular da Universidade Federal do Rio Grande do Sul

1° Lugar categoria Doutorado — 2020
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