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Resumo

Introducdo. As neurofibromatoses tipo 1 (NF1) e tipo 2 (NF2)a esclerose
tuberosa (ET) sdo as genodermatoses mais comums,pgssuem potencial de
desenvolvimento de tumores benignos e malignos. $8a sindromes hereditarias com
padrdao de heranca autossdomico dominante e expdzsiyv altamente variavel,
causadas, respectivamente, por mutacfes nos gemressores tumoraldF1l, NF2 e
TSC1 ouTSC2pdos com grande numero de mutacfes diferentesitdssem bases de
dados, envolvendo rearranjos e mutacdes de pObjetivos. O objetivo deste trabalho
foi caracterizar, do ponto de vista clinico e molag ospacientes e familiarescom
diagnéstico deNF1 e NF2avaliados no Hospital dei€ds de Porto Alegre e pacientes
com diagnéstico de ETavaliados em centros da Red@hal de Cancer Familial, além
de avaliar a expresséo génica global e os procestdares em células com mutacdes
em TSCle TSC2 Resultados.Foram recrutados 93 pacientes com NF1 e 7 com NF2,
no sul do Brasil, e 53 pacientes com ET oriundog! degides do Brasil. Na analise
molecular, a frequéncia de grandes rearranjos agdes de ponto foi de 4,3 e 79,0%
emNF1; 14,3 e 29,0% emF2 e 9,0 e 81,0% eniSCle TSC2 sendo 33 variantes
novas enNFle 20 emTSCle TSC2 Correlagbes genadtipo-fenodtipo especificas para a
populacao brasileira ndo foram estabelecidas, rtasnas correlacbes previamente
descritas também foram identificadas em nosso estddtspotspara mutacdes nao
foram encontrados. Por fim, analise de processhdaoes e expressdo génica com
células mutadas e normais (com e sem rapamicinalrowoque ndo ha morte celular e
mudanca em fases de ciclo celular; entretanto, &reptes com esclerose tuberosa, a
inducéo de autofagia é muito maior do que em celetatroles apds o tratamento com
rapamicina (p=0,039)Discussdo e conclusde&ste € o primeiro estudo do Brasil a
realizar a caracterizacdo molecular completa deepges com neurofiboromatoses e
esclerose tuberosa. A caracterizacdo das variapgses pacientes € muito importante
para confirmar o diagndstico quando a clinica édhsa, para 0 acompanhamento da
doenca e a possivel prevencdo das caracteristiohssistémicas. Além disso, foi
demonstrado que a autofagia pode ser o mecanisicial ique leva a formacédo de
tumores em células com mutacdes EBC1lou TSC2.0 processo de autofagia precisa
ser estudado com mais detalhe a fim de esclareceapel desse mecanismo na
esclerose tuberosa, e, possivelemente, levar aodasterapia de alvo molecular

direcionada a via de autofagia, em conjunto cotridores de mTOR ou sozinha.



Abstract

Introduction. Neurofibromatosis type 1 (NF1) and type 2 (NF2) &mgerous
sclerosis (TSC) are the most common genodermatosts the potential to develop
benign and malignant tumors. These genodermatosdseeeditary syndromes with an
autosomal dominant inheritance pattern and higtdyiable expressivity. They are
caused, respectively, by mutations in the tumopsegsor genellF1, NF2 andTSC1
or TSC2 all with a large number of different mutations sdebed, including
rearrangements and point mutatio®$jectives. The aim of this study was to perform
clinical and molecular characterization of NF1 &dE2 patients and their relatives,
evaluated at Hospital de Clinicas of Porto Alegnel @atients diagnosed with TSC
evaluated in the Familial Cancer National Netwdrkaddition, we aimed to evaluate
the global gene expression and cellular processeslis with mutations iTSCland
TSC2 Results.Ninety-three NF1 patients and 7 NF2 patients weceuited from south
Brazil; 53 TSC patients were recruited from 4 Bliami regions. In molecular analysis,
the frequency of large rearrangements and poinataus was 4.3 and 79.0% M1,
14.3 and 29.0% iNF2, and 9.0 and 81.0% iRSC1andTSC2 with 33 new variants in
NF1 and 20 inTSC1andTSC2 Specific genotype-phenotype correlations in Biazi
population were not established, but some prewodskcribed correlations were also
identified in our study. Hotspots for mutations warot found. Finally, analysis of
cellular processes and gene expression in nornthharnated cells (with and without
rapamycin) showed that there is no cell death &aege in cell cycle phases; however,
in patients with tuberous sclerosis, the inductdrautophagy is much greater than in
control cells after treatment with rapamycin (p=3®) Discussion and conclusion.
This is the first Brazilian study to perform thengolete molecular characterization of
patients with neurofibromatoses and tuberous ssilervariant characterization in these
patients is very important to confirm diagnosis wtike clinic is doubtful, to follow
disease progress and possibly prevent the occeremultisystemic characteristics. In
addition, we showed that autophagy may be thealnitiechanism leading to tumor
formation in cells withTSC1lor TSC2mutations Autophagy needs to be studied in
more detail to clarify the role of this mechanigmtuberous sclerosis, and possibly lead
to the use of autophagy-targeted molecular theralpye or in conjunction with mTOR

inhibitors.
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1. Predispoicéo Hereditaria ao Cancer

As doencas neoplasicas em seres humanos podeneroesporadicamente (sem
uma predisposicdo familiar clara) ou menos comueneomo doencas hereditarias,
com uma predisposicdo familiar. Véarias sindromespalisposicdo ao cancer sdo
conhecidas e a causa genética ja foi identificadamaioria delas. Os tumores
relacionados a essas sindromes podem ser tantgnbenjuanto malignos e séao, na
maioria das vezes, fenotipicamente idénticos aesogorrem esporadicamente. Esses
tumores também ocorrem geralmente em idade matsnj@/em maior nimero do que
0s que ocorrem esporadicamente (Neel e Kumar, 1998)aioria das sindromes de
predisposicdo ao cancer possui padrdo de herariggsamico dominante e séo
causadas por mutacdes em genes supressores turdonaisimero muito menor dessas
sindromes € causado por mutacdes em proto-oncogenr®, por exemplo, a
neoplasia enddcrina multipla tipo 2, o cancer medda tirdide familial, o carcinoma
papilar renal hereditario e alguns casos de melantmiliar. Além dos genes
supressores tumorais e proto-oncogenes, outross gameolvidos em sindromes de

cancer hereditario sdo os genes de reparo de DAl @¢NKumar, 1993).

1.10ncogenes

Os proto-oncogenes séo reguladores da proliferagfidar e da morte celular
programada (apoptose). Quando os proto-oncogerieEmmsalgum tipo de mutacao,
passam a ser chamados de oncogenes. Os produtosadgenes, também conhecidos
como oncoproteinas, atuam como fatores de crestmesceptores de fatores de
crescimento, proteinas envolvidas na transducasirtis intracelulares e proteinas
envolvidas na apoptose(Neel e Kumar, 1993). Musebeoncogenes sdo dominantes,
resultando em ganho de funcdo das oncoproteinasda pa capacidade da célula de
controlar a proliferacéo celular.O conceito de gere foi descrito apds a descoberta
de que a integracdo de genes retrovirais em gendmasimais hospedeiros poderia
levar a formacdo de tumores (Varmus e Weinberg3)L980s seres humanos, a
oncogénese retroviral é rara; na maioria dos caso@roto-oncogenes celulares sao

ativados por mutacoes e translocacoes.
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1.2 Genes supressores tumorais

Genes supressores tumorais sao genes celularesieeamnipos os alelos precisam
ser inativados para que a oncogénese ocorra. el para a existéncia de genes
supressores tumorais veio de experiéncias de fushgar, onde a capacidade de
formacédo de tumores foi perdida depois da fusdoétidas cancerigenas com células
normais. O conceito de genes supressores de tusnate$envolvido por Knudson
através da observacdo da epidemiologia de casosetdwblastoma esporadicos
(unilaterais) e familiares (bilaterais). Neste modehamado de “hipétese de dois
eventos”, uma mutacdo de linhagem germinativa em geme supressor tumoral
(primeiro evento) é seguida por uma mutacdo somaticoutro alelo do gene em uma
célula especifica (segundo evento), resultandoatia flo produto do gene funcional
nesse tecido(Knudson, 1971).Por esse modelo, aacim# em genes supressores
tumorais sado de natureza recessiva para que adaonde tumores ocorra; porém, a
presenca da mutacdo em linhagem germinativa (apepasneiro evento) resulta em
caracteristicas fenotipicas hereditariasndo tumagae sdo dominantes. Apenas nos
tecidos em que o segundo evento somatico ocordenpaurgir tumores. A ocorréncia
de mutacdes em genes supressores tumorais em lgoswze letal em embrides,
levando a crer que esses genes tém um papel importeo desenvolvimento
embrionario, além do seu papel importante na cagéinese e progressao tumoral
(Weinberg, 1989).

1.3 Genes de reparo do DNA

O DNA do genoma humano esta constantemente amepoadatores endodgenos e
exdgenos, que podem causar mutacdes no DNA. Ryrds®rsos sistemas de reparo
de DNA se desenvolveram através de pressfes ardyiara manter a integridade do
genoma. Se mutacdes de ganho de fungéo em prodbgemes ou mutacdes de perda de
funcdo em genes supressores tumorais ndo forengidos pelos mecanismos de
reparo de DNA, o crescimento descontrolado e oergmudem surgir nessas células. Os
dois principais mecanismos de reparo de DNA saaroepor excisdo de nucleotideos e
reparo de mal-pareamento de bases. Mutacdes génasma@m genes envolvidos no
reparo por excisao de nucleotideos levam a sindraiirécas bem definidas, incluindo

0 xerodermapigmentoso. Mutacdes em genes envolwdasparo de mal-pareamento
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de bases podem resultar em sindromes de herangaashdenem que as neoplasias mais
frequentes envolvem o colon (por exemplo cancesrcethl ndo-poliposo hereditario e

sindrome de Lynch).

2. Genodermatoses

Asgenodermatosessao um grande grupode doencas émdcesy hereditariascom
manifestagcbessomente cutdneas ou cutaneas e taenbémtros 6rgaos, divididas em
varios subgruposde acordo com o tipo de herancpetas principais caracteristicas
clinicas. Instalam-se durante a concepcao por iesagspontaneas ou herdadas, porém
nem sempre se manifestam ao nascimento. Algumaslgenatoses sdo gravemente
incapacitantes ou mesmo letais, representando ormenmpacto na qualidade de vida
dos doentes e familiares, podendo causar excluséial,sdificuldade na insercao
profissional, vulnerabilidade a nivel psicologicoceltural, bem como reducdo da
expectativa de vida.Como exemplos dessas alteragigs a epidermélise bolhosa, a
ictiose,a hiperqueratose palmo-plantar, o xerodguigaentoso, asneurofiboromatoses,
a esclerose tuberosa, entre outros. Muitas dessasd#ns sao muito raras, e algumas
apresentam potencial de desenvolvimento de tummEgnos, como 0 xeroderma
pigmentoso. As neurofibromatoses tipo 1 e tipo 2 esclerose tuberosa sédo as
genodermatoses mais comuns e conhecidas como meggirmeurocutaneas, que
possuem potencial de desenvolvimento de tumoragrmne malignos, sendo portanto
sindromes de predisposicdo ao cancer. Essas méslegmatoses possuem padrdo de

heranca autossémico dominante e sdo o foco dabhp.

2.1 Neurofibromatose tipo 1

A neurofibromatose tipo 1 ou NF1 (anteriormente hsmida como
neurofioromatosede von Recklinghausenouneurofibtaseaeriférica) foi descrita em
detalhes por Von Recklinghausenem 1882, atravasndeelato de caso. A NF1 é a
genodermatose mais comum, causada por mutacoesdiede funcdo em heterozigose

no geneNF1, um gene supressor tumoral.
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2.1.1 Epidemiologia

A NF1(OMIM #162200)é uma das doencas genéticassadioicas dominantes
mais comuns, com incidéncia mundial de 1/2500 dasciivos e prevaléncia de
1/4000 (Carey, 1986), independente de sexo e ddoia. tipos de estudo também tém
avaliado a mortalidade e expectativa de vida em: dBfludos de coorte e estudos de
notificacdo de Obitos. Ambos os tipos de estudostrm@m uma diminuicdo de 8-15
anos na expectativa de vida em pacientes com Npadiiyaya e Cooper, 2012). No
Brasil, ndo ha dados sobre incidéncia, prevalémotatalidade e expectativa de vida de

pacientes com NF1.

2.1.2 Diagnéstico e Sintomatologia

O diagnostico clinico de NF1 é baseado nos crg@ediagnostico delineados pelo
National Institutes of HealtfNIH) em uma Conferéncia de Consenso em 1987 (Quadro
1) (Stumpfet al, 1988). A presenca de dois ou mais dos sintompessantados no
Quadro 1 é suficiente para o diagnostico clinicdN&é&. Os sintomas mais comuns séo
as manchas café-com-leite, neurofiboromas, nédubs.idch e efélides axilares e
inguinais. As manchas café-com-leite sdo maculas pake caracterizadas por
pigmentacdo aumentada dos queratinocitos basagamacitos. Elas possuem mais de
0,5 cm de diametro, de forma oval, e tem bordas defimidas e aumentam em namero
e tamanho conforme o avanco da idade dos paciégdserddulos de Lisch séo lesbes
benignas assintomaticas da iris, que ndo causabiepras visuais. Neurofiboromas
cutaneos sao lesdes benignas, nodulares e naosalacigs, compostas por elementos
similares aos de um nervo periférico normal (Peltogt al, 1988), mas com padréo
desorganizado, que nao sofrem transformacdo maligida os neurofibromas
plexiformes infiltram difusamente grandes nervosf@ecos e possuem composi¢ao
similar aos nervos normais, porém com uma quargiddesproporcional de matriz
extracelular. Esses tumores podem atingir tamammaoi$o grandes e podem sofrer
transformacdo maligna. Sintomas adicionais da NRdluem déficit cognitivo,
macrocefalia, leses 6sseas e baixa estaturaulddides de aprendizado ocorrem em
até 50% dos individuos com NF1 (Ferner, 2010). a&adomplica¢cdes resultantes dos
tumores e malformacdes dsseas podem surgir, induiescoliose, epilepsia e
anormalidades endocrinoldgicas. Além disso, difeentumores malignos podem

ocorrer. Essas complicacbes malignas sdo menosgefiegs, mas potencialmente a
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manifestacdo mais séria da doenca. Em geral, asnpes com NF1ltem2,7 vezes mais
risco de desenvolver cancer, com um risco cumwalier 20% em pacientes afetados
com mais de 50 anos de idade (Friedman e Birch,7)19% incidéncia
demalignidadevariaentre 4% e52% empacientes com(Wflker et al, 2006). Essas
complicacbes geralmente levam a morte prematuranddgduos e incluem sarcomas
agressivos, como os tumores malignos da bainha@s periféricos (neurofioromas
plexiformes transformados), que ocorrem em 10-16%opécientes (Upadhyaya, 2001),
feocromocitomas, rabdomiossarcomas, osteosarcol@aspiossarcomas, leucemias,
tumores cerebrais, gliomas oticos, tumores de rastrgastrointestinal, carcinomas de
mama e carcinoma medular da tiredide (Jett e Faedr010). Os tumores malignos

nao relacionados ao sistema nervoso central s&oraras.

Quadro 1. Critérios de diagnostico clinicode NF1 segunddational Institutes of Health

1 - Seis ou mais manchas café-com-leite
> de 0,5 cm no maior didmetro em individuos préepais, ou
> de 1,5 cm no maior didmetro em individuos posepails
2 - Dois ou mais neurofibromas de qualquer tipaimuneurofibromas plexiformes
3 - Efélides na regido axilar ou inguinal
4 - Glioma optico
5 - Dois ou mais nodulos de Lisch (hamartomasidg ir

6 - Lesdo Ossea distinta, como a displasia do @slerou adelgacamento do cértex dos 0ssos

longos com ou sem pseudoartrose.

7 - Familiar de primeiro grau (pai/mée, irmao/irnfitho/filha) com NF1 diagnosticado pelps

critérios acima.

NF1: presenca de dois ou mais dos critérios acima.

Aproximadamente 95% dos pacientes com NF1 podem cl@icamente
diagnosticados com os parametros estabelecidos Niélocom oito anos de idade
(DeBella et al, 2000). Entretanto, o diagnéstico de NF1 depemeleum conjunto
ligeiramente diferente de sinais nas diferentesafaetarias. Em criancas com menos de

seis anos, as manchas café-com-leite sdo o prirsgiab mais comum de NF1, e elas
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estdo presentes em 95% dos pacientes com a idabam (DeBellaet al, 2000). O
aparecimento precoce dessas manchas é muito imgopara o diagnostico. Manchas
café-com-leite isoladas ocorrem em 10-15% da pggoleem geral, e por isso sdo
muitas vezes ignoradas como um primeiro sinal dareme. Outra caracteristica
importante a ser avaliada em criancas menores e a8®s € a presenca de
neurofioromas plexiformes. Geralmente, tumores ifdexes faciais que serdo
sintomaticos se manifestam durante os primeiros aeovida (Ferneet al, 2007) e
possuem risco de transformacdo maligna ainda r@mard (Evanset al., 2002). A
displasia de ossos longos também é uma compliacke@-1 que ocorre em 3-5% dos
pacientes (Friedman e Birch, 1997) e pode tornavgiente quando a crianca aprende
a se levantar e andar, como, por exemplo, nas padtmses da tibia. Além desses
sintomas, 15% das criancas com NF1 possuem glidptas (Listernickt al, 1994).

A maioria dos gliomas Opticos aparece nos primeirass de vida, com idade média de
diagnéstico aos cinco anos de idade (Nicainal, 2009), podendo interferir na
acuidade visual e causar puberdade precoce devidtederéncia com a glandula
hipofise. Outras caracteristicas adicionais queiheser levadas em conta em criancas
com suspeita de NF1 sdo macrocefalia, déficit ¢gniescoliose e epilepsia.

Em criancas maiores de seis anos, as efélidesex#anguinais séo visiveis em
80% dos pacientes com sete anos de idade, sendo @eis no diagndstico, pois nao
ocorrem na populacdo em geral. Os nddulos de ltmtiém costumam aparecer na
idade de seis anos ou mais, e precisam ser examsipad um oftalmologista.

Em adolescentes e adultos, inicia o aparecimentoedeofibromas cutaneos.
Apesar de benignos, o nimero desses tumores poide ga poucos a mais de mil,
causando distarbios estéticos e sociais. Neurafibso subcutdneos (plexiformes)
também crescem durante a puberdade. Como essesesupumlem causar dor e tem
potencial de transformacdo maligna, deve ser feitea avaliacdo cuidadosa para
retirada cirdrgica. Estudos também mostraram quieres adultas (principalmente
abaixo dos 50 anos) possuem risco aumentado denvibbssr cancer de mama
(Madanikiaet al, 2012). O acompanhamento clinico desses paciériteslamental.

Quando o diagnostico clinico ndo € possivel e panmalidades de
aconselhamento genético, o teste molecular é até&gm mais importante para
definicdo diagnostica. Por exemplo, o diagnostieacdancas pequenas € um desafio
porque cerca de metade dos casos de NF1 espor&diogsreenchem os critérios de

diagnéstico ddNIH no primeiro ano de vida (DeBek al,, 2000). Se criangcas menores
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de seis anos com apenas um critério de diagnodechlF1 (por exemplo, manchas
café-com-leite) ndo tiverem os pais com a doenghagnostico de NF1 ndo pode ser
feito até as caracteristicas clinicas adicionasexgerem. Nesses casos, 0 diagnéstico
molecular pode ser muito Util, tanto para elimiadnipétese da doenga ou para que o
acompanhamento adequado tenha seguimento. Aindajgems casos, 0s critérios de
diagnéstico clinico diNIH podem levar a falsos diagnosticos de NF1 (por ekenas
manchas café-com-leite estdo associadas com vt sindromes além de NF1 e os
neurofiboromas subcutaneos podem ser confundidodipomas, que sdo muito comuns
na populacdo em geral). Os testes molecularesnsenaito Uteis para confirmacao
desses casos. O teste genético também tem graiidadet nos casos em que se
observa mais de um fenoétipo de sindrome genéticaredisposicdo ao cancer na
familia (por exemplo, fendétipo de NF1 em pelo memos pessoa da familia e historia
familiar importante de cancer de mama).Outro fatee complica o diagndstico clinico
de NF1 é a expressividade variavel da doenca. EanBoNF1 seja autossémica
dominante e possua penetrancia completa, a expréssatipica mostra um alto grau
de variabilidade, até mesmo em membros da mesnibgfarissa variabilidade é dificil
de explicar e pode ocorrer até mesmo em gémeokaydam o mesmo alelo causador
da doenca (Patil e Chamberlain, 2012). Nesses ,casdsstes moleculares também séo
muito Uteis. A compreensdo da biologia molecularddanca pode permitir que o
diagnostico e a terapéutica da doenca sejam melhoréuturo.

Apés o diagnostico clinico ou molecular, todos eams com NF1,
independente da idade, devem ser submetidos aénmeals avaliacdes por uma equipe
multidisciplinar para acompanhamento da progressdogravidade da doenca,
geralmente envolvendo psicologos, neurologistasnetggstas, dermatologistas,
oftalmologistas e ortopedistas. Ndo hacura parad 8lFRatualmente o tratamento é
focado namelhoria dos sintomasclinicos.Algumaggias podem ser necessarias para a
remoc¢do de neurofibromas, mas muitas vezes arentmgapleta ndo € possivel por
causa do tamanho e caracteristicas infiltrativasgde que muitos pacientes tém lesdes
nervosas e hemorragias durante as cirurgias (FRradh 2012). Como resultado dos
avancos na compreensdao da NF1, uma série de estedestes tém avaliado o
potencial terapéutico de drogas de alvo molecuwazamtrole das neoplasias associadas
a essa doenca. A maioria destes estudos estaanése pré-clinica (estudwsvitro
ou em modelos animais) embora alguns resultaddsatlemento em séries de casos

esteja disponivel (Ardern-Holmes e North, 2011; ¥apl, 2014). Essas novas terapias
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para tumores associados a NF1 podem ser agrupaddsrapias alvo das vias de
sinalizacdo afetadas ou terapias que tem como alwstromado microambiente
tumoral. Mais adiante, quando a via de sinalizag@mlvida na NF1 for apresentada,
algumas abordagens de tratamento envolvendo essan@o brevemente discutidas.

2.1.2 O geneNF1e a proteina neurofiboromina

O geneNF1é um gene supressor tumoral que foi identificaddoaado em 1990
(Cawthonet al, 1990), abrange 289.701pb e esta localizado emassomo humano
17g11.2, sendo um dos maiores genes do genoma bumaequéncia gendmica do
NCBI (NG_009018.1) inicia 4951pb a montante doosdée inicio da transcricdo e
5334pb a montante do sitio de inicio de traducad@xom 1, com uma regiao 5 nao
traduzida @nstranslated region — UTRle 484pb. Essa regido anterior ao sitio de inicio
de transcricdo e traducdo compreende uma regidoopoca, que possui uma classica
ilha CpG que se estende do promotor até aproximat@nl00pb do éxon 1. Essas
ilhas CpG devem estar envolvidas na regulacdo gmessao génica dBlF1l. O
promotor deNF1ndo possui regides TATA ou CCAAT e ainda é umaagiouco
estudada.

O geneNF1 possui 57 éxons consitutivos (sequéncia do NCBI_RN00267.3),
além de trés pequenos éxons que sofrem processamigrnativo (9a, 23a e 48a,
baseado na nomenclatura inicial; e, com base n&mdatura atual, eles estio entre os
éxons 11 e 12 (9a), éxon 31 (23a) e entre os é&Ors57 (48a), respectivamente). O
transcrito que contém o éxon 31 (NM_001042492.2spo12359pb que codificam
uma proteina de 2818 aminoacidos, chamada newuwfiba.As duas principais
isoformas da proteina neurofiboromina sao as isaerhre Il. A neurofibromina tipo | é
codificada pelo transcrito que contém o éxon 3bsspi atividade reguladora de Ras
mais fraca. Essa isoforma é expressa principalmentecélulas de Schwann, e é
essencial para o aprendizado e memoéria em ratasg€al, 2001). A neurofibromina
tipo 1l n&o possui 0 éxon 31 (NM_000267.3), € egpacpredominantemente no cérebro
com alta atividade de regulacdo de Ras nas céWraterseret al, 1993).A proporcao
entre a expressédo das isoformas | e Il parecervanatecidos tumorais, sendo a
expressédo da isoforma | aumentada (lyesigak, 1990). O éxon 31 esta dentro de um
dos dominios funcionais da proteina, por isso sligia muda o nivel de atividade da

proteina. A inclusdo desse éxon € finamente regulath diferentes tecidos.
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InformacgBes sobre outras isoformas de neurofibsi&i@ limitadas. As neurofibrinas
tipos Il e 1V, que contém o éxon 48a e ambos @néxX3a e 48a, respectivamente, sao
expressas em musculos cardiacos e esqueléticoseeepa ser essenciais para o
desenvolvimento muscular (Branmaral, 1994; Gutmanret al, 1995). A adi¢do do
éxon alternativo entre os éxon 11 e 12 parecexstustva do sistema nervoso central e
nao afeta a funcao da proteina (Dangtadl, 1995).

Ainda, existem 13 duplicacdes parciais @1 em outros cromossomos
(pseudogenes), com evidéncias de transcricatonodo cromossomo 2, 15 e 21 (éu
al., 2005). Esses transcritos de pseudogenes poderferir na analise molecular de
NF1. Além disso, exitem trés genes dentro do intram @bmenclatura tradicional) do
geneNF1:EVI2B, EVI2A(sitios de integracao virais ecotropicos)EIG (glicoproteina
oligodendrocitica-mielina), codificados na fita spppdeNF1. A Figura 1A mostra de
forma esquematica os 58 éxons da isoforma maisaldegNF1 e os pequenos éxons
gue sofrem processamento alternativo. A regido BUWD gene compreende 3522pb
dentro do éxon 58 e possui dois sitios de polidagio principais, que geram um
transcrito maior e um menor. Essa regido também foAanuito estudada, mas
provavelmente possui muitas sequéncias de reguldgdexpressdo dNF1. Até o
momento, ha evidéncia de apenas um codon de iacde traducdo de NF1.

Na figura 1B estdo representados os dominios foaoda neurofibromina. Essa
proteina possui massa molecular de aproximadam@8@i#&kDa e é expressa
constitutivamente e em niveis mais altos no sisteemaoso central, especialmente em
neurdnios, astrocitos, oligodendrocitos e célumSdnwann (Nordlundt al, 1993). A
neurofibromina parece controlar diversos procesgoscelulares, sendo um deles a via
RAS (rat sarcomajadenosina ciclica monofosfato, responsavel pelotrale da
proliferacdo celular e ativacdo dos genes supressde tumor. Essa funcédo €
atribuidaprincipalmente a uma pequena regido desdraroteina que compreende 360
aminoacidos codificados pelos éxons 28 a 35 (20R2%zomenclatura tradicional). Esta
regido possui alta homologia de sequéncia e esrwtom o dominio catalitico da
GTPase activating protein (GARle mamiferos e com os produtos dos geéRéd e
IRA 2de leveduras (Xet al.,1990) e € chamada de dominio relaciona@A& (NF1-
GRD). A ligacdo do nucleotideo guanina a proteidés Rnedeia faz a mediacdo da
transducao de sinal que regula o crescimento celuldgacéo de guanosina trifosfato
(GTP) ativa a sinalizacdo, enquanto a hidrolisa pgaranosina difosfato (GDP) cessa o

sinal (Barbacid, 1987). A regulacdo negativa doogeoeRas pela neurofibromina
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impede a ativacao das vias de MAPK e PI3K/Akt/mT@Rponsaveis pelo controle da
proliferacéo celular, sintese de DNA, apoptose ragip, crescimento e diferenciacao
celulares, como demonstrado na Figura 2 (Maetimal, 1990; Ballesteet al, 1990;
Bollag et al, 1991). Como a conservagdo evolutivaNiel ndo € confinada a esse
dominio Ras-GAP, a funcdo Ras-GAP da neurofibrormpoge ser reforcada por outros
dominios, como, por exemplo, pela fosforilacdo dmhio rico em cisteinas (CSRD)
codificado pelos éxons 16 a 23 (Figura 1B). A nBoromina também parece se ligar a
caveolina-1, uma proteina de membrana que regulécoias de sinalizagdo como
p2lras, proteina quinase C e receptores de fadleresescimento. A formacdo de um
complexo NF1-caveolina modula as vias de p2lras/KIBRPI3K/Akt, controlando a
proliferacéo e diferenciagao celular (Boyanapetlial, 2006).

Além dos mecanismos de supressdo tumoral envolv&a) ha varios outros
mecanismos propostos para a atividade de supresséoral da proteina. A
neurofibromina também € uma reguladora positivardama adenilato ciclase, que gera
o AMP ciclico intracelular, o qual é muito importarpara a memoaria e aprendizado,
bem como possui atividade supressora tumoral (Teingl., 2002). O papel da
neurofibromina na motilidade celular € importand® 136 para a funcado dos neurdnios,
mas também contribui para sua atividade de supreégsé@oral, através da regulacdo da
dindmica e reorganizacao dos filamentos de acttapa Rho-ROCK-LIMK2-cofillin.

A falta de neurofibrina altera a organizacdo doestueleto de actina, promove a
motilidade celular, capacidade de invasdo e adesfdola-célula, resultando na
formacédo de grandes agregados de células. Isto Ilpede a formacado dos multiplos
neurofibromas em pacientes com NF1, os quais denside agregados de varios tipos
de células, incluindo as células de Schwann, fibstbs, células endoteliais e
mastécitos em excessiva matriz extracelular (Ozewval, 2005). Ainda, também ha
dados que sugerem que a neurofiboromina esta edwolwa transicdo epitélio-

mesenquimal, implicada na tumorigénese e mestastase
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Figura 1. Esquema do transcrito e proteina de NFA. Esquema do transcrito maior d&-1 (NM_001042492.2 que codifica a isoforma | de
neurofibromina, com 12359pboem todos 0s 57 éxons constituti em rosae o éxon 31 que esta incluido nesse transcritoegmalh, representados em
tamanho proporcional animero de bases de cada ée nomeados de acordo com a homenclatura atuak@aiséxons representados em vermelho sof

processamento alternativogeram outras isoformas da prot. B. Esquema representando a proteina neurofibrominasems domilos funcionais e os

respectivos éxons que codificam cada dombeioinios da neurofibromina: dominio CSRD cystein and serine rich domain); dominio TBD (tubulin binding domain); dominio

GRD (dominio responsavel pela interagdo com Ras @hlise de GTP); dcminio Sec14-PH lipartite lipid binding domain); NLS (nuclear localization sequence).
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O tratamento de NF1, como mencionado anteriormeat®polve a retirada
cirdrgica de tumores e acompanhamento dos sintoflsasomplicacfes associadas as
cirurgias e a baixa qualidade de vida dos pacidntes necessario o desenvolvimento
de terapias de alvo molecular. Tendo como alvatromes dos tumores, alguns estudos
clinicos em pacientes com NF1 ja foram feitos zaitido talidomida, acido cisretindico
e interferornu-2b e mostraram controlar de forma limitada a ag@mese e diferenciacao
em neurofiboromas plexiformes (Gup& al, 2003; Jakacket al, 2011). Ensaios
iniciais utilizando pirfenidona, uma droga antiiica que tem como alvo as
contribuicbes do estroma, mostraram resultados las®si em neurofiboromas
plexiformes (Babovic-Vuksanoviet al, 2007). A Figura 2 mostra alguns alvos
terapéuticos possiveis na via de NF1, que forantoeagios em alguns estudos pré-
clinicos recentes. Um exemplo € a farnesilacdo de, Rue é essencial para a
translocacdo de Ras até a membrana. A atividadipitiEnib, um inibidor da farnesil
transferase, foi avaliada em um estudo de fasarltamores plexiformes; ndo houve
regressdo dos tumores mas a doenca ficou estavdtif\nnet al, 2006). Da mesma
forma, os resultados de um estudo de fase 2 erarpasicom neurofiboroma plexiforme
utilizando sirolimus, um inibidor de mTOR&Gmmalian target of rapamygin ndo
mostrou regressao das lesdes, mas estabilizowgeepsdio tumoral (Weit al, 2014).
Estudos clinicos utilizando o everolimus, um indside mTOR mais recente, estdo em
andamento (http:// www.clinicaltrials.gov). Estudaesm sorafenib(um inibidor de
guinase) ndo mostraram resposta antitumoral endastde faselem criancas com
tumores plexiformes (Kiret al, 2013).

A maioria dos estudos em NF1 ainda esta em faselipiéa. Ha dados que
suportam a atividade de inibidores de MEK (PD032%%®n camundongos e inibidores
da farnesilacdo de Ras, sirolimus, everolimus leidores de PI3K/Akt em linhagens
celulares derivadas de tumores malignos de baiame/o periférico de pacientes com
NF1 (Johanssoet al, 2008; Zowet al, 2009; Endeet al, 2013). O uso de erlotinib, um
inibidor do receptor de fator de crescimento epitdEGFR), junto com everolimus,
inibiu o crescimento e induziu a apoptose em liehagde tumores malignos da bainha
de nervos periféricos derivados de NF1 (Johanssat, 2008). Inibidores de PAK1
também mostraram eficacia em camundongos e dimmuds tumores malignos da
bainha de nervos periféricos e tumores de mamaieietfes de NF1 (Hirokawat al,
2006; Hirokawaet al, 2007). Combinacbes de drogas podem ser superiare

monoterapia.
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Figura 2. O papel da neurofibrina na via Ras Receptores acoplados a protein:
(GPCR) e receptores de tirosina quinases (RTKshdp ativados por seus ligantes, promo
adicdo de nucleotideo a guanina e a formido complexo ativado R&STP. A neurofibromini
inativa Ras através da aceleracdo da conversdoae-GTP ativo para R-GDP inativo,
atividade realizada pelo dominio GRD da proteina hdrolisa GTP. Consequentementt
neurofibromina suprime a ativacdo efetores da via Ras, incluindo PI3K, Akt, mTOR,
guinase e RAF, MEK, ERK e Rac. Todas essas vigsglam crescimento, proliferacac
migracédo celular. Aeurofibromina também interage com os microtubatoavés do domini
TBD, influenciando na memdé e aprendizado. Também estdo representados na fig
principais alvos terapéuticos que estdo sendo &dtgdoara tratamento de tumores associa
NF1. RTKs = receptores de tirosina quinases. Grb2 = reptor de fator de crescimento
SOS = homdélogo do genBrosophila son of Sevenless em mamiferos. RAS = homdlogo d
rat sarcoma viral oncogene. GDP = guanosina difosfato. GTP= guanosina trifoafo. RAF =
homologo do murine sarcoma viral oncogene. MEK = MAPK- ERK quinase. PI3K =
fosfatidilinositol-3 quinase. AKT = homologo do V-akt murine thymoma viral oncogene.
MTOR = mammalian target of rapamycin. Racl =Ras-related C3 botulinum toxin substrate
1. PAK1 = P21-Activated Kinase.
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2.1.3 Mutacbes no gene NF1 e correlagbes gendtipo-femotip

Como a NF1 é causada por mutacdes no gene suptessmalNF1, para que 0s
tumores benignos ou malignos associados a doemagacam € necessaria a inativacdo
dos dois alelos dd\F1, levando a inativacdo funcional total da neurofribbzam
seguindo o modelo de dois eventos descrito por Bonu@1971).0 primeiro eventoé a
mutacdo germinativa hereditdria eo segundo eventgsomatico. Ha mudltiplos
mecanismos possiveis para a inativacdo somatiedetn selvagem dbBlF1, incluindo
perda de heterozigosidade, mutacdo e metilacdoraaator. E possivel que outros
mecanismos ocorram, como o silenciamento epigenétiediado por micro-RNAs.
Esses mecanismos também podem afetar outros germesrdossomo 17, que incluem
0 gene supressor tumorEP53 bem como os genétER2, TOP2ASTAT3e BRCAl o
gue ajuda na progressao de tumores.

O geneNF1 possui uma alta taxa de mutacéo, estimada ewt&,6,10' e 3-5.1C,
que é 10-100 vezes maior que para outros genesnbsnassociados a doencas.Ja
foram identificadas 2223 mutacg0Oes diferentes n@ b1, descritas no banco de dados
The Human Gene Mutation DatabagelGMD - http://www.hgmd.cf.ac.uk), que
descreve tanto mutacdes somaticas quanto gernaeatissas mutacdes sao de varios
tipos, envolvendo desde mutagBes de ponto até egaddlecbes e rearranjos que
envolvem milhares de bases (Tabela 1). A maiorsardatacOes dBIF1 sdo mutacdes
pequenas (85-90%), como substituicbes de uma Umasa, pequenas insercdes e
pequenas delecbes. Outras mutacdes sédo delecdeplmacdes de um ou mais éxons
(2%) e microdelecdes que englobam todo deR& e genes adjacentes (5-10%). Além
disso, rearranjos complexos ocorrem em menor freqaé0.4%).

Genes supressores tumorais exibem uma grande dadetide mutacdes sem
sentido, o que também ocorre comBl (54% das mutacOes de substituicdo de Unica
base na regido codificadora NE&1 sdo sem sentido) (Moet al, 2008). Muitas dessas
mutacdes sem sentido estdo localizadas em nudesti€pG, umhotspot para
mutacdes devido a desaminacao de citosinas. Esskeptideos CpG estéo distribuidos
ao longo de todo gendF1 e por isso ndao ha uma regido especifica do gengquem

essas mutag(”)es ocorrem.
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Tabela 1 Mutacgbes descritas no geNé1 no banco de dados HGMDO e Human

Mutation Databasge Acesso em junho/2016.

Tipo de mutagéo Numero de mutacdes diferentes
Sentido trocado/ sem sentido 672
Sitios de processamento 395
Pequenas delecdes 544
Pequenas insercdes 269
Indel 41
Grandes delecdes 248
Grandes insercdes 38
Rearranjos complexos 16
Total 2223

O genoma humano possui varias sequéncias paraoggeneNF1(pseudogenes)
que podem, a principio, ser capazes de introdumtagdes enmNF1 via conversdo
génica (Yuet al, 2005). Essas sequéncias divergiram do dgeR& parental em
multiplos locais e possuem um grande namero deagfies genéticas que podem ser
introduzidas por conversdo génica. Pelo menos mowtacdes de sentido trocado
conhecidas podem ter sido introduzidad\tkl através de conversdo génica (Casbla
al., 2012).

As mutacdes em sitios de processamento de RNAGgmarem uma alta proporcéo
no geneNF1 (pelo menos 20%), 0 que parece ser consequéngeadde tamanho do
gene, com 60 introns. Além das mutac¢des nos slggsrocessamento, mutacdes mais
distantes nos introns podem impactar o processantenRNA mensageiro e causar a
doenca. Essas mutacfes podem causar impactos difettentes no fenotipo clinico.
Fernandez-Rodriguez e colegas (2011) reportaram motacao intrbnica eniNF1
(c.3198-314G > A) associada a um fendétipo relatemte benigno, provavelmente
devido a geracdo de alguns transcritos com pratesga correto. Algumas mutacdes
também podem alterar os reforcadores de sitiosrdeegsamento, que podem se

localizar tanto nos introns como nos éxons, e estascdes sdo pouco estudadas. E
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dificil saber o efeito de mutacdes que podem levamclusdo de um éxon criptico,
criacao de novos sitios de processamento e alterexsreforcadores desses sitios.

Considerando as regifes regulatériasNfel (promotor, 5’UTR e 3'UTR) por
enquanto, ainda ndo ha mutagcBes descritas. Apesaaver um grande numero de
elementos funcionais na regido proxima ao promd®MNF1l, nenhuma alteracao
genética patogénica envolvendo 987pb do promotda eegido 5° UTR do gene foi
encontrada (Osboret al, 2000; Horaret al, 2004). Entretanto, em 1993, Bernards e
colegas compararam o cDNA d&1 de camundongos com o transcrito humano e
encontraram que as regides nao traduzidas saoealtarmonservadas, assim como as
regides codificantes. Por isso, embora ndo existamacdes patogénicas descritas
nessas regides, € possivel que elas estejam mesertausem doenca. Até mesmo
polimorfismos existentes nessa regido podem sefficartbres de fenétipo de NF1.

Pequenas delecbes, pequenas insercdes e indaspmrdem a 31%, 15% e 2,5%
das mutacbes no gerdFl, respectivamente. A maioria das pequenas deleedes
insercbes ocorrem dentro de intervalos de repetiedmononucleotidicos (Rodenhiser
et al, 1997) e sdo potencialmente explicadas pelozdesénto da polimerase durante a
replicacdo, envolvendo a delecdo ou adicdo de otidems na repeticdo. Mutacdes
recorrentes em alguns codons de NF1 estdo asseaadase tipo de mutacdo (por
exemplo, codons 76, 1303 e 1818).

Quanto as mutagcBes maiores envolveNdd, apenas um exemplo de duplicacao
total do genédNF1 e mais 12 genes adjacentes foi descrito até o monper Grisart e
colegas (2008). Outro exemplo de mutacdo grand&Einé a inativacéo insercional
envolvendoelementa&lu por retrotransposicao, que abrangem 0,4% das fregagm
NF1 Essas inser¢des podem ocorrer dentro de um &eabderg et al.,2011) ou em um
intron de NF1 (Wallace et al., 1991), preferencialmente em regides ricas em A-T
(Wallace et al., 1991).Translocacdes que rompem o g&el também ja foram
descritas (Viskochilet al, 1990; Kehrer-Sawatzket al, 1997), principalmente
envolvendo os cromossomos 17 e 22 t(17;22), benodorersées que envolvem o
geneNF1 (Asamoahet al, 1995). Esses rearranjos complexos sdo as mstagéeos
frequentes elF1 (HGMD).

Um tipo de alteracdo génica que merece destaguerdnsao as microdelecdes. O
tipo mais comum de microdele¢cdo recorrente MiR1 € a microdelegéo tipo 1, que
abrange 1.4Mb. Essa microdelecdo esta associadaac@erda de 14 genes que

codificam proteinas, incluindo dNF1, e dois genes de microRNAIMIR365-
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2eMIR1939 (Figura 3). A maior parte dessas delecbes € Hardia linhagem
germinativa materna (Upadhyagtal.,1998), com pontos de quebra entre duas regidoes
de Low Copy Repeatd CR) que sadotspotspara a recombinacdo homodloga néo-
alélica meidtica, chamadas NF1-REPa e NF1-REPcs(boeret al, 2000). Os estudos
com grandes séries de casos de NF1 mostram qué%O0dhas microdelecbes
causadoras da doenca sao do tipo 1 (Messiaain 2011; Pasmargt al, 2010).

As microdelec¢des do tipo 2 englobam 1.2Mb e s&ocessas com a perda de 13
genes, incluindd\NF1. Os seus pontos de quebra estdo localizados deatrgene
SUZ12 e dentro do pseudogene dBUZ12 respectivamente, que flanqueiam
imediatamente as NF1-REPs A e C (Figura 3). Epsede microdelecdo é encontrada
menos frequentemente que a do tipo 1, com apenr28%Qlas microdele¢des sendo do
tipo 2 (Messiaeret al, 2011). Tanto as dele¢cdes do tipo 1 como as dv 2isao
recorrentes porque os pontos de quebra dessas@asite pacientes néo relacionados
estdo localizados na mesma regidao. Um terceiro tipomicrodelecdo recorrente
também ocorre, a do tipo 3, que tem pontos de quedmacterizados entre as regides
LCR NF1-REP B e NF1-REP C (Pasmattal, 2010). Esse tipo de microdelecao
abrange 1.0Mb e 9 genes codificantes (Figura 3pen&nos frequente, contando com
apenas 1.4-4 % de todas as microdeleco®s-dgPasmantet al.,2010). Além desses
trés tipos de microdelecdes recorrentes, delegigsas deNF1 tém sido descritas e
nao possuem pontos de quebra recorrentes, semtiEntpo heterogéneas em termos de
tamanho, posicdo dos pontos de quebra e numererds ¢pcalizados dentro da regido
deletada. Aproximadamente 8-10% das microdelegd®-d sdo atipicas (Pasmaeit
al., 2010).

A recombinacdo homologa néo-alélica é o mecanismoodorréncia das
microdelecdes recorrentes do tipo 1, 2 e 3. Esssammno utiliza um molde n&o
alélico, mas muito similar, para reparar quebrafitde duplas no DNA (Sasakt al,
2010). Durante a meiose ou mitose, a recombinagawloga € um mecanismo preciso
de reparo de lesbes de dupla fita no DNA; entretardgides cromossdmicas que
possuem multiplas sequéncias duplicadas, comoi@ordg gendF1, sdo propensas a
sofrerem rearranjos mediados pela recombinacdo lbgamo Entre as sequéncias
duplicadas localizadas perto do géiiel, estdo as regibes LCRs (NF1-REPS), que séao
regides repetidas de varias subunidades de segefmaialogas (Figura 3). NF1-REPs
A e C contém sequéncias paralogas muito similaseto@alizadas no cromossomo

19p13.12, derivadas do gebhPHNL1 (Forbeset al, 2004).0Outro grupo de sequéncias
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localizadas nas trés NF1-REPs s&o sopias de psnedo gene funcioneRRC37B

0 qual estéa localizado dentro da NF1-REPc. Alémajias NF1-REPs A e B possuem
fragmentos de pseudogenes do geMiJRF2(Figura 3). A homologia entre algumas
dessas sequéncias paralogas excede 95%, o quen@umtc com a distancia dessas
sequéncias, permite o pareamento ectopico e reocagém homodloga nao-alélica entre
elas. Enquanto as microdelecdes dos tipos 1 e,haamaioria, de origem meidtica, a
maioria das microdele¢fes do tipo 2 ocorrem durantiesenvolvimento embrionario
(antes da gastrulacéo) e sdo mediadas pela recagdbifmomédloga ndo-alélica mitética
(Roehl et al, 2012). Por isso, esse tipo de microdelecdo pedeassociado com
mosaicismo em NF1. Os mecanismos que levam a octaré&as microdelecdes
atipicas sdo menos conhecidos. Poucas mutacdestigessveram os pontos de quebra
caracterizados a nivel molecular. Parece que @gude extremidades ndo-homaologa é

0 mecanismo principal de ocorréncia dessas miceqdes.

NF1-REPa NF1-REPb NF1-REPc
17 cen R — D — — 17tel
MRRCITEFL®  LaTADs LADAP2 LDPRXPE™  NFI Lgye  “RABIIFPA LMRIS3o LCLUPRF irrcaze
Lsuzize® L 7eem Levize MiR3ss-2 U??LE
Letrs LanF135 b2 suEL2
L10Ce46013* Lakaps®

} 1.4 Mb - Delecio tipo 1 :

I 1.2 Mb - Delegdo tipo 2 |

F——— 1omb-Deleciotipn 3 i

Figura 3. Representacdo esquematica da regido dongeNF 1. As posicOes relativas das trés
NF1-REPs estdo indicadas, bem como os genes @ddik localizados na regido (barras
verdes) e os dois genes de micro-RNAs (MIR365-2 EBHR193a), mostrados em barras
vermelhas. Os tamanhos relativos das microdeletjpesl, tipo 2 e tipo 3 também estdo

demonstrados. Adaptado de Upadhyaya e Cooper, 2012.

Todas as mutacdes descritas acima, com seus d#ereanecanismos de

ocorréncia, podem ser herdadas ou ocorrer esparadite em casos de NF1. Nos
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casos de NF1 familiar, a mutacdo € herdada de um phs; entretanto,
aproximadamente 50% dos casos de NF1 sdo esp@@licausados por mutac@hks
novo em NF1 (Evanset al., 2010). Uma porcdo dessas mutag@esovoé somatica,
resultando em mosaicismo. O mosaicismo pode sefestari de maneira localizada ou
como NF1 segmentar, caracterizada por sinais de éfrlapenas algumas areas do
corpo. O mosaicismo da linhagem germinativa pasecaaro em NF1, jA que poucas
familias com mais de uma crianca afetada que rexscde pais ndo afetados foram
descritas (Lazaret al, 1994). JA& na NF1 segmentar, 0 evento mutacipagdce
ocorrer em uma fase mais tardia do desenvolvimentbrionario, o que explicaria o
fendtipo observado em apenas um segmento espeddicorpo, como, por exemplo,
em apenas metade do corpo. A NF1 segmentar éaama,prevaléncia estimada 15
vezes menor que a de NF1 (Listerniek al. 2003). Os casos de NF1 segmentar
necessitam de analise molecular, especialmentedquambém ha indicios de tracos
nao associados a NF1.

A anadlise de mutacbes no geN€1l tem sido considerada muito complexa pelo
grande tamanho do gene, presenca de multiplos pgeneds com alta homologia de
sequéncia, a falta deotspotspara mutacfes e o espectro mutacional complexo da
doenca, incluindo muta¢des ndo usuais em sitipgsatessamento de RNA mensageiro
(p.ex. mutacbes que afetam os reforcadores de gmaTento). Até o momento,
mutacdes emNF1tém sido detectadas com a utilizacdo de combinai@éscnicas que
consomem tempo, sdo trabalhosas e caras. Com ameuntg de tecnologias de
sequenciamento de nova geracao, o diagnostico uatere NF1 pode se tornar mais
facil, inclusive na detec¢do de mosaicismos. Algymgpos ja iniciaram a validacdo de
métodos de nova geracdo no diagnostico molecul&tFde A Tabela 2 mostra alguns

estudos que avaliaram mutacdes germinativas engEueNFlem diferentes paises.
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Tabela 2.Tipo e frequéncia de mutacdes germinativas no brieem alguns estudos de séries de casos em difepapemcdes do mundo.

MutagGes de ponto

Pequenos

Grandes

Mutag8es em sitios de Pacientes sem

Populagéo N - - . ~ Métodos utilizados Referéncia
(missense/nonsense)  rearranjos rearranjos processamento mutacéo

Europa
Franca 565 NA NA 22 NA - MLPA, aCGH Imbaed al,, 2015
Eslovaquia 108 10/11 33 2 14 8 cDNA sequencing, MLP  Nemethoveet al, 2013
Hungria 7 3/1 0 NA 0 3 NGS - lon Torrent Ballaet al, 2014
Reino Unido 169 16/30 30 18 15 60 FISH, DHPLC, MLPA Griffiths et al, 2007
Bélgica 67 6/25 12 2 19 3 PTT, FISH, Southern blot  Messiaeret al, 2000
Espanha 56 3/17 27 6 0 3 RT-PCR, DHPLC, MLPA Vatdral, 2011
Holanda 1985 115/346 423 62 232 807 FISH, SSCR/Sanger, yan Minkelenet al, 2013
Franca 279 28/70 70 20 58 33 NGS - lon Torrent Raset al, 2014
Alemanha 521 29/84 140 - 25 243 PTT, TGGE, Sanger ahséldet al, 2000
Asia
Japéo 86 13/30 19 10 8 6 NGS - lllumina Maruokaet al, 2014
China 100 12/21 28 13 15 11 MLPA, Sanger Zhengl, 2015
Coréia do Sul 60 12/18 7 4 11 8 RT-PCR, MLPA, FISH Min Ko et al, 2013
Taiwan 107 11/20 23 5 9 39 DHPLC, RT-PCR, Sanger edtal, 2006

MLPA = Multiplex Ligation-dependent Probe Amplifitan; aCGH = array Comparative Genomic HybridizatilNGS = Next generation Sequencing; FISH = Flumesin situ Hybridization; PTT = Protein

Truncation test; DHPLC = Denaturing High Performahajuid Chromatography;SSCP = Single Strand Condétion Polymorphism; TGGE = Temperature-GradiertEkectrophoresis; NA = N&o avaliado.
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Além dos estudos que avaliaram a presenca de nestagérminativas
utilizando amostras de sangue dos pacientes, rdostrea Tabela 2, diversos estudos
também avaliaram a presenca de mutacfes somaticaaneores de pacientes com
NF1. Os estudos de séries de casos com ambosossdipmateriais sdo realizados
principalmente na Europa, como podemos observadet®ccdo de mutacdes pelos
diferentes grupos de estudo utiliza combinacdesdiflerentes técnicas, para que
diferentes tipos de mutacdes possam ser detectddés. grupos ja realizaram a
validacdo do sequenciamento de nova geracao pala W utilizando a tecnologia
lllumina e dois utilizando a tecnologian Torrent Por fim, podemos observar que
todos os tipos de mutacédo séo detectados nasndéderpopulacdes, desde mutagcdes de
ponto até grandes rearranjos. Uma analise de urmormamero de estudos (HGMD)
mostra que essas mutagdes ndo ocorrem enmaigpot,como esperado. Todos 0s
exons deNF1 possuem pelo menos uma alteracéo descrita.

Poucos estudos investigaram correlacoes gendipatipo emNF1 até o
momento e dados adicionais de séries de caso$edendés paises sdo necessarios para
verificar a utilidade do teste genético na predigadendtipo. Apenas trés correlagdes
claras tém sido observadas entre alelos mutantéisyteres e os fenotipos clinicos
consistentes. Primeiro, pacientes que possuem delegbes de€F1possuem sintomas
mais graves do que 0s que possuem mutacdes intagéimcluindo grande nimero e
aparecimento precoce de neurofiboromas cutaneogmahdades cognitivas mais
frequentes e mais graves do que a meédia, maos grgédes, caracteristicas faciais
dismorficas, malformacdes cardiovasculares e maaaéncia de tumores malignos da
bainha dos nervos periféricos (Mautredr al, 2010; Pasmaneét al, 2011). Esses
sintomas podem estar associados aos outros gdetsdds nesses casos, 0 que ainda é
pouco estudado. As outras duas correlacdes deseriteolvem uma delecéo de 3pb na
extremidade do éxon 17 que confere menor risccedertvolvimento de neurofibromas
cutaneos ou plexiformes (Upadhyastaal., 2007) e os individuos com a duplicacdo de
todo o locusNF1, que ndo tém o fendtipo NF1 classico, mas podenddciéncia
mental e convulsbes (Grisaet al, 2008). Além disso, Alkindy e colegas (2012)
encontraram uma possivel quarta correlacdo genf#lipipo, com pacientes que
possuem mutacdes em sitios de processamento dprekenuma tendéncia a
desenvolverem gliomas e tumores malignos da bailthaervos periféricos. Sharif
ecolegas (2011) também encontraram uma tendénsigpacientes que apresentam

gliomas da via optica possuirem mutacfes na pramteirca parte do gengF1A
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extrema variabilidade clinica de NF1 sugere queewntos aleatorios sdo também
importantes na determinacdo do fenétipo dos indasdafetados.E provavel que a
variabilidade clinica de NF1 resulte de uma condfinade fatores genéticos, como
alteracbes nao patogénicas e polimorfismos no ¢k ou em outros genes que
possam influenciar no fendtipo, além de fatoresiantais. Tal complexidade torna a

correlacéo genatipo-fenétipo dificil.

2.2 Neurofibromatose tipo 2

A neurofiboromatose tipo 2 ouNF2 (anteriormente @midla como
neurofibromatosecentral) € o tipo de neurofibromatmmenos comum, causado por
mutacdes de perda de fungdo em heterozigose nd\feheim gene que também atua

COmO um supressor tumoral.

2.2.1 Epidemiologia

A NF2 (OMIM #101000) € em torno de 10 vezes maia cpe a NF1, afeta ambos
0S sexos e todas as etnias. Ha apenas dois espdi@nioldgicos em NF2: um na
Inglaterra (Evanset al, 1992a) e um na Finlandia (Antinheingd al, 2000). A
incidéncia de NF2 foi inicialmente reportada em3148.000 individuos em uma
populacdo de 4 milhdes de ingleses. A prevaléreidognca € bem menor (1:200.000),
mas aumentou para 1:60.000 devido ao diagnostiecope e melhora no tratamento.
Uma incidéncia de 1:87.410 foi reportada em umaujagdo de 1,7 milhdes de
individuos da Finlandia. Os primeiros sinais dangaeaparecemna segunda ou terceira
década de vida, e a média de sobrevivéncia ap@gndstico é de 15 anos. No Brasil,
nao ha dados sobre incidéncia, prevaléncia, mdeiddi e expectativa de vida de

pacientes com NF2.

2.2.2 Sintomatologia e diagnéstico

O diagnéstico clinico de NF2 é baseado nos crig@@diagnostico delineados pelo
NIH na mesma Conferéncia de Consenso que definiutédas de diagndstico clinico
para NF1 em 1987 (Quadro 2) (Stumef al, 1988).Pacientes com NF2 tém
predisposicdo a desenvolver mudltiplos tumores m@signcluindo schwannomas,

meningiomas e ependimomas. Embora esses tumoass bejtologicamente benignos,
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a sua localizacdo anatbmicatorna o manejo dificibse pacientes sofremgrande
morbidade emortalidade.Evans e colegas (1992a,b1892992c) descreveram duas
formas de NF2. A forma mais grave é diagnosticadaidade mais jovem com
multiplos tumores que se tornam rapidamente agessia forma mais leve, com

diagnéstico em idade tardia € limitada ao aparetionge schwannomas vestibulares.

Quadro 2. Critérios de diagnostico clinico de NF2 segundiational Institutes of Health

1 — Massas bilaterais do oitavo nervo vistas coomitds de imagem apropriadas (ex:
tomografia ou ressonancia magnética), ou
2 — Um familiar de primeiro grau com NF2 e ainda
1. Massa unilateral no oitavo nervo, ou
2. Dois dos seguintes:
* Neurofibroma
* Meningioma
* Glioma

e Schwannoma
* Opacidade lenticular subcapsular posterior juvenil

Os schwannomas sédo os tumores mais comuns na Nf&senvolvimento de
schwannomas nos ramos vestibulares de ambos esoitarvos cranianos é um sinal
classico de NF2. A compressdo do nervo vestibutteao pelo schwannoma pode
resultar em zumbido no ouvido, além da perda decaode equilibrio. Além dos
schwannomas vestibulares, schwannomas que ocor@emedula espinhal e nervos
periféricos também ocorrem. Embora esses tumotegmeslocalizados fora das fibras
nervosas, eles produzem sintomas através da ca#prde tecido nervoso adjacente.
Assim, o crescimento progressivo dos tumores tampéde causar convulsées ou
déficit neuroldgico. As células de Schwann, a aniglos schwannomas relacionados a
NF2, estdo em contato direto com os axonios, sud@rgue os axonios também
contribuam para a atividade tumorigénica das cgldéaSchwann.

Os meningiomas sao o segundo tipo mais frequenteirder em NF2 e séo
encontrados em 45 a 58% dos pacientes (Asthetgai, 2009), sendo frequentemente
multiplos e com localizacao cranial (podendo sesdeslver inclusive sobre o nervo
Optico) ou espinhal. Em torno de 8 a 10% dos mémings retirados de pacientes com
NF2 sdo espinhais. Os meningiomas sao tumores rmnigue provavelmente se

originam das células aracnoidais nas meninges.e&epca dos meningiomas € um
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marcador de gravidade de doenca, sendo que oreltivo de mortalidade é 2.5 vezes
maior em pacientes com essas lesdes do que ennfeacgem essas lesdes. Baser e
colegas (2002) analisaram fatores associados alidade em 368 pacientes com NF2
do Reino Unido; a idade ao diagnoéstico, presencaneeingiomas intracranianos e
especializacdo do centro do tratamento foram irdtios na predicdo de risco de
mortalidade. O risco relativo de mortalidade fdb12vezes maior em pacientes com
meningiomas comparados com 0S sem meningiomas.pblicigntes pediatricos, os
meningiomas séo frequentemente o primeiro sin&lfeiz (Ruggieriet al, 2005).

Lesdes de medula espinhal ocorrem em 90% dos pesieom NF2 (Mautnest
al., 1996) e incluem schwannomas, meningiomas e @penths. Ependimomas sao
tumores intramedulares de células gliais, maisufsatemente localizados na coluna
cervical.LesBes ndo-tumorais de NF2 incluem a paliopatia periférica (Drouet al,
2005) e manifestacdes cutaneas e oftalmoldgicds.ienos 70% dos pacientes com
NF2 desenvolvem lesdes de pele: as mais comunasslEsdes semelhantes a placas
intracutaneas, que sédo pigmentadas, em relevo altai® frequentemente com pélos.
Em camadas mais profundas da pele, tumores nodujgmlmente correspondem a
schwannomas (Evanet al, 1992). O exame oftalmolégico pode mostrar ctdara
posterior subcapsular juvenil e membranas epinstirechados sugestivos de NF2
(McLaughlin et al, 2007). Os pacientes que sofrem da neuropatiépea podem
sofrer de hipoalgesia e hipestesia, além da peedasedsacdes de vibragdo. Em um
estudo, a neuropatia periférica ocorreu em 47%pdogentes investigados (Sperfeid
al., 2002).

Uma desordem genética e clinicamente distinta d2 8lla schwannomatose,
caracterizada por multiplos schwannomas sem emaehio do nervo vestibular
(MacCollin et al, 2003). Alguns pacientes com essa desordem greenos critérios
diagnésticos para NF2, o que pode causar confug@odito do genéNI1/SMARCB1
€ uma subunidade do complexo de remodelamentoodzatina SWI/SNF, que atua na
trasncricdo de genes e foi implicado na patogémEseschwannomatose em dois
membros de uma familia com shwannomatose familallsgeboset al, 2007). O
diagnéstico molecular envolvendo a analise deggaagalém do gendF2, € util para
0 estabelecimento do diagndstico correto em paseram sintomas do espectro dessas
doencas e para que o acompanhamento adequadsémntimento. Apos o diagnostico
clinico ou molecular, todos pacientesdevem ser stidos a uma série de avaliacdes

por uma equipe multidisciplinar para acompanhamelatgrogressao e gravidade da
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doenca. Nao héacura paraa NF2 eo tratamento tambédoctaglo namelhoria dos
sintomasclinicos. As cirurgias permanecem sendo riacipal tratamento para
meningiomas que estdo crescendo ou sao sintoméiigaslioterapia também pode ser
indicada em casos de multiplos tumores. Wentwortblegas (2009) avaliaram o uso
de radiacdo em uma série de 49 meningiomas emcd@npas com NF2. Entretanto, a
radiocirurgia e radioterapia podem induzir a forémade tumores malignos, e seu uso é
controverso.Novas drogas promissoras tém sido ifb@aas como candidatas para
tratamentos de meningiomas associados a NF2 (Eetas2009) e tém sido avaliadas
em estudos clinicos apos a validacdo em modeledlipiéos (Kalamaridest al, 2002;
2008). Para os schwannomas vestibulares, o Bewvaalzuum anticorpo monoclonal
anti-VEGF, é a primeira linha de tratamento. Plot&icolegas (2009) reportaram uma
reducdo no volume na maioria dos schwannomas uéstis apds tratamento com
Bevacizumab em um grupo de 10 pacientes com NF&ar série de casos estudada,
57% dos individuos apresentaram melhora auditiveb®% tiveram diminuicdo do

volume dos tumores apoés o tratamento (Platkial, 2012).

2.2.3 O gene\F2e a proteina Merlina

O geneNF2 é um gene supressor tumoral que foi identificada@mmossomo
22912 através de clonagem posicional e abranget®a0com 17 éxons (Rouleat
al., 1993). Poucas informacdes estao disponivei®sobegidao promotora do geNe2.

A regido 5’UTR do gene possui 443pb e a 3'UTR po3868pb; essas regides também
sdo pouco estudadas.Varias isoformas resultantgsodessamento alternativo foram
descritas para esse gene (Arakawal., 1994). A isoforma |, sem o éxon 16 (NCBI -
NM_000268.3) e a isoforma Il, contendo todos onéX]CBI - NM_016418.5) sao as
predominantes. A Figura 4A mostra de forma esquemas 17 éxons do gemd-2,
gue codificam a isoforma mais comum, de 595 amido&¢cchamada merlina (proteina
semelhante a moesina-ezrina-radixina), pertencergeperfamilia de proteinas banda
4.1. A isoforma |, sem o0 éxon 16, possui 590 antitmé. Todas as isoformas de
merlina contém um dominio N-terminal chamado FER&4ifluos19-314) seguido por
uma regido der-hélice em espiral (314-492) e um dominio glob@aterminal (492-
595) (Arakawaet al., 1994). NaFigura 4B estdo representados os domfimmesonais
da merlina. Essa proteina possui massa moleculapdeximadamente 66kDa e é

expressa constitutivamente em todos os tecidosnturéodos os periodos de
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desenvolvimento embrionario (Gutmaeh al, 1995). A delecdo em homozigose da
merlina em camundongos leva a perda do embridalaaantes da gastrulacéo,
indicando a importancia da merlina durante os grimseestagios do desenvolvimento.
Em adultos, a expressao de merlina se mantém elexadérebro. Além disso, diversos
estudos reportaram a expressao de merlina em midsreipos de células neuronais,
tanto do sistema nervoso periférico quanto do rest@ervoso central. Atraves de
diferentes técnicas de imagem, imunohistoquimic#edizacdoin situ,a merlina tem
sido detectada nos ax6nios do nervo cidtico e emmdn®s do trato intestinal no
sistema nervoso periférico (Schudt al, 2013) e em neurdnios motores da medula
espinhal, neurdénios corticais, neurénios do hipgmara nas células de Purkinje do
cerebelo no sistema nervoso central (Scbukd, 2010; Claudieet al, 1995). Em nivel
subcelular, a merlina neuronal é expressa em desdraxbnios, citoplasma e em
juncdes sinapticas. Alguns estudos sugerem queadizacao subcelular da merlina é
critica para a sua funcdo. Quanto as isoformagiuas principais sdo expressas de
forma equivalente, mas a isoforma Il é um pouccsrpegvalente (Changt al, 2002).
Entretanto, a isoforma Il tem baixa expressado ravoi nervo craniano, onde o0s
principais schwannomas relacionados a NF2 ocorBsam¢hiet al, 1994).

Os membros da superfamilia de proteinas bandaulgrande grupo de
proteinas citoplasméticas associadas a membraciagnm a proteina 4.1, a talina, a
merlina, um grupo de trés proteinas conhecidas qooteinas ERM (ezrina, radixina e
moesina), diversas fosfatases e pelo menos duasnamsondo-musculares (McCartney
and Fehon, 1997). Uma caracteristica dessa sugéafaimuma regido conservada de
200-300 aminoacidos geralmente localizada na pofgderminal da proteina. A
homologia entre a merlina e as proteinas ERM € mraoregido N-terminal (61%).
Enquanto a porcdo N-terminal das proteinas ERMaktanhomologia, a regiao de
hélice e a C-terminal sdo menos conservadas (Figda Os membros dessa
superfamilia de proteinas dividem algumas propdesgafuncionais, incluindo a
capacidade de heterodimerizacéo (Gronhetral, 1999). A merlina possui capacidade
de formar homodimeros, bem como heterodimeros cembros da familia ERM.
Entretanto, a merlina € o Unico membro que possoprigdades de inibicdo de
crescimento celular (supressdo tumoral). Como aaoed-terminal € a menos
conservada em relacdo as outras proteinas da daBRM, a diferenca funcional da
merlina pode ser determinada por essa regiao.
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Figura 4. Esquema do transcrito e proteina de NFA. Esquema do transcrito maior do g2 (NM_016418.% corr 6074pb e com todos os 17 éxons
codificantes em verdaepresentados em tamanho proporcional ao nunebases de cada éx8n.Esquema representand proteinamerlina com seus

dominios funcionaisDominios da merlina dominio FERM (conservado nas proteinas da superfamilia dergteinas anda 4.1); regido deo-hélice;

dominio globular (regido menos conservada).
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As proteinas ERM classicas, que consistem em unmni@m@ERM N-terminal,
um dominio enrolado e um segmento C-terminal gga filamentos de actina, se
intercalam entre a conformacgéo fechada e a conf@maberta. A conformacao aberta
medeia aligacdo de receptores de adesdo celularfilaosentos de actina de
citoesqueleto. Entretanto, a merlina ndo possumativo candnico de ligacéo a actina
exibido pela conformacéo aberta das proteinas BRiWEmM, tanto a merlina quanto as
outras proteinas da familia sdo capazes de forntaragdes intramoleculares pela
ligacdo da extremidade N-terminal a C- terminapd&pria proteina (Gronholret al,
1999), formando a conformacao fechada. Esse dobtanetramolecular que parece
controlar a atividade da merlina € regulado petdofdacdo da serina 518, catalisada
pela quinase ativada p-21 (Kissit al, 2002). A proteina desdobrada e fosforilada
éincapaz de inibir o crescimento celular, enquantorma fechada e desfosforilada é a
forma supressora tumoral ativa (Morrisetral, 2001). H& uma diferenca na capacidade
de formacdo do dobramento intramolecular nas diedsrmas principais da merlina: a
isoforma Il possui a por¢cdo C-terminal hidrofileaarregada positivamente, enquanto
a isoforma | € menos hidrofilica e ndo possui catigemo consequéncia, a extremidade
C-terminal da isoforma | se liga fortemente a exridade N-terminal do dominio
FERM, enquanto a isoforma Il apresenta apenas igagdb fraca. Por essa razéo,
parece que somente a isoforma | possui atividadeipleesséo tumoral (Shermetnal,
1997), pois consegue manter a conformacéo fechalda, devido a essa diferenca, as
duas isoformas se ligam a diferentes proteinagy atémento, somente a sistenina, uma
proteina adaptadora envolvida no trafego intraaelde receptores, parece interagir
especificamente com a porgdo C-terminal da isofofnfdannatipouret al, 2001).
Embora a merlina seja implicada nesse trafego depteres, um papel funcional
especifico da porcdo C-terminal da isoforma | aimd@ foi descrito. Apesar das
diferencas na estrutura C-terminal, ambas as is@®tém funcdes sobrepostas, pois a
porcdo N-terminal é envolvida na regulacdo de e&slares. Por fim, além da serina
518, outros trés sitios de fosforilacdo da meffianam descritos: serina 10, treonina 230
e serina 315. Em resposta ao E@pidermal growth factgrou IGF {nsulin growth
factor), a proteina Akt fosforila a merlina nas posictiesnina 230 e serina315, o que
direciona a merlina para a degradacao proteossdmaceyet al, 2007).

Tradicionalmente, as proteinas da superfamiliaroieimas 4.1 processam sinais
oriundos da matriz extracelular e transmitem essess para dentro da célula. Assim,

trés mecanismos principais para inibir o crescimeetular sdo mediados pela merlina:
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inibicdo de crescimento dependente de contato,ndigéo da proliferacdo e aumento
da apoptose.A merlina medeia a inibicdo por cordatproliferacdo de multiplos tipos
celulares, incluindo as células de Schwann (Monrisbal, 2001) e tem como alvos
alguns componentes de vias de sinalizacdo quéngestr a proliferacdo. Além disso, a
atividade de supressao tumoral da merlina acomecdiferentes compartimentos sub-
celulares, incluindo o nucleo da célula (Muraeeral, 2005), a membrana plasmatica
(Morrisonet al, 2001), os endossomos (Scaesl, 2000) e até mesmo em associacao
com o fuso mitético durante a mitose (Muraeeml, 2007). A Figura 5 mostra a via de
sinalizacao envolvida no mecanismo de inibicdordsaimento por contato da merlina.
Quando muitas células estdo presentes, a ades#ar cebdiada pela caderina diminui
o recrutamento de Rac a membrana plasmatica éfflle causando um acumulo da
forma desfosforilada (fechada) e inibidora de dresnto da merlina(Okadat al,
2005). Por outro lado, quando poucas células eptésentes, a adesdo celular
dependente de integrinas ativa PAK, causando sagdb da merlina, o0 que remove o
blogueio de ciclo celular. A inativacdo da merlinduz a saida da inibicdo por contato
(Okadaet al, 2005) e acelera a progresséao do ciclo celulavésd de G1. Esses estudos
mostram que a merlina integra sinais opostos dericed e integrinas para regular a
progressdo do ciclo celular. Essa integracdo daissimpostos regula, por sua vez,
diversas GTPases, como a familia de GTPases RlaoveaHippo (Yinet al, 2013).
Através do rearranjo dos filamentos de actina,nailia de GTPases Rho é essencial
para o desenvolvimento de células altamente paldaiz, como os neurdénios (Leb
al., 2000). Portanto, os reguladores dessas GTPese®s a merlina, tem interesse
especial no campo da neuromorfogénese. A via Hippojeiramente descrita em
drosofilas, regula o tamanho dos 6rgados atravébatBnco do crescimento e morte
celular. Informacfes dessa via sdo transmitidaa pandcleo da célula. Em células
inibidas pelo contato, a via Hippo é ativada, entu@&m células espacadas, a via esta
inibida. Alguns tipos de tumores sdo associados aamesregulacdo dessa via. Além
disso, a ativacdo da merlina inibe mTORC1, um cerwplque regula a traducao de
proteinas na célula, de forma independente de &kt como inibe as vias Ras-ERK,
PI3K-Akt e FAK-Src (Ammouret al, 2008; Jiret al., 2006a; Poulikakost al., 2006;
Ronget al, 2004). Por fim, a forma fechada da merlinapoel@eslocar diretamente
para 0 nlcleo da célula, se ligar aubiquitinalig@@RLL e suprimira sua
capacidade deubiquitinarproteinas alvo. A inibig&ssa ubiquitina ligase é essencial
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para induzir uma parada no crescimento celulapeamu a formacao de tumores (et

al., 2010).
4 . N
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Figura 5. Modelo hipotético da furgdo da merlinaA adeséo celular iniciada pelas cader

inibe a ativgdo de Pak emélulas inibidas pelo contato e causa acumulo delimas
desfosforilada (forma fechada). Essa forma fectsaghsime o recrutamento de Rac med
por integrinas,e, consequentemente, inibe sinais nénicos. Apés o fim da inibicdo p
contato, Pak fosforila e inativa a merlina, pemuat o recrutamento de Rac para a meml,

ativando sinais mitogénicos que antes estavandimgbiAdaptado de Okaet al., 2005.

Além dos mecanismos de inibicdo por coniKim e colegas (2004) mostrare
gue a merlina pode induzir a apoptose através plerexpressao da proteina supres
tumoral p53. Outros estudos mostraram que a merlida pobir a progressao do cic
celular através da supressdo da expressao deacizlin(Xiaoet al, 2005). A merling
também pode reduzir a proliferacdo através daagéer com CD44Entretanto, a
contribuicdo de cada uma das vias da merlina na tuma&sgéainda nao foi definid
Outros fatores que podem afetar as vias de sicdo que envolvem a merlina <
fatores que podem alterar a expressdo da propoteipa, como as alteragt
epigenéticas, easbilidade do transcrito e modificagcbes -traducionais. A metilacao c
promotor é a unica alteracdo epigenética que telm associada com alteracbes
expressao da proteina. Evidéncias séo inconclugivaisto ao papel da estabilidade
RNA mensageirca progressdo tumoral e quais mecanismos sao mmpest para
estabilidade do transcrito (microRNAs ou eventosationais).
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2.2.4 Mutacbes no gendF2 e correlacdes genotipo-fendtipo

A NF2 é causada por muta¢gdes no gene supressoraiiNfa Assim como na NF1,
para que os tumores benignos ou malignos assocadosnca aparecam € necessaria a
inativacdo dos dois alelos ME2, levando a inativacdo funcional total da merlina,
seguindo o modelo de dois eventos descrito por 8oud1971).

A penetrancia estimada da NF2 é maior que 95% actiega 100% aos 60 anos de
idade. A taxa de mutacdo do gdwie2 é estimada em 6.5 x Tuma taxa bem menor
do que a estimada para o geMEl(Evanset al, 1994) Ja foram identificadas 406
mutacOes diferentes no gehd-2, descritas no banco de daddbbe Human Gene
Mutation Databas€HGMD - http://www.hgmd.cf.ac.uk). Essas mutacé@s de varios
tipos, envolvendo desde mutagBes de ponto até egaddlecbes e rearranjos que
envolvem milhares de bases (Tabela 3). A maiorsandatactes dBIF2 sdo mutacdes
pequenas (80%), como substituicbes de uma Uni& paquenas insercdes e pequenas
delegBes. Outras mutacdes sédo delecdes ou dugiagdum ou mais éxons (18%) e
rearranjos complexos, que ocorrem em menor fredq@éfic2%).0 mecanismo de
ocorréncia de grandes rearranjos parece ser a bbatagdo, promovida pela
instabilidade da regido genémicaE2. Ja foram descritas a recombinagdo homodloga

ndo-alélica promovida por sequénchds e a juncao de pontas ndo-homadlogas no gene.

Tabela 3 Mutagbes descritas no geNé-2 no banco de dados HGMDO e Human

Mutation Databasge Acesso em junho/2016.

Tipo de mutagéo Numero de mutagOes diferentes
Sentido trocado/ sem sentido 93
Sitios de processamento 86
Pequenas delecdes 106
Pequenas duplica¢bes 35
Indel 8
Grandes delecdes 65
Grandes insercdes 8
Rearranjos complexos 5
Total 406
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Como pode ser observado na tabela acima, difergéptessde mutacdes tém sido
descritos A frequéncia de mutacdes em sitios de processangealta enNF2, o que
reforga a necessidade do estudo de regides inaHrim pacientes com esta doenca. As
diferentes mutacdes d¥éF2 podem ser herdadas ou esporadicas. Nos casos 2le NF
familiar, a mutacdo é herdada de um dos pais;tante aproximadamente 50% dos
casos de NF2 sao esporadicos e causados por nauictievoemNF2 (Evanset al,
1992a). Estudos prévios tém demonstrado que peloosn@5-33% dos casos
esporadicos sdo mosaicos com mutacdes detectagtamsapos tumores e ndo no DNA
extraido de sangue periférico, com uma alta estrmnde ocorréncia em pacientes com
schwannoma vestibular unilateral (Evaes al, 2007). Até o momento, mutacdes
germinativas enNF2 tém sido detectadas com a utilizagdo de combinad@éécnicas
gue consomem tempo, sao trabalhosas e caras. Gacimo®s sdo mais dificeis de
detectar nas analises moleculares. Com o surginaentecnologias de sequenciamento
de nova geracéao, o diagnostico molecular de NF2 pedtornar mais facil, inclusive
Nnos mosaicos, que podem ser detectados utilizamaaaita cobertura nas metodologias
de nova geracdo, mesmo em DNA gendmico. A Tabefaodira alguns estudos que

avaliaram mutacdes germinativas em todo géiR2em quatro paises.
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Tabela 4.Tipo e frequéncia de mutacdes germinativas no brgeem alguns estudos de séries de casos em difepapercdes do mundo.

. Mutacdes de ponto  Pequenos Grandes MutacOes em sitios  Pacientes sem i N o
Populacao N ) ) _ . Métodos utilizados Referéncia
(missense/nonsense) rearranjos  rearranjos de processamento mutacéo

Europa

Laniewski-Wollk & al.,

Pol6nia 12 2/0 3 NA 0 7 CE-SSCP, Sanger 2008
Reino Unido 125 6/22 15 5 6 71 PCR-SSCP Ewrad, 1998
América

EUA 32 0/10 2 1 7 11 PCR-SSCP Patrgl, 1996
Asia

Coréia do Sul 7 1/0 1 0 2 3 Sanger, MLPA Seenal, 2010

NA=Nao avaliadoCE-SSCP=Capillary Electrophoresis-Single Strand ConformatPolymorphismSSCR=Single Strand Conformation Polymorphisiit.PA =Multiplex

Ligation-dependent Probe Amplification.
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Além dos estudos mostrados na tabela 4, outroaltad de rastreamento de
mutacdes no genBlF2 foram realizados na Europa, Asia e América (HGMBS.
populacdes estudadas sdo menores que as de Nkdg deraridade da NF2, além de
haver um namero menor de estudos disponivel. Tamtestudos recentes quanto os
mais novos possuem baixa taxa de deteccéo de reatag® DNA de sangue periférico,
provavelmente devido aos mosaicismos. Os estudas anigos também possuem as
limitacOes técnicas; os grandes rearranjos génmmsexemplo, ndo eram facilmente
detectados e muitas vezes ndo eram pesquisadosegikees regulatérias dBIF2
também sdo pouco exploradas e ndo ha mutacGemmoior e regides nao traduzidas
descritas. A andlise dessas regifes também podensamma taxa de deteccdo de
mutacdes no gene. Entre as regides que ja foratisamas, alteracdes patogénicas tém
sido descritas apenas nos éxons 1-15 e nenhumacalefoi descrita nos éxons que
sofrem processamento alternativo (éxons 16 e 1lidjretanto, nenhuma mutacao
patogénica que afete especificamente uma das msafofoi descrita; essas mutagdes
sempre inativam ambas as isoformas. Nos éxons hdlhum local propenso ao
surgimento de mutacdes foi encontrado, e a maidaa mutacbes germinativas
observadas sao mutacdes de perda de sentidodedaae de leitura ou que alteram um
sitio de processamento. Além disso, a maioria dasag@ies de sentido trocado
descritas, que ocorrem em menor numero de pacjgr@escem romper a conformacao
fechada da merlina, sendo consideradas patogénicas.

Além dos estudos que avaliaram a presenca de dmstagerminativas
utilizando amostras de sangue dos pacientes, rdostraa Tabela 4, diversos estudos
também avaliaram a presenca de mutacbes somaticdaneores de pacientes com
NF2. A deteccdo de mutacbes germinativas e sormsapiebos diferentes grupos de
estudo utiliza combinacgdes de diferentes técnmas, que diferentes tipos de mutacdes
possam ser detectados. Quando a combinacdo deneknaeeto e estratégias de
deteccdo de grandes alteragbes sao realizadastaademleteccdo de mutacOesse
aproxima de72% nos casos esporadicos e ultrap&selizasos familiares(Kluwet
al., 2005).

Desde os primeiros relatosdemutacbes germinatrdsF2, tem havido
tentativas de estabelecerumaligacdo entrea mutgugaiéca e o fenotipo da denca. A
principio, parece que mutacdes que produzem umaipaotruncada (mutacdes sem
sentido ou que mudam a fase de leitura da protegsajtam em um fenotipo mais

grave (inicio precoce da doenca e maior nUmeraio®ries), enquanto que mutacdes
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em sitios de processamento, de sentido trocadarelgs e pequenas delecdes foram
associadas com a doenca mais leve (Bairal, 1994). Ainda é questionavel se
proteinas muito curtas retém alguma funcao biokdimntretanto, essas correlagdes néo
sao perfeitas e algumas mutacdes sdo relacionadi@ms dom a froma grave quanto a
leve da doenca (Kluwet al.,1995). Além disso, h& variabilidade de fenotiplsicos
entre pessoas de uma mesma familia, embora a lidddb seja maior ainda entre
individuos de familias diferentes. Dentro de umanmaefamilia, um fator que pode ser
responsavel pela variabilidade fenotipica € o notsmab na primeira pessoa afetada da
familia. Em todos os pacientes, alguns marcadaecem refletir a gravidade de NF2.
Um deles € a idade de aparecimento dos sintomdsetiga, que parece ser um preditor
do curso da doenca em estudos longitudinais. Aeididaparecimento dos sintomas e
idade ao diagndstico sdo os dois preditores maorii@ntes do crescimento de
schwannomas vestibulares em NF2 (Ruttledgal, 1996; Mautnert al, 2002) e
também do risco de morte em NF2 (Otsekal., 2003). Pacientes com mutac¢des que
resultam em uma proteina truncada, além do inieioddenca ser mais precoce,
possuem maior prevaléncia de meningiomas, tumaesatiula espinhal, tumores fora
do oitavo nervo craniano, lesdes cutaneas, zunemkrda auditiva (Selvanathanal,
2009). Assim, o diagnostico molecular se torna fena@amenta muito importante para
gue esses pacientes tenham acompanhamento e heomseio genético apropriados. O
espectro de mutacdes em uma populacdo pode ser @ilito estabelecimento de uma
estratégia mais rapida e barata de diagnésticdigerpara a doenga. Alternativamente,
genes modificadores podem causar variacdes de idendtos pacientes, e a
variabilidade fenotipica também decorre de vargvestocasticas, epigenéticas e

ambientais.

2.3 Esclerose Tuberosa

A esclerose tuberosa ou ET foi inicialmente desqoibr von Recklinghausen em
1862, & uma genodermatose causada por mutacoes de pefutecdo em heterozigose
nos genes supressores tumold@<10OMIM #191100) ouTSCZOMIM # 613254)
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2.3.1 Epidemiologia

A esclerose tuberosa pode ser identificada em toglggupos étnicos eé igualmente
identificada em ambos o0s sexos. Ela é uma das cay@aéticas mais comuns de
epilepsia. Estudos populacionais tém estimado \eaf@ecia da doenca em 1 em 6.000-
9.000 individuos. O numero de americanos afetados [ET é estimado em 40.000, e
pelo menos 2 milhdes de pessoas sao afetadas comnmoEmundo (Hyman e
Whittemore, 2000). No Brasil, ndo h& dados sobc@léncia, prevaléncia, mortalidade

e expectativa de vida de pacientes com a doenca.

2.3.2 Sintomatologia e diagnostico

Em 1908, Heinrich Vogt estabeleceu os critérioslidgnostico de ET baseados
em uma triade: epilepsia, atraso mental e adeneb@so. Como nenhum desses sinais
€ patognomoénico de ET, os critérios de diagnégticam revisados por um consorcio
em 1998 (Roaclet al, 1998), que propds trés categorias de diagnéétiebnitivo,
provavel e possivel ET) dependendo da presencatélieas principais e secundarios. O
Quadro 3 mostra os critérios de diagndstico climedsados e atualizados para ET,
estabelecidos pelo mesmo consércio em 2012 (Nertbiral,2013).Um diagndstico
clinico definitivo é feito quando duas caractecessi principais ou uma caracteristica
principal e duas menos frequentes estdo preseAtemaioria das caracteristicas
principais esta localizada na pele e sistema nereestral. Aléem disso, € preciso
considerar que as manifestacdes clinicas da ETnpag@recer em momentos distintos
do desenvolvimento e em diferentes idades; portami@ pessoa com suspeita de ET
pode precisar de multiplas avaliacbes sequenciaissade um diagndstico clinico
definitivo.

A ET é carcterizada pelo desenvolvimento de maseatelhantes a tumores
(hamartomas) em uma variedade de 6rgdos. O enwitimdo cérebro causa
manisfestacdes clinicas como epilepsia, retardaaheautismo e déficit de atencéo e
hiperatividade. Outrossistemas comumente e sigifebmente envolvidos incluem a
pele, o coracdoe os rins. As lesdessao frequenterpatognomaonicas deET,e incluem
angiofibromas faciais, fiboroma subungual, rabdona@sroardiacos e angiomiolipomas e

cistos renais.
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Quadro 3. Critérios de diagnadstico clinico para esclerobetosa (2012).

Principais caracteristicas
Angiofibromas faciais
Fibroma ndo-traumatico ungueal ou periungueal
Maculas hipomelandticas (mais de trés)
Tubérculos corticais
No6dulo subependimal
Astrocitoma de células gigantes subependimal
Multiplos hamartomas retinais nodulares
Rabdomioma cardiaco, um ou mais
Linfangiomiomatose

Angiomiolipoma renal

Caracteristicas menos frequentes
Manchas multiplas distribuidas pelo esmalte dental
Pdlipos retais
Cistos 6sseos
Tratos de migracdo da susbstancia branca cerebral
Fibromas gengivais
Hamartoma néo-renal
Lesdes de pele em “confeti”

Multiplos cistos renais

ET definitivo: Dois critérios principais ou um pecipal com dois menos frequentes
Provéavel ET: Um critério principal e um menos fregie

Possivel ET: Um critério princiapal ou dois menesgjtientes

Lesdes de pele sdo detectadas em 70% dos paagendsT e incluem maculas
hipomelandticas, lesées em confeti, placas fibrogasesta, angiofibromas faciais e
fiboromas ungueais e periungueais (Schwattal, 2007). Dependendo da populacdo
estudada, até 100% dos pacientes com ET apresemi@culas hipomelandticas
(Jozwiaket al, 1998). Um agregado de papulas vermelhas que@garno nariz e
bochechas em formato de borboleta € um sinal ctasie ET. Os angiofibromas faciais
(conhecidos como adenomas sebaceos) sao lesfeside tonjuntivo da pele que

crescem e formam hamartomas com alta vascularizagdpodem resultar em
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diminuicdo da qualidade de vida quando afetam &ape ou causam sangramentos
que podem levar a infecgbes. Os fibromas unguegieringueais sao pequenos
tumores que crescem em torno e sob as unhas dosupésios. A idade média de
aparecimento € 14,9 anos (Stral, 2005) e sua prevaléncia em pacientes mais velhos
(acima de 30 anos) é de cerca de 90%. As placasséib na testa aparecemem média
aos 14 anos de idade(Jozwathkal, 1998), com idade média de aparecimento sendo 2,6
anos (Suret al, 2005). Histopatologicamente, essas placas cotgéiao fibrotico com
menos elementos vasculares do que os angiofibriaviass.

As complicagBes neuroldgicas em ET séo tdo comuasdp as complicacdes
gue envolvem a pele. As trés principais lesdesdntinianas associadas a ET sédo os
tubérculos corticais, nédulos subependimais e tam@ubependimais de células
gigantes (Sherpheret al., 1991).Tubérculos corticais estdo presentes em tea83%
das criancas com ET (Cuc@aal.,2003) e o numero meédio de tubérculos por paciente
varia de 5 a 50, levando a perda da citoarquitetaraeis camadas do coOrtex cerebral e
podendo causar epilepsia. A segunda lesdo neucaldgais frequente em ET séo os
nodulos subependimais, que sdo pequenos hamartocaéigados nas paredes laterais
dos ventriculos. Nao ha evidéncias de que elesemaysroblemas neuroldgicos;
somente os nddulos localizados perto do forameMal@o tém potencial de crescer e
se tranformar em tumores subependimais de céligastgs, o que acontece em 5-20%
dos pacientes. A lesdo neurolégica menos frequeme ET sdo o0s tumores
subependimais de células gigantes, que afetam afiar®% das criangas com ET.
Esses tumores sdo benignos e ndo-infiltrativoscréecimento lento e com varias
células gliais e neuronais, incluindo células giganA proliferacéo de astrécitos nesses
tumores é associada com o crescimento progressiempressao do tecido adjacente.
As apresentacdes clinicas mais comuns dos pacieotesesses tumores incluem
convulsdes, retardo mental, déficit cognitivo, @istos visuais, dores de cabeca e
vomitos. Alguns tumores de células gigantes podentosnar malignos e podem
infiltrar o tdlamo, hipotalamo e ganglios basaisgpdpzindo edema significativo ao
redor da lesdo. Além disso, devido a sua localza&cpotencial de crescimento, podem
levar a hipertenséo intracraniana, hidrocefaligrabigsa, déficit neurolégico focal e até
morte subita (Byardet al.2003). Os tumores de células gigantes ocorrem quase
exclusivamente no ventriculo lateral préximo acafoen de Monro e raramente em
outros sitios, como o quarto ventriculo e terceeatriculo (Franzt al., 2012) e sdo

responsaveis por 25% da mortalidade atribuida a (E&bbout et al., 1999).
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Aproximadamente 90% dos pacientes com ET apresesppdepsia (Weblet al.,1991)
e 50% apresentam déficit cognitivo, autismo oumptoblema de comportamento.

Depois das manifestacdes no sistema nervoso centple, manifestacdes
renais sdo as mais comuns. Elas incluem carcinameéllilas renais, oncocitomas,
angiomiolipomas (80% dos pacientes) e doenca pbtiai renal (50% dos pacientes)
(Dixon et al, 2011) e iniciam na infancia, com piora com o eota da idade.
Angiomiolipomas podem ser multiplos e bilateraendo uma das causas de morte em
ET, pois destroem o parénquima renal.

O envolvimento pulmonar, especialmente a linfarggohiomatose, € a terceira
causa mais comum de mortalidade em ET, ocorrend@%m das pacientes com ET
(envolvimento exclusivo feminino). Essas lesdessadas pela proliferacdo atipica
de células de musculo liso nos tecidos peribromgperivascular e perilinfatico do
pulméo (Kumasakat al, 2004). Além disso, a ET também € associada cdradas
oftalmolégicos retinais e ndo-retinais, sendo osndréomas retinais o achado
oftalmolégico mais comum, ocorrendo em aproximadamd0-50% dos individuos.
Esses tumores raramente comprometem a viBadeftsonet al, 1999).Multiplos
rabdomiomas ardiacos ocorrem em aproximadamente 30% dos pesieom ET.
Esses rabdomiomas geralmente n&o causam sintomascoaprometimento
hemodinamico e a historia natural dessas lesOemgessao espontédnea na grande
maioria dos casos. Por fim, hamartomas também paaemer em 6rgaos do sistema
enddocrino em pacientes com ET. Alguns detalhesadits sobre a sintomatologia na
esclerose tuberosa estdo descritos no Capitul@$tadese. Toda essa variabilidade de
fendtipos que podem ocorrer na doenca e o provai@b tardio de alguns sintomas
tornam o diagnostico clinico muito complicado. Aangbara todos os critériosclinicos,
ha chance de que os pacientescomdoencasubclinisejao diagnosticados. Os testes
genéticos podemdesempenharum papel fundamentaifientagédo dessesdiagnosticos,
e é recomendadoem todos os individuosque apresentpritade manifestar esclerose
tuberosa. Para isso, uma abordagem para testescgere necessaria nas populacdes

afetadas.

2.3.3 Genética da Esclerose Tuberosa

Os genesTSC1 e TSCz2stdo localizadosnos cromossomos9q34e16p13.3,
respectivamente. O geffT&SCL(NCBI - NM_000368.4) abrangecerca de 53kb deDNA
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gendmico,com 23éxonsque codificam a hamartina,uroteipa hidrofilica de 1164
aminoacidos e 130kDa. Essa proteina ndo exibe lgiaotom nenhuma outra proteina
de vertebrados. O gengESC2 (NCBI - NM_000548.3) compreendecerca de 40kb
deDNA gendmico e possui 42 éxons que codificarbeatna, uma proteina de 1807
aminoacidos e 200kDa. Essa proteina contém um domisterminal relativamente
hidrofilico (Maheshwast al, 1996) e uma regido conservada de 163 aminoacidos
codificada pelos éxons 34-38, préxima a porcaor@iteal, que possui homologia com
as proteinas da superfamilia ras GTPases raplGABpal (Maheshwat al, 1997).
Essa regido conservada possui funcdo GTPase, sereelao dominio GRD da
neurofiboromina, e regula a atividade de outrasginas através da clivagem de GTP.
Outras homologias entre a tuberina e outras prdeimao foram identificadas e
abordagens alternativas serdo necessarias pardaeladuncdo de outros dominios da
proteina.

A tuberina e a hamartina interagem fisicamente paredho de Golgi e atuam
em conjunto como um unico complexo, o que exploape mutacbes em dois genes
diferentes causam a mesma doenca.Esse complexwessx em varios tecidos adultos
e regula negativamente o crescimento celular efgratao (van Slegtenhorst al.,
1998) e tambémmodula a sinalizacdo dependente3teddlavés de mTOR (Test al,
2002). A hamartina parece estabilizar o compleaduberina sozinha é ubiquitinada e
direcionada para a degradacéo) (Chong-Koperal, 2006), enquanto que a tuberina
possui a funcdo de hidrolise de GTP. Ambas as ipagetém um papel central em
VArios processos que sao cruciais para o desemant® normal do cérebro, incluindo
a regulacdo do tamanho, dendritogénese, formacamxdeios, proliferacdo de
astrocitos e laminacdo cortical. Além disso, ja @ssas proteinas sdo altamente
expressas no cérebro maduro, elas devem ter fune@esatorias importantes em
neurbnios na vida adulta. Esse papel importantdese a integracdo de sinais que
controlam a homeostase celular, os niveis de oxkig@npresenca de nutrientes, e a
estimulacao por fatores de crescimento. Todos essas modificam a atividade do
complexo TSC1-TSC2, que naturalmente inibe Rhebs(homologue enriched in
brain), a molécula responsavel pela ativacdo da quim@¥@R. mTOR, por sua vez,
regula a traducdo de uma proporcao significativgpmgeinas celulares, incluindo as
responsaveis pelo controle do crescimento e pratif® celular (Kwiatkowski, 2003).

mTOR € uma proteina quinase evolutivamente condarva reguladora

essencial de inumeras fungdes que se associa gmmoteina Raptor, formando um
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complexo chamado mTORC1. Diversos mecanismos decab e inibicdo de
MTORC1 ja& foram descritos. Fatores de crescimeaitocinas e outros fatores
estimulam mTORC1 atravées de PI3K, que induz a fidaf@o de Akt na treonina 308.
Akt fosforila TSC2 nas serinas 939 e 981 e treod@d2. A fosforilacdo desses locais
facilita a ligacdo de TSC2 a proteina de ancoram@&at3-3, rompendo a formacéo do
complexo TSC1-TSC2 e liberando TSC2 de Rheb. Senermacdo com TSC1, TSC2 é
ubiquitinado e degradado. Assim, TSC2 nao pode mm#ir a conversdo de GTP
ligado a Rheb, e ocorre um acumulo de Rheb-GTP, wpieativar diretamente
MTORC1. Outra via de inativagdo do complexo TSCGZ$ a Wnt: a inativagdo de
wnt inibe a GSK3 dlycogen synthase kinas¢ @Que fosforila TSC2 em duas serinas,
1341 e 1337. Estes eventos de fosforilagdo em Ti&ii®am o complexo TSC1-TSC2
e ativam mTORC1. Quando os niveis de aminoacidd® edtos na célula, mTORC1
reside no citoplasma. Aminoacidos, especialmenena, ativam as protein&ag
guanosinetriphosphatase§Rag GTPases).As proteinas Rag A/B interagem com
pequenos complexos protéicos chamados ReguladSeesdket al, 2010), e essa
associacado promove a translocacdo de mTORC1 marpegficie dos lisossomos, onde
Rheb-GTP esta localizado (Sancak al, 2008). Fatores de crescimento estimulam
PI3K e produzem PIP3 na membrana plasmética, @quseua vez ativa PDK1 e Akt.
Akt fosforila e inibe o complexo TSC, possivelmentes lisoSsomos e peroxissomos.
Com isso, a atividade reduzida deGTPase do compl&® leva a um aumento nas
quantidades de Rheb ligado a GTP. Rheb-GTP, naf&ipdisossomal se liga e ativa
MTORCL1. Algumas citocinas como TNfF{tumor necrosis factor alphatambém
podem induzir a atividade de mTOR através da qaiikkapa beta (IKK-b), que causa
dissociacdo do complexo TSC1-TSC2 atraves da ft&sfao de TSC1 nas serinas 487
e 511 (Salmineet al, 2012). Desse modo,mTORC1 regula positivamen{g@msessos
anabdlicos, como a sintese de proteinas, biogétiesesomal, transcricdo, sintese
lipidica, biossintese de nucleotideos e entradanudgentes (Shimobayashi e Hall,
2014). Outra atividade celular regulada por mTORCA autofagia. A autofagia € um
processo de auto-degradacao da célula, consenesidle és leveduras, que mantém a
homeostase celular em condicdes normais e de sst(@oyaet al, 2013). Para
controlar a autofagia, mais de 30 proteinas espasifdo necessarias para regular o
processo de modo hierarquico depois da privacamutieentes. O iniciador dessa
cascata em mamiferos é o complexo Ulk1, o qualsparvez é diretamente regulado

por mTORC1. A privagdo de nutrientes em longo préaea a reativacado de
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MTORC1pelos nutrientes gerados na autofagia, eeidt na inibicdo da autofagia.
Portanto, uma inibicdo prolongada da autofagialteesoo acumulo de agregados
protéicos e organelas danificadas, causando dewsorpatolégicas, como doencas
neurodegenerativas e miodegenerativas. Assim,chagid interfere em varias doencas,
e esta intimamente relacionada a mTOR e o compl&@-TSC2. Outros detalhes da
estrutura dos genésSCle TSC2 seus éxons codificantes e dominios importantes da
hamartina e tuberina estad disponivel no CapitulodBsta tese. A via em que o
complexo hamartina-tuberina age também esta ragesteno Capitulo V.

N&o hacura para a ET e o tratamento é focado naneelthos sintomasclinicos.
Tanto a quimioterapia quanto a radioterapia demarash ser ineficazes para 0s
tumores subependimais de células gigantes, e,onseguinte, o tratamento padréo tem
sido a resseccao cirurgica, que pode apresentarsds complicacbes, incluindo
hemorragia intraventricular, hidrocefalia, e défwignitivo. Além disso, a recorréncia
dos tumores tem sido inevitavel se a ressec¢ad dota tumores ndo for possivel
(Moavero et al., 2011). Recentemente, como uma alternativa parairaggias, 0
tratamento com inibidores seletivos de mMTORCL1,idade mTOR, tem sido proposto.
Um desses inibidores é a rapamicina, que foi ileatia em 1975 como um antibiético
produzido pelo fungd&treptomycin hygroscopicusolado do solo da ilha Rapa Nui.
Ela € um antibiotico da classe dos macrolideosssyp@ropriedades imunosupressoras.
Tanto a Rapamicina quanto os seus analogos se éigaoteina chamadamunophilin
FK506 binding protein-1ZFKBP-12). O complexo da droga ligada a essa prateé
liga diretamente amTOR e impede sua ligacdo aooRaptie é essencial para a
formacdo do complexo mTORC1. Assim, a atividadenage de mTORCL1 fica
inibida.Em 2007 e 2009, dois analogos da rapamidemsirolimus e everolimus,
foram independentemente aprovados fpelod and Drug Administratio(FDA) para o
tratamento de carcinoma de células renais avan€ad@011, o everolimus também foi
aprovado para o tratamento de tumores neuroend8alim pancreas. O primeiro estudo
com rapamicina (sirolimus) em quatro pacientes &imetumores de células gigantes
foi publicado em 2006 e demonstrou uma reducadfsigtiva do volume dos tumores,
com 46-63% de reducdo do volume tumoral em 2-5 snege doses comumente
utilizadas em medicina de transplantes (Fretral.,2006). Sua eficacia nesses tumores
foi subsequentemente confirmada em estudos pageridNo estudo EXIST-1
(Examining everolimus in a Study of tuberous scisroemple), que foi um teste de

fase Il internacional, multicéntrico, duplo cegandomizado e placebo-controlado do
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everolimus, a taxa de resposta (definida como émuge 50% no volume de
astrocitomas subependimais de células gigantes35% (P < 0.0001) (Franet al.,
2012). A epilepsia pode ser refrataria a terapissvencionais, com taxas de recaida de
até 25% em pacientes que atingiram remissado (HoBn&afstrom, 2007). Muitas
criancas refratarias a terapia antiepiléptica sAwsideradas para cirurgia. A prevencao
do desenvolvimento da encefalopatia epilépticaugiar para melhorar a cognicao e
comportamento e alguns estudos mostram diminuicao frdquéncia de crises
epilépticas com uso de rapamicina. Estudos tambéstratam a eficacia do everolimus
no tratamento de angiomiolipomas renais na ET, bemo de tumores ungueais e
angiofiboromas faciais, apresentando sucesso ranteatto desses dois Ultimos sintomas
com rapamicina topica, melhorando a dor e compriometo facial, respectivamente,
associados a essas patologias (Jhal., 2014; Dillet al 2014). Aléem de todos esses
sintomas possiveis de serem tratados com inibiddeesnTOR, tratamentos para
criangcas com ET e autismo, que ndo diferem doanteitos disponiveis para criangas
sem ET, podem ser desenvolvidos. Rabdomiomas casltambém podem representar

uma nova opcao terapéutica para inibidores de mTOR.

2.3.4 Mutacdes nos gen€SCle TSC2e correlacdes genotipo-fendtipo

O desenvolvimento de hamartomas na ET se encaixagoanismo de dois
eventos que foi primeiramente reportado por Knudeam 1970 para explicar a
oncogénese em retinoblastoma. O primeiro eventegoonde a mutacdo germinativa
(espontanea ou herdada), que inativa um dos aleldSClou deTSC2 e o segundo
evento, chamado perda de heterozigosidade, podensemutacdo somatica que inativa
0 segundo alelo. Esse modelo se aplica a maiosila@martomas em ET.

A penetrancia estimada deET € maior que 95%. Jmfadentificadas 303
mutacdes diferentes no geM8C1le 967 mutacOes diferentes no g@i®C2 descritas
no banco de dados do HGMD, totalizando 1.270 metagfiferentes associadas com
ET. Assim como nos gendi-1 e NF2, essas mutac¢des sao de varios tipos, envolvendo
desde mutacfes de ponto até grandes delecdeganjesmque envolvem milhares de
bases (Tabela 5). A maioria das mutacdes em andbgeres sdo mutacdes pequenas
(85%), como substituicdes de uma Unica base, paguiesercdes e pequenas delecdes.
Outras mutacgdes sao dele¢des ou duplicacdes de mmaie éxons (14,5%) e rearranjos

complexos, que ocorrem em menor frequéncia (0,5%).
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Tabela 5 Diferentes mutagfes descritas nos gerfe€le TSC2no banco de dados
HGMD (The Human Mutation DatabaseAcesso em junho/2016.

) . Numero de mutacbes em Namero de mutacdes em
Tipo de mutagéo

TSC1 TSC2
Sentido trocado/ sem sentido 97 353
Sitios de processamento 35 129
Pequenas delecdes 99 205
Pequenas duplica¢bes 44 109
Indel 5 11
Grandes delecdes 18 137
Grandes insercdes 2 11
Rearranjos complexos 3 12
Total 303 967

Apesar das numerosas mutacdes descritas nos §8ads TSC2na literatura,
aproximadamente 15% dosindividuos afetados naceapian mutacdes identificadas
em nenhum dos dois genes (Kozloves&d. 2007). Além disso, cerca de doister¢os dos
casos de ET sdo esporadicos, o que dificulta asandlolecular em DNA gendmico e
diminui a taxa de deteccdo de mutacdes nos diseestudos moleculares de ET.
Apesar disso, os testes moleculares sdo de extierpartancia. Para todos os
critériosclinicos, ha chance de que o0s pacientedoentasubclinicando sejam
diagnosticados. Os testes genéticos podemdesempenhpapel fundamentalna
confirmacdo dessesdiagnosticos, e ¢é recomendadamios tos individuosque
apresentam suspeitade manifestar esclerose tub&asa isso, uma abordagem para
testes genéticos € necesséria nas populacdes aafetdtha revisdo completa dos
estudos que pesquisaram mutacgoes nos gedede TSC2 a frequéncia das mutagdes
em diferentes populacées do mundo e as correlgghegipo-fenotipo estabelecidas até

o momento foi publicada por nosso grupo (Capitulo |

53



3. Justificativa

O ambulatorio de Oncogenética do Hospital de Gisde Porto Alegre iniciou as
atividades em 2006, tendo o maior numero de atesrdims de pacientes com diversas
sindromes de predisposi¢cdo ao cancer iniciado €8.2m 2013, 40% das consultas
realizadas foram primeiras consultas, sendo metesigas primeiras consultas pacientes
com genodermatoses. Com o aumento significativatandimento de pacientes com
essas patologias, o grupo de Oncogenética inig@esquisas nesta area, recentemente,
para melhorar o atendimento e acompanhamento dpasigmntes.Ainda ndo hacoleta
sisteméatica de dadosao nivel nacional ou regicaraemtender as caracteristicasclinicas
e moleculares deindividuose familias afetadascomodgrmatoses, incluindo as mais
comuns, NF1, NF2 e ET.As principais medidas emcésaas genodermatoses, em
paises europeus, por exemplo, tém centrado fundahmamte na investigacao
genética, além dos pacientes serem acompanhaddsrma multidisciplinar por
dermatologistas, pediatras, geneticistas, neumsitgi médicos de familia e outros
especialistas, de acordo com as principais maagéss. Em muitos locais, a falta de
conhecimentos cientificos e médicos pode impedicooreto diagndstico dessas
doencgas, bem como falta de investimento tantoesisd moleculares quanto nos testes
de farmacos nao proporcionar o tratamento adeqo@@o0s pacientes.

O estabelecimento de banco de dados com informaitésas e moleculares
dos pacientes com as genodermatoses mais comumscpaottibuir para o melhor
entendimento da histéria natural e caracteristidastas doencas. O espectro de
mutacfes que ocorrem nesses pacientes ainda podgilsgara a compreensdo da
funcdo dos genes envolvidos, para o aconselhangemético, para determinar se ha
diferenca significativa na taxa de deteccédo erdsms familiares e esporadicos, se ha
correlacdes genadtipo-fenotipo claras nessa populagd@m de possibilitar a predigdo de
alteracdes na estrutura tridimensional das prateinglicadas na patogénese da
doenca. Os resultados desta caracterizacéo poaiedar na identificacdo de grupos de
pacientes de maior risco que se beneficiariam cagramas de prevencéo e deteccao
precoce de neoplasias, bem como as possiveis agiesl gendtipo-fendtipo
estabelecidas podem ajudar a prever os tipos derésngue serdo desenvolvidos e as

possiveis terapias que podem ser utilizadas empzatiente.
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4. Objetivos

4.1 Objetivo Geral

Caracterizar do ponto de vista clinico e molecokgracientes e familiarescom
diagndéstico deneurofibromatose tipol eneurofibrasetipo 2avaliados no Hospital de
Clinicas de Porto Alegre, Rio Grande do Sul e paegee familiarescom diagndstico de
esclerose tuberosaavaliados em centros da Rederdade Cancer Familial.

4.2 Objetivos Especificos

a) Descrever os dados demograficose historia nétiade ao diagnostico, co-
morbidades, complica¢des) de pacientes com NF1,EF2e

b) Caracterizar ofendtipo clinicode pacientes coRi1,NF2e ETatendidos no
programa de oncogenética do Hospital de ClinicaBatt Alegre e Rede Nacional de
Cancer Familial;

c) Caracterizar mutacdes germinativas nos gbifids NF2, TSC1, TSCG2INI1
em pacientes com NF1,NF2e ET, de acordo com oifendlinico;

d) Realizar analisen silico do provavel impacto das diferentes mutacoes
encontradas nos gendf1, NF2, TSC1, TSCG2INI1 nas respectivas proteinas;

e) Tentar estabelecer correlacdes gendtipo-fendtigecificas, quando da
identificacdo de mutacdes recorrentes e/ou avaamutacdes em diferentes regides
dos genes estudados estdo associadas com um datkrfenotipo;

f) Correlacionar os achados clinicos e moleculdosspacientes estudados com
demais familiares em risco e/ou afetados pela doseqpre que possivel;

g) Estabelecer culturas primarias de fibroblas®gacientes com diagnostico
clinico de esclerose tuberosa e com mutacdes digsrgara avaliar o fenétipo celular
de expresséao de genes da via mTOR e de outras vias;

h)Tratar as células de pacientes com ET com raj@nimibidor de mTOR) e
avaliar se o fendtipo original é reestabelecido;

i) Descrever o efeito de atuacéo dos inibidores1@®R nos processos celulares

(mecanismo de ac¢éo) e avaliar a toxicidade desegasl
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Capitulo I

Manuscrito |

Manuscrito em preparo, a ser submetido para a tavi@milial Cancer e formatado

conforme as regras da mesma
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ABSTRACT

The neurofibromatoses are a group of autosomal mhmhi cancer predisposition
syndromes with variable expressivity. They resutinf dominant loss-of-function
mutations mainly in thé&NF1 andNF2 genes. These genes show significant molecular
heterogeneity and in addition to point mutationd amall insertions/deletions a high
frequency of large gene rearrangementshas beerilmbm affected patients. The aim
of this study was to characterize, for the firghdi in a Brazilian population, the
frequency and type of large gene rearrangementsmiients with neurofiboromatosis
type 1 (NF1) and type 2 (NF2),and the associatadcal features of the disease in
affected individuals. A total of 93 unrelated NFida7 unrelated NF2 probands who
met the NIH diagnostic criteria were recruited &mel presence of large rearrangements
was assessed by Multiplex Ligation-dependent Praébsplification (MLPA) and
confirmed using a chromossome microarray assayo&@n HD). Single exon
deletions were confirmed by Sanger Sequencing. dverall frequency of large
rearrangements was 4.3% in NF1 and 14.3% in NF2bgmas. Four NF1
microdeletions and a previously descridgB2 exon 1 deletion were found. As our
results demonstrate, MLPA technique is a suitadgrobstic tool for identification of
germlineNFland NF2 mutations. We were not able to show clear genopjpotype
correlations in this small patient series,however gonfirmed the existence of a
contiguous gene syndrome associated with spedifical signs in patients carrying a
NF1 microdeletion.

Keywords: genotype-phenotype correlation; large gene ragements; microdeletions;

neurofibromatosis type 1; neurofibromatosis type 2.
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INTRODUCTION

The neurofibromatoses are a group of autosomal menmhitumor predisposition
syndromesaffecting all ethnic groups and both seXesirofiboromatosis type 1 (NF1,
OMIM #162200) is the most common, with an estimatszidence of 1/3000 and a
range of prevalence of clinically diagnosed cagsesnf1/2000 to 1/5000 in most
population-based studies [1]. NeurofiboromatosietZp(NF2, OMIM#101000) is more
rare, with an estimated incidence of 1/33000-40@@9births [2]. NF1 and NF2 result
from dominant loss-of-function mutations mainly odag in theNF1 and NF2genes,
respectively.

The clinical diagnosis of both neurofibromatosebdsed on criteria established
by the National Institutes of Health Consensus Dgreent Conference convened in
the USAIn 1988 [3]. The NF1 and NF2 phenotypeshagély variable and the clinical
features develop over time.One possible explanafionthis variation is the large
number of different mutations in different regionfthe NFland NF2 genes[4]. Single
or multiexon deletions or duplications represeriul?0% ofNF1 mutations; 5% to
10% of theseNF1 deletions are microdeletions encompasdifid and its neighboring
genes [5]. The most comma®iF1 microdeletion, type 1, is a 1.4Mb deletion mediated
by low copy repeats (LCRs) NF1-REPa and NF1-REPd &n hypothesized to
preferentially arise during meiotic non-allelic holmgous recombination (NAHR),
leading to the loss of 14 functional genes and mioroRNA genes [6]. The less
common type-2 NF1 microdeletion spans 1.2 Mb argddradominantly been observed
as a result of mitotic NAHR, with breakpoints withBUZ12 and its pseudogene
SUZ12Padjacent to NF1-REPc and NF1-REPa, respectivelgyThsult in the loss of
13 functional genes and are often associated witkamism [7]. The rare 1.0-Mb type 3
NF1 microdeletionencompasses 9 protein-coding genéginated by mitotic NAHR
and mediated by LCRs NF1-REPb and c [8]. AtypMBL deletions are of variable size
and are characterized by non-recurrent breakpd®its Patients with largeNF1
deletions have been reported to have an increasledfr malignant peripheral nerve
sheath tumors, lower average intelligence,connecttissue dysplasia, skeletal
malformations, dysmorphic facial features, cardsmwdar malformations, higher burden
of cutaneous neurofibromas and earlier onset ofgbeneurofiboromas [10-14]. Some
authors have speculated that increased malignamgyba explained by variations in

the expression of tumor suppressor genes located-aeleted regions [15, 16]. Based
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on all these correlations, the detection of sirghel multiexon deletions as well as
microdeletions in thé&lF1 gene is of great importance in the clinic. Morepyeecise
molecular analyses can confirm a clinical diagnaditNF1 in about 95% of patients
[18], mainly because of the clinical overlap betwddF1l and other Rasopathies.
Molecular analysis is also important in NF2. Gepetphenotype correlation studies in
NF2 have been based on relatively few patientsusecaf the rarity of the disease. In
general, truncatingNF2mutations are linked to earlier onset of symptordsan
increasedtumor burden in comparison tolarge delstionissense mutations and in-
frame deletions [19].

DetectindNF1 and NF2 variantshas proved challenging, and current prdsoco
are based on combinations of complementary tecksidRecently, Multiplex Ligation-
dependent Probe Amplification (MLPA) has been esitezly used to detect large gene
rearrangements associated with various diseased, meeds to be validated for use in
different laboratories.Numerous studies aimed aé tblinical and molecular
characterization of the neurofibromatosishave bperformed in many populations
worldwide. However, none of these studies havelirea Brazilian background.The
aims of the present study were (i) to evaluateutefulness and accuracy of MLPA as
first approach for screening lar@é1 and NF2 rearrangements; (ii) to determine the
frequency and exact breakpoints of large geneaesgements in NF1 and NF2 patients
from the admixed population of Southern Brazil pagaon; and (iii)) to describe the
clinical features and attempt to establish genepipenotype correlations in probands
carrying these type of genetic alterations.

MATERIALS AND METHODS

Patients

Ninety-three unrelated NF1 and 7 unrelated NF2 @nds who met the NIH
diagnostic criteria [3] were recruited at the Onmogfics clinics of Hospital de Clinicas
de Porto Alegre, located in the state of Rio Grashl&ul, southern Brazil. Recruitment
occurred betweenAugust /2013 and December/ 2016.stidy was approved by the
institutional review board (CEP-HCPA) and all peigants or legal representatives
provided informed consent.Detailed information abthe clinical symptoms of the

patients was obtained during the clinical visitsabglinical geneticist and from medical
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records. The clinical severity and visibility of Mfor each patient were evaluated using
the instruments described by Riccardi and Ablospeetively [20, 21].

DNA Extraction
Genomic DNA was extracted from peripheral blood pyocytes using a
commercial kit (FlexiGene DNA kit, Qiagen, USA). dwseparated blood samples

(4ml) in EDTA were obtained for each patient.

Multiplex Ligation-dependent Probe Amplification analysis

NF1 single- and multi-exon deletion/duplication scregnwas performed by
Multiplex Ligation-dependent Probe Amplification [Y®A) using first the SALSA
MLPA kits P081/P082-C1 as recommended by the matwix (MRC Holland,
Amsterdam, The Netherlands). When a complete deleif NF1 gene was identified,
the SALSA MLPA P122-C1 kit was used to investigdéepresence of microdeletions,
as recommended by the manufacturer (MRC Hollandstdrdam, The Netherlands).
NF2 patients were screened using the SALSA MLPAR4-B2 (MRC Holland,
Amsterdam, The Netherlands). For all analyses, ceroiad male DNA was used in
triplicates as inter sample control. Normalizatadrpeak areas was performed using the
Coffalyser.net software. Ratios <0.7 were consiiateletions and ratios >1.4 were

considered duplications.

Chromosomal Microarray

The chromosomal microarray assay CytoScan HD (A#fym, USA) was used
to determine the breakpoint junctions and the tgp&F1 microdeletions previously
detected by MLPA and to corroborate and validatePMlanalysis for use in molecular
diagnosis routine. The high-density, whole-genonygoScan Array includes 750,000
bi-allelic SNP probes and 1.9 million non-polymaphmarkers for copy number
analysis, with an average spacing of approxima8{y bases apart in genic regions and
1700 bases apart in non-genic regions.Large regeraents identified by MLPA were
confirmed by CytoScan HD, as recommended in the ufaaturers
protocol.Chromosome Analysis Suite software (ChAStware 3.1) was used to
analyze microarray data. The software includesik-ibpureference with more than 400
samples.The signal intensity of the hybridized DNXtAm the patient sample was

compared to this reference DNA. The ratio of pdtsample to reference intensity is
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expressed as a lbgatio, and represents the relative intensity fachemarker. This
technique is not recommended to detect single eladetions and therefore, was not

used in these cases.

Sanger Sequencing

Single exon deletions identified by MLPA were comied by Sanger
sequencing. Deleted exons were amplified by PCRguspecific primer pairs, designed
using the Primer Blast tool. PCR products were figati using the Exo-Sap kit
(Amersham Biosciences, Les Ulis, France) and samgugmperformed on an ABI 3500
Genetic Analyzer (Applied Biosystems, CaliforniaSA); the CodonCode aligner

softwarewas used for sequence alignment.

Sequences and mutation nomenclature

DNA mutation numbering was based on cDNA sequemtiés 001042492.2
(https://www.ncbi.nlm.nih.gov/pubmed) and LRG 214 httg://www.Irg-
sequence.org/LRG) fadF1 and NM_000268.3 and LRG 511 fiF2, with nucleotide
+1 corresponding to the A of the ATG translatiofti@ion codon of the reference
sequence. DNA and protein changes are reportedrdugo to international
recommendations for the description of sequencéamar of the Human Genome
Variation Society (HGVS; http://www.HGVS.org). Mtitan calling and interpretation
were based on the American College of Medical Gemeajuidelines. The databases
Clinvar (https://www.ncbi.nim.nih.gov/clinvar/), ENP
(https://www.ncbi.nlm.nih.gov/SNP/), Leiden Open rM#ion Database — LOVD
(http://www.lovd.nl/3.0/home), The Human Gene Migat Database - HGMD
(http://Iwww.hgmd.cf.ac.uk/ac/index.php) and currditerature were searched for

mutation information and interpretation.

RESULTS

Multiplex Ligation-dependent Probe Amplification

The clinical features of all recruited patients ahewn in Table 1. First, all the
patients were tested for single and multiexon dametduplications by MLPA. Among
the 96 NF1 probands, this analysis identified ®itwtygous deletions (5.4%) one exon
13 deletion (0.9%) and four complbtieldeletions (4.3%). Among the 7 NF2 probands,
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only one NF2heterozygous deletion (14.3%) was identified. Degilons were not
observed. CompletdF1 deletions were corroborated with the SALSA MLPA2RIC1
NF1 Area assay, revealing that one patient had a kygeletion, determined to be a
deletion extending from the binding sites of BldZ12Ppseudogene to theRRC37B
gene. Two patients carried a smaller deletion, w&ittormal copy number for the three
MLPA probes in the&SUZ12Ppseudogene and also for the MLPA probe in exonfl0 o
the SUZ12gene. Since the classical breakpoints for typelétibns are withirsUZ12P
and SUZ12,we could not determine the exact typeN# 1 microdeletion in these two
patients by MLPA.An atypicaNF1 microdeletion in another patient was detected,
extending from theSUZ12Pto theNF1 gene. In this initial analysis, the breakpoints
seemed to be near NF1-REPa and downstream oNREiegene. The classical LCR
breakpoints inNF1 and MLPA P122 results are summarized in Figuresahd 1B,

respectively.

Chromosomal Microarray

All MLPA results were confirmed using the high-regmn chromosomal
microarray technique CytoScan HD, allowing bettbaracterization of the deletion
boundaries. The deletions detected by CytoScantivtlevised names and positions of
each co-deleted genes are presented in Figure di@nPone has the classical 1.4Mb
type 1 microdeletion, spanning froBlUZ12P1to LRRC37B including 22 genes (16
functional). The breakpoints corroborate the MLPA2P result, which suggested
breakpoints within NF1-REPa (downstreamL&RC37BPland upstream 8UZ12P)
and within NF1-REPc (3.8kb downstream of HRRC37Bene). Patients two and three
have a similar deletion, but their breakpointsetiflightly. Patient two has breakpoints
near NF1-REPa (withifCRLF3 intron 1) and NF1-REPc (withisUZ12ntron 5),
including 19 genes (13 functional) and spanning5MK; patient three also has
breakpoints near NF1-REPa and NF1-REPc, but wilRLF3intron 4 and upstream
of theSUZ12gene (betweebd TP6 andSUZ13, including 18 genes (12 functional) and
spanning 1.13Mb. MLPA P122 probes did not identiig deletions inSUZ12the
corresponging MLPA probe is located upstream ofdbketion. Considering that the
classical type 2 microdeletion (1.2Mb) breakpoirdse within SUZ12 and its
pseudogen&UZ12P, patients two and three have atypiddF1l microdeletions since
their breakpoints are adjacent to the classica Bjpbut not the same. Patient four also
has an atypical microdeletion, with breakpointsieetnSUZ12Pland . RRC37BPnear
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NF1-REPa, and betweeWllR193Aand MIR365B This deletion spans 890kb and 15
genes (12 functional). MLPA P122 probes did noedethree deleted genes in this
patient RAB11FIP4,MIR193AndMIR3658B.

Sanger Sequencing

The only single exon deletion identified by MLPA tine NF1 gene (exon 13)
was not confirmed by Sanger sequencing, which savpoint mutation, c.1466A>G
within the MLPA probe hybridization region. This mation is classified as pathogenic
in the ClinvVar database (http://www.ncbi.nlm.nihnvg@invar/). The single exon
deletion found in thé&lF2 gene (exon 1) was not submitted to Sanger sequesoice
the NF2 MLPA P044 kit includes three probes for this exohick all showed a

decreased signal.

Genotype-phenotype correlations

Table 2 describes in more detail the clinical sigmsl symptoms of each
proband carrying a large deletion. As the numbepatients with large deletions is
small, the statistical comparison between this grand non-deleted probands is not
possible. However, we observed that the most comhmaffiected systems were the
same in both groups including the skin (café-au-tgots, axillary and inguinal
freckling), peripheral nervous system (cutaneoud plexiform neurofibromas) and
eyes (Lisch nodules) although the age of NF1 disgns apparently earlier in the
probands carrying a deletion (3.2 vs 7.0 yearsjthéamore, patient one harboring the
type | NF1 microdeletion has several of the previously desdrilsymptoms for
individuals with such rearrangement: malignant giegral nerve sheath tumors, lower
average 1Q, skeletal malformations and higher bumfecutaneous neurofibromas.This
mutation occurede novoin this patient. Patients two and three (Tabld&je similar
phenotypes and both cases are familial. The Ricsaale scored equally for them, but
patient two has the worst visibility (Ablon). Theaurrence of these deletions in two
unrelated patients reinforces that NF1IREPa and MPIR are recurrent
breakpoints.Patient four’'s phenptypeis similariattobserved in patients two and three
and the mutation occurrede novo(Figure 1). The genes betwedlrl and SUZ12
when deleted, do not seem to be relevant for NFenptype in these patients, since
patients 2, 3 and 4 have very similar phenotypasllly, patient five is a sporadic case

with an exon INF2 deletion. This mutation has already been desciith@dpatient with
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late NF2 onset [22]. The deleted exon is part efREERM domain of th&lF2 protein,
called merlin. Merlin is a membraioytoskeleton scaffolding protein and the FERM
domain is responsible for the cytoskeletal-membrarganizing. We did not identify
clear differences between phenotypes of the paté@httheNF2 deletion and the other
non-deleted NF2 probands.

DISCUSSION

In this study, we performed the analysis of lafy€&lrearrangements in
93probandswith the clinical diagnosis of NF1 andlashe NF2rearrangements in 7
probands with the clinical diagnosis of NF2 in $wuh Brazil.

The overall frequency of large rearrangements il ld&tients worldwide is 5-
10% [4], similar to the overall frequency obserweaur study (4.3%). One of the NF1
probands had a well describ&dF1 microdeletion, type I, which has been associated
with a specific phenotype. This is the most commigpe of recurrentNF1
microdeletion, associated with the loss of 14 prot®ding genes includinblF1 and
two microRNA genes MIR365-2 and MIR1933. The majority of type 1 NF1
microdeletions are maternally inherited germlinéetiens [23] whose breakpoints are
frequently located within two hotspot regions, NEH&a and NF1REPc,during
interchromosomal meiotic nonallelic homologous rebmation.It has been estimated,
from thestudy of large cohorts of NF1 patientst &80 % of all NF1 microdeletions
are type | [24]. In our study, this specific reagament accounted for only 25% of the
microdeletions identified, but our sample sizeaktively small.AtypicalNF1deletions
have been described which do not have recurreakpoints.An estimated 8-10 % of
all NF1 microdeletions are atypical [7]. We found threeigras with this type of
microdeletion, accounting for most (75%) of the mdeletions identified in our cohort.
All three atypical deletions have one breakpoirda &F1 LCR and another outsidethese
regions and are not among those previously destiibether populations [25]. The
mutational mechanisms underlying atypical NF1 ndefetions are less well
characterized than those mediated by NAHR. It ®yeable to assume that non-
homologous end joining can mediate these atypi¢dl Neletions.However, since only
a few NF1 microdeletions with non-recurrent breakpoints lsavéar been analyzed,

other mechanisms cannot be excluded. The detanatysas of the breakpoints of a
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large series of atypical NF1microdeletions will teguired to elucidate the role of
replication-based errors as the putative mechanisierlying these deletioddu
sequences that are present within €l gene in large numbers could be one of the
underlying mechanisms to explain the occurrendbaege rearrangements.
Unfortunately, attempts to correlate the many aaded germlineNF1 gene
mutations with specific clinical features of NFlvhabeen largely unsuccessful, mainly
due to the marked inter and intrafamilial variahiin disease expression and the extent
of the allelic heterogeneity underlying the dise&%gen the marked clinical phenotypic
variation associated with NF1 even in individuadsrging the sam@&F1 mutation, it
has been suggested that otherprotein-coding oloRMA genes which are unlinked to
the NF1 locus itself, epigenetic alterations orenvironnaéféictors may also contribute
to such variable expression in NF1. Moreover, e in the NF1 phenotype could be
determined by a single modifier gene locus, orrigraction between several modifier
genes. Age is also a confounding factor in famiNd&1 studies, with many disease
features being more prevalent in older patients. [R6microdeleted patients, the co-
deleted genes may also influence phenotypic expres©ne gene in the region
between NF1-REPa and NF1-REPb, which is varialdjuahed in microdeletions and is
deleted in four of our patients, is ring finger f@ia 135 RNF135. RNF135loss-of-
function mutations, as well as an NF1-REPa to NIEERR deletion including this gene,
have been implicated in an overgrowth syndrome kvhiocludes tall stature,
macrocephaly, dysmorphic features, and variabldiaddl features, including learning
disability [17]. One of our patients (Patient 2,ble&a2) has an NF1 deletion including
NF1-REPa to NF1-REPb arRNF135and has several dysmorphic features as well as
tall stature. Other genes in the region may alsotritute to the phenotype in
microdeleted patientsSUZ12 (also known asJJAZ) is critical in embryonic
development [27] an@MG is an important inhibitor of neurite overgrowtl8]20ne
could hypothesize that either or both of these gexmntribute to phenotypes seen in
NF1 microdeletions, but this is yet to be explored &tail. HaploinsufficiencyOMG
gene has been proposed to be associated withrgatisiability.SUZ12andADAP2are
highly expressed in cardiac tissues and may beecklgo cardiac malformations.
Haploinsufficiency ofUTP6 seems to reduce cellular apoptosis, increasingiskeof
tumor development [29-31]. MicroRNAs have an impattrole in the regulation of
gene expression, and the deletion of tHvBR genes in the NF1 microdeletion region

may also influence disease phenotype. Microdelstioocur in heterozygosisyF1
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deletion has a dominant effect, but the otherdeélgenes need further exploration to
determine the effect of heterozygous mutationsheir function.In silico analyses and
functional studies could help to clarify the fuletiof these co-deleted genes, and in the
future, they could possibly be included in tNE1 molecular diagnostic workup if
associated with significant phenotype variation.

On the other hand, NF2 studies conducted worldwidee identified large
rearrangements in 10 to 30% of the patients, auéecy found in our study (14.3%).
We found a well described singleexomMNE2 deletion in one patient. The mechanisms
associated with this deletion are not known andmreat breakpoints are not described
for the NF2 gene. Also, genotype-phenotype correlation studiedlF2 have been
scarce and based on relatively few patients, asiirstudy, because of the rarity of the
disease.

We were not able to show clear genotype-phenotgpeelations in our patient
series, since the number of individuals carryintetilens is too small to reachrobust
conclusions. However, we confirmed the existenceaafontiguous gene syndrome
associated with specific clinical signs NF1 microdeletion patients. Although it is
reasonable to suggest that patients with largeidekeof theNF1 locus have a greater
probability of showing learning disabilities andifa dysmorphism, it is still impossible
to predict the presence of dR1 microdeletion based solely on the patient’s pheomty
As our results demonstrate, MLPA is a straightfadvand sensitive screening
methodology for identifying germlinflFland NF2 rearrangements. However, patients
with completeNF1 deletion generally have co-deleted genes and timebar of co-
deleted genes and exact extension of the deletionat be determined by MLPA and
has to be complemented by other methods. Contimaedarch on the mutational
breakpoints and co-deleted genes in patients dssghavith NF1 and NF2 may help
elucidate the role of th&lF1, NF2 and neighboring genes in the development of
disease. Finally, mutational spectrum has been shtov vary among different
populations, underscoring the need to expand oawladge in specific, less studied

populations.

CONCLUSION

This study shows the large rearrangement charaatemn of NF1 and NF2

patients for the first time in Brazil. We showeditithe overall frequency of large
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rearrangements in NF1 and NF2 patients from southziBis similar to other
populations worldwide (4.3 and 14.3%, respectivelfhe methodologies used were
able to unambiguously differentiate between theesymf microdeletions and the
frequency of atypical NF1 deletions was high in patient series. We showed a clear
genotype-phenotype correlation in the type one Nicrodeletion patient, but atypical
deletions did not show a clear correlation. Studigh larger series of patients from
Brazil are needed to stablish clear genotype-plypeotorrelations.Inclusion of co-
deleted genes in molecular diagnosis of NF1 woeldhdlpful to predict more severe or
specific characteristics that may occur in theseéepss. A precise molecular diagnosis

would be relevant for genetic counseling, diagnasis cancer prevention.
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Table 1 Characterization of the NF1 and NF2 patients réeduin this study from August/2013 to December/2015

Average age in years Ethnicity Average age at onset Family History
Gender (M/F)
(range) (Euro/Afrodescendant) (years) (Y/N)
NF1 31 (1-79) 86 /10 36/ 60 7.0 67/ 29
NF2 23 (11-44) 7/0 6/1 13 3/4
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Table 2Clinical signs and symptoms of NF1 and NF2 patievits large deletions from this study.

. Age at . . . . . Other
Patient onset/gender Age Familial Mutation Riccardi/Ablon Main symptoms pathologies/characteristics
CALM, cutaneous and malignant peripheral
. Type INF1 nerve sheath tumour, axillary and inguinal
1 At birth/female 26 No : . 4/moderate . : < " No
microdeletion freckling, Lisch nodules, escoliosis, cognitive
deficit
2 4 years/male 57 Yes At_yp|cal NI_:l >/moderate CALM, cutaneous neuroﬂbromas, axillary and He_mocroma_t03|s,
microdeletion inguinal freckling hipogonadism
: CALM, cutaneous and plexiform
Atypical NF1 . ) : L P .
3 4 years/male 46 Yes ; . 2/mild neurofibromas, axillary and inguinal freckling, No
microdeletion
macrocephaly
: ' . ysmorphic features, oblique
4 4 years/male 14 No At_yp|cal N'.:l 2/moderate CALM.’ cutaneous n_eurof|bromas, axillary andgalpebral fissures, protruding
microdeletion inguinal freckling, macrocephaly
ears and tall stature
5 16 years/male 17 No Ngélz)t(igrr]l 1 NA Spinal ependimoma, 5 cranial meningiomas No

CALM = Café-au-lait macules; NA = not applicable
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FiglA. Schematic representation of tN&1 gene region. The relative positions of the three
NF1-REPs that are common deletion breakpointsralieated, together with the protein-coding
genes located within these regions (blue bars),tilee microRNA genes (red bars) and the
pseudogenes (orange bars). The relative extenttheoftype 1, type 2 and type NF1
microdeletions are also showB.. MLPA P122 results of the four microdeleted paseftrobes
with ratios<0.7 are considered deletions and between 0.7 ahdré.considered normal. The
deleted probes are represented in the graghi€ytoScan HD results of the four microdeleted
patients. The figure is showing only the chromosdmeThe relative microdeletions sizes and
positions between patients are shown. The 1.4Metide has the same size and position of the

microdeletion type 1 represented on Figure 1A.
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Abstract

The neurofibromatoses (type 1: NF1 and type 2: N¥f@)a group of autosomal
dominant tumour predisposition syndromes with \@eaexpressivity, affecting
multiple organ systems. In both syndromes, anisg@difetime risk for developing
several malignancies is observed. These are mastlysed by loss-of-function
mutations of the tumor suppressor gétes and NF2, respectively, in which a large
number of mutations have been described. The alidiagnosis of NF1 and NF2 can
be complicated and therefore, genotyping is an napbd diagnostic tool in these
diseases. We recruited 93 unrelated probands Witically diagnosed or suspected
NF1 and 7 unrelated patients suspected of NF2 frosmgle oncogenetics reference
center in Southern Brazil, and customized two rgteration sequencing panels to
identifygermline mutations in this cohort. The Npanel included thédF1,RNF135,
and SUZ1genes and the NF2 panel included e2andINI1genes. All variants were,
confirmed by Sanger sequencing.Overall, 69 distiveterozygoudNF1 variants were
identified in 73 (790) of the 93 probands and 2 distinct heterozygd&2 variants
were identified in two (29%) of the seven probar@kthe variants identified, 14 were
pathogenic, 34 were likely pathogenic, two weresligkbenign, 21 were variants of
uncertain significance and 33 were novel accordinthe ACMG variant classification
system. Severity and visibility of NF1 patients veasluated according to the type and
location of NF1 mutations and no significant and/or novel genofypenotype
correlations were observed. Further studies witgelascales are required to identify
potential genotype-phenotype correlations in biazilpatients with NF1 and NF2.
Also, functional analyses of each VUS may clarif tmechanisms of pathogenesis
associated with NF1 and NF2.
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Introduction

The neurofiboromatoses are a group of autosomal rmkmi tumour
predisposition syndromes with variable expressiM@urofibromatosis type 1 (NF1;
OMIM 162200) is the most common genodermatosisaadunts for about 90% of all
cases [1], with an estimated birth incidence oh 2,j500.[2]. The distribution is equal
between sexes and incidence does not vary signiffcamong different populations
[3].Neurofibromatosis type 2 (NF2; OMIM 101000) acs less frequently and is
usually diagnosed in early adulthood, with incicesmranging from 1 in 25,000 to 1 in
40,000 [4].

The phenotypic hallmarks of NF1 are café-au-laitotsp peripheral
neurofibromas (cutaneous and/or plexifordngckling of the axillary and/or inguinal
regionsand Lisch nodules of the iris. Also, a greatek tisan the general population for
developing several malignancies is observed; thestncommon tumors arising in
individuals with NF1 are neurofibromas, malignameripheral nerve sheath tumours,
and gliomas [5].An increased risk of premenopabsahst cancer has been reported in
affected women. Individuals with NF2 are pronetie formation of schwannomas of
the eighth cranial nerve and spinal cord, mening®mand ependymomas, with
associated symptoms of tinnitus, hearing loss, bathnce dysfunction [5]. The
diagnosis of NF1 and NF2 is established using diatio criteria that were originally
formulated by the National Institutes of Health Gensus Development panel in 1987
[6] and were revised for NF2 in 2002 [7].

NF1 and NF2 are caused by loss-of-function mutatiointhe tumor suppressor
genedlF1 andNF2, respectively. Over half of individuals diagnoseith NF1 and NF2
carryde novomutations [4]. To date, more than 1,500 diffefdftl mutations and 300
different NF2 mutations have been reported in the Human Genethut Database
(HGMD, Institute of Medical Genetics, Cardiff, httpvww.hgmd.org/) and in the
Leiden Open Variation Database (LOVD: www.lovd.rfflN. TheNF1 gene maps to
chromosome 17q11.2 and spans approximately 350fkipemomic DNA, with the
longest isoform containing 58 exons (NM_00104249PRG 214) and exhibiting one
of the highest mutation rates [8].The protein paidif theNF1 gene (neurofibromin) is
a cytoplasmic protein with 2,818 amino acids. N&bromin inhibits the activity of
Ras GTPase proteins. Loss of neurofibromin resulteeregulated Ras activity, leading

to activation of several important downstream digga intermediates [9].
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Neurofibromin also functions to positively regulatgclic adenosine monophosphate
levels, interfering in multiple mitogenic signalipgthways [10]. Th&F2 gene maps to
chromosome 22q12.2. The most commbir2isoforms are |, without exon 16
(NM_000268.3; LRG_511) and Il, with 17 exons (NM6@18.5). The latter codifies
the 595 amino acid protein merlin [11], which meesa contact inhibition of
proliferation in multiple cell types, including Sehnn cells [12] and is reported to
target many signaling components to restrict pecdifion [13].

The clinical diagnosis of NF1 and NF2 can be coogéid in sporadic cases and
when clinical criteria are not fulfilled. Thereforgenetic testing is an important
diagnostic tool for these diseases. ldentificatmin mutations in theNFlgene is
challenging due to its size and complexity, sigmifit molecular heterogeneity, absence
of mutational hotspots and presence of severaldogmnes. Approximately one-third
of pathologenidNF1 mutations influence mRNA splicing and 30% of altlsumutations
lie outside the classical consensus splice-regylatequences [14], which are difficult
to detect. Th&NF2 gene also lacks hot-spots for mutations and hpsfisiant molecular
heterogeneity. Numerous studies have performed ampsive NF1 and NF2
genotyping worldwide, but none in Brazil. The ainh thhe present study is to
characterize a wide spectrum of mutations in NFd B2 patients from Southern

Brazil and attempt to establish potential genotghenotype correlations.

Patients and Methods

Patients and DNA samples

Ninety-three unrelated probands who were clinicdiagnosed or suspected of NF1 and
seven unrelated patients suspected of NF2 werededlin this study.The patients were
recruited at the Oncogenetics service from Hospi&alClinicas de Porto Alegre, Rio
Grande do Sul, Brazil, between August/2013 and RRA46. The patients were
evaluated by clinical geneticists and the clinichdgnosis established, whenever
possible, according to the National InstitutedHeflth criteria [6]. The study protocol
was reviewed and approved by the Institutional BevBoard (GPPG 13-0260), and
written informed consent was obtained from all sotg or legal representatives.
Genomic DNA was obtained from peripheral blood garcommercial DNA extraction
kit (Flexigene Blood Kit, Qiagen, USA). Clinical\sity and visibility of NF1 were
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assessed using the Riccardi and Ablon’s scalepectigely [15, 16]. Clinical and

demographic information was obtained by patiergrinew or chart review.

Next Generation Sequencing (NGS)

Two NGS panels were designed: the first panel, dsedenotyping of NF1
probands includes thidF1 (NM_001042492.. RNF135(NM_032322.3 and SUZ12
(NM_015355.2) genes and the second panel, usedeiootgping of NF2 probands
includedthe NF2 (NM_000268.3) andINI1 (NM_003073.3) genes. Primers were
designed using the AmpliSeq Designer softwditeefmo Fisher Scientific, CA, USA),
targeting 99.32% of the coding sequence, exonfintpanctions and 5'and 3’
untranslated regions MF1, 90.09%0fRNF135and100% ofSUZ12,resulting in 119
amplicons in the first panel, and 93,86%\#2 and 10% ofiNI1 resulting in a total of
46 amplicons in the second pandmplicon library was prepared using the lon
AmpliSeq Library Kit 2.0 (Thermo Fisher Scientifi€A, USA) and NGS performed
using 20 ng of genomic DNA and an lon 316 sequenchip on an lon Personal
Genome Machine and the 200 Sequencing kit (ThermbeF Scientific, CA, USA)
with 500 flowsData from the lon Torrent runs were analyzed udimg platform-
specific pipeline software Torrent Suite v3.2.1 liase calling, trim adapter and primer
sequences and filtering out poor quality reads. Sémpiences were aligned to the hgl9
human reference genome. For variant calling, tlypiesece runs were imported to the
lon Reporter software v5.®resence oNF1 pseudogenes showing a high sequence
identity with the functionaNF1 gene was taken into account in the bioinformatics
workflow. During the sequence alignment with ther€&at Suite (Life Technologies),
reads mapping at two different positions in theoyea were discarded (single hits).
Sequence alignment was performed against the wheleome to avoid forcing
alignment of pseudogene amplicons on the functidifd sequenc¥ariants were also
reviewed and annotated using this software. Integragenomics viewer (IGV-
http://software.broadinstitute.org/software/igvfyas used for visualization of the

mapped reads.

NGS validation by Sanger Sequencing
All pathogenic and likely pathogenicvariants idéatd were confirmed by
Sanger sequencing. Specific primers for the coomding exons were designed using

Primer Blast (http://www.ncbi.nlm.nih.gov/tools/prer-blast/) and the same reference
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sequences were used for direct capillary sequen€ading regions with low coverage
on the NGS assay were also Sanger sequenced. €hd 8f theNF1 primers were
designed not to match the genomic sequences dhitiy homologous pseudogene
sequences.Forward and reverse primers (availaloe rgguest) were used to sequence
the purified PCR products, using the BigDye Ternmonav3.1 Cycle Sequencing Kit
using an ABI 3500 instrument (Thermo Fisher ScfentCA, USA). Sequences were
aligned to the reference sequences used to desigh primers using CodonCode
Aligner software implemented in MEGA 5.04. When itiddal family members of a
mutation carrier accepted to participate in thisdgt the direct sequencing of the
correponding exon was performed for segregatiofysisa

Bioinformatics analysis

To predict whether the missense and small indehgbs that have not been
reported as pathogenic in the literature were Yikpathogenic, we employedfive
algorithms that are commonly used to predict thpaich of a given mutation on protein
structure and function: PolyPhen-2; Mutation Asses$®HANTER; SIFT (Sorting
Intolerant From Tolerant); and Mutation Taster PZ}- Splice site mutations were
analyzed using the BDGP software (Berkeley Drodapldenome Project) [23].
Nonsense and frameshift mutations were not evaluagén silico analyses. Moreover,
all variants were searched in the ClinvVar (Hfgw~vw.ncbi.nim.nih.gov/clinvar/),
COSMIC (Catalogue of Somatic Mutations in Cancer -
http://cancer.sanger.ac.uk/cosmic), HGMD (The Hun@ene Mutation Database -
http://mww.hgmd.cf.ac.uk/ac/index.php), LOVD (Leid€pen Variation Database -
http://www.lovd.nl/3.0/home), 1000 Genomes Proj@ttp://www.1000genomes.org/)
Exome Aggregation Consortium (http://exac.broadimst.org/), and dbSNP
(http://www.ncbi.nlm.nih.gov/SNP/) databases.

Mutation nomenclature

DNA mutation numbering was based on the cDNA sece®mlescribed above,
with nucleotide +1 corresponding to the A of the@Translation initiation codon of the
reference sequenc@&F1 exons were named according to the NCBI nomendatur
(exons numbered 1-58). DNA and protein changes wepmrted according to

international recommendations for the descriptibrsequence variants of the Human
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Genome Variation Society (HGVS; http://mww.HGVS prgMutation calling and
interpretation were based on the American Colldddedical Genetics guidelines [24].

Statistical analysis
We compared the frequency of each clinical findinghe type and location of

mutations NF1mutation carriers were arbitrarily divided into @igp with mutations in

the N-terminal region of the gene (exons 1-26)y@ug with mutations in the central
region of the gene (exons 27-38), where the mogbitant functional domains are
localized, and a group with mutations in the C-teahregion of the gene (exons 39-
58). Statistical comparisons were performed by eatienal chi-square or Fisher’s

exact test using the SPSS software (version 19.0).

Results

We recruited 93 unrelated NF1 patients; most wene bin the State of Rio
Grande do Sul (97.8%) and only 2 were born in twifegnt cities from the
neighboring state of Santa Catarina (Figure 1A).sAlen NF2probandswere from Rio
Grande do Sul. Demographic and family history @aéasummarizeth Table 1Eighty-
nine NF1 patient$95,7%) and all NF2 patients fulfiled the diagnostic crite
established by the National Institutes of HealthH)N

Detailed clinicalfeatures and results of the severity and visibditales for NF1
probands are shown in Tables 2 and 3, respectividgt NF1 probands (69,9%) were
classified at the intermediate levels (2 and 3)tly Riccardi severity scale. Using
Ablon’s visibility scale, most probands (49,5%) waslassified in the mild category.
Clinical features of the NF2 patients are shownTable 4; the presence of NF2
associated tumors were evaluated by image testsdid/aot observe a significant
difference in frequency of symptoms in when comugsrobands with and without a
family history.

Overall, 69 distindteterozygousNF1variants were identified in 73 (79%) of the
93 patients and 2 distinct heterozygdii=2 variants were identified in two (29%) of the
seven patientsT@ble S1). Five NF1 probands had other clinicaffieced relatives
tested, and all were found to be carriers. No secpievariants were identified in the
RNF135, SUZ12ndINI1 genes.

Of all variants identified,14 were pathogenic (all iNF1), 34 were likely
pathogenic (33 itNF1 and 1 inNF2), 2 were likely benignNF1) and 21 were variants
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of uncertain significance (VUS — 20 iNF1 and 1 inNF2). Seven variants were
identified in more than one proband and all othad ingle occurrence (Table S1).
Four probands presented two variants; in three vanant was pathogenic or probably
pathogenic and the other variant was a VUS; in prdand two VUS were found.
Eight-five percent of NF1 familial cases had a pg#nic or likely pathogenic variant
(n=54), while only 73% of sporadic cases had a tmrta(n=22). Thirty-three
alterationshad not been previously reported in the analyzeéabdaes and were also not
described in the 1000 genomes and Exome Aggreg@wmsortium projects. Overall,
classification of mutation-positive probands by @ypf mutation identified was as
follows: 19 (28%) nonsense, 17 (25%) splice sitetatnons, 13 (19%) frameshift
deletions, 12 (17%) missense, 4 (6%) in frame welst three (4%) frameshift
insertions and one (1%) frameshift duplication f#¥1 gene; one splice site mutation
(50%) and one nonsense mutation (50%)Né&i2 gene. All frameshift insertions and
deletions were predicted to cause premature stopnsoin their respective protein
products. Frequencies of the different types ofatiom identified inNFlare shown in
Figure 1B and the predicted effect of the novel/Vibsense mutations is shown in
Table S2.The distribution of small mutations wittie NF1 gene is shown in Figure 2.
We calculated the mean number of small mutatiomdyding splice site changes) per
nucleotide for eaciNFlexon. Exons 3, 13, 17, 18, 21, 22, 37, 38, 46 éhthad the
highest mutation frequencies, with more than on&atian per 50 base pairs. Finally,we
identified ten synonymous polymorphisms N1 gene. These polymorphisms were
previously described in 1000 genomes project amtblamot be related to disease.
Results of the analysis of NF1 severity and vigipihccording to type and
location of NF1 mutations are showb in Table 5. Eight variantsewieside theNF1
GAP-Related Domain (GRD), the most important don@ineurofiboromin (exons 27-
35). However, comparisons of severity and visipitif NF1 measured by Riccardi and
Ablon scales between patients with mutations ifedght NF1 positions did not show
statistically significant differences. Visibilityategories according to Ablon’s scale and
severity categories according to Riccardi scale dad show statiscally different
distributions when considering patients with mwaas in either C-terminal, central and
N-terminal regions of the gene (p=0.082) and (p4D)2 respectively. The different
types of mutations also did not occur more fregyemmt a specific NF1 position.
Considering patients with a GRD mutation, no clgamotype-phenotype correlation or

a more severe symptomathology seems to occur.c@lirieatures of NF1 patients
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withno mutations detected are summarized in TaBleAH of them had at least two
major diagnostic features of NF1, however, boneralions were not present in this

group.

Discussion

Although NF1 is one of the most common autosomainidant genetic
syndromes described to date, genotyping is oftdndoae, since in most suspected
cases the phenotype that allows clinical diagndsigelops in the first years of life.
NF2, although much less frequent, also has a wgrgdl presentation and phenotype
which allow clinical definition of the diagnosis.hlis, molecular testing is usually
reserved for the atypical cases and for purposesgafetic counseling and
prenatal/preimplantation diagnosis. In Brazil, amoy where still resources are limited
in the field of clinical genetics and molecular ghasis, genotyping of NF1 and NF2
patients is rarely done in the clinical settingisTis perhaps the reason for the existence
of only a small number of reports involving molesnuscreening oNF1 and/orNF2.To
our knowledge, only one previous study evaluatedctimical symptoms and mutations
of NF1 patients in Brazil, but molecular analysisluded only the GAP domain of the
NF1 geneand used a screening method with reduced tiggnsi(single-strand
conformation polymorphism) [25]. Interestingly, was conducted in a different
Brazilian region and thefour germline mutations alié®d were not present in our
cohort from southern Brazil. Also, their seriespatients seems to have been enriched
for NF1 patients with severe diseasesince theyribesand unusually high frequency of
plexiform neurofibromas, cognitive deficiency arablgosis, in their cohort, different
from our cohort in which frequency of clinical fimgjs is more similar to what has been
described internationally [26]. Although only a miity of the NF1 probands described
in the present article have severe disease, oigsseas a higher frequency of familial
NF1 cases than described in the literature (68%0%) [4], while in NF2, familial
cases accounted for 42% of the probands, which iteirwthe range observed
internationally [4]. The point mutation detectiate in our series was 79% and 29% for
theNFlandNF2genes, respectivelyverall NF1 mutation detection rate is comparable
to other studies (80 and 78%) [27, 28], higher ttegorted by Fahsolet al. (53%) [29]
and lower than described by Mattooksal. (89%) [30]; NF2mutation detection rate
was lower than previously described in other pagpana [31]. Only 17% of the NF1

patients had no mutation detected; many explamation disease occurrence in these
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patients can be listed. A small percentage of depnic mutations andluinsertions

in NF1 will be missed when a gDNA testing approach is ugedumber of other
studies have employed a RNA based analysis toifdeNE1 mutations [32-35] with
increased sensitivity and variant detection ratandsaicNF1 mutation could also be
missed in gDNA mutation screening obtained fromighearal blood; however, NGS
technology may overcome this problem when high ye sequencing is achieved. In
our approach, the median coverage in NGS was 780amplicon, ranging from 100 to
2400x, which usually sufficesto indicate the preseof mosaicism. Finally, there is
also a possibility of a mutation in another geneegulatory element associated with an
NF1 or NF1-like phenotype. Recently, mutations e SPRED1gene have been
described in patients with a phenotype resembliRd [86].

Most of the mutations described here were nonsdniewed by splice site
mutations. We described 33 nowF1 variants in Brazil, all with single occurrence,
which is likely due to the small number of mutaticeports from NF1 patients in
Brazil. Twenty-one variantsvere classified as VUS (20 iNF1 and 1 in NF2).
Determining pathogenicity of these variants is lgmaing without further functional
and/or segregation studibs.silico prediction tools are often contradictory in their
predictions for the same variaand it is still not possible to predict phenotypitects
from the location and type of mutation. Moreovére high mutation rate of the gene
results in a large number of novel mutations tretdhto be tested. In our series, we
were able to classify only two of the VUS NF1 based on databases and previously
published functional studies. For most of them,ifaymatics algorithms showed
contradictory results (Table S2). However, with #veception of p.llel679Vval and
p.His2414Pro mutations, missense variants seene ttidease causing by thissilico
analysis. It remains to be determined how theseamr contribute to neurofibromin
function. Functional analysis may help to assiga pathogenicity of unclassified
variants.

Regarding mutation localization within the gene, entified more than one
variant in five of th&lF1 domains. Mutations in th&lF1GAP-related domain were
shown, many years ago, to disable GAP activity,[8Ad this provided direct evidence
that failure of neurofibromin GAP function is thatical element in NF1 pathogenesis.
In our study, six mutations (4 nonsense and 2 sdedditions) occur in this domain and
are, thus, predicted to severely decrease neuoadfilorfunction. In addition, Mangoura

and colleagues showed that neurofiboromin GAP dgtigi regulated by protein kinase
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C (PKC) dependent phosphorylation of the cysteamgt serine-rich domain (CSRD) of
NF1, and, thus, mutations in this domain may affect thnction. In our cohort, we
identified nine mutations affecting CSRD. Other dams of the NF1 protein are the
caveolin-1 binding domains. These domains are \sadieto be involved in the
formation of a complex between neurofibromin angdecdin-1, and the complex is
potentially involved in the regulation of severahportant signalling molecules
including PKC and p2lras [39,40]. We did not findutations in TBD and NLS
domains (Figure 2). No mutations were detectedxione3l, the alternatively spliced
exon inside NF1 GAP-related domain; most of theatoms were outside NF1 GAP-
related domain, as described in other studies [30].

The fact that neurofibromin contains several fun@l domains makes it con-
ceivable that different mutations occurring at eliént positions of the gene might lead
to different phenotypes. However, only one well wWlnented genotype-phenotype
correlation was established to date when consigeNiRlpoint mutations: a 3-bp in-
frame deletion ¢.2970 2972delAAT, which is ass@datith absence of neurofibromas
[41]. This mutation was found in two unrelated faahiprobands in our study, both
with café-au-lait macules, axillary and inguinadkling and absence of neurofibromas.
We were unable to identify other potential genotppenotype correlations. Several
factors can have influenced this: most NF1 mutati@me unique there is often
significantly variable expressivity even among induals with the same mutation, and
modifier genes could contribute to explain thigantand inter-familial variability. A
few genes, inclusinggDKN2B-AS1 GDNFTLF, and MSHzhave been proposed as
potential modifiers of the NF1 phenotype [42-45].

Finally, we did not find significant differences @i comparing severity and
vishility of NF1 patients according to the type dadation of their mutations. Probands
with mutations inside the GAP-related domain alsd dot show a more severe
phenotype. Also, we found in a previous study catell by our group (data not
published) thaRNF13%nd SUZ12genes could influence NF1 phenotype, mainly in
microdeletions syndromes. These genes are loca@dNRk1 and are often involved in
microdeletions. We did not found point mutationsRINF135andSUZ12in our series
and could not confirm our previous hyphotesis.
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Conclusion

The description of mutations detected in unrelg@iients with NF1 and NF2 is
very important for the follow-up of this multisystéc disease with high expression
variability. The clinical diagnosis is complicatdry a high degree of phenotypic
variability. Thus, confirmation of a clinical diagsis by identifying the pathogenic
mutation can result in a better treatment of p#tieand better counseling for their
family members. We designed a molecular diagndsidegy to detect point mutations
which showed point mutation detection rate of 7@k 1 and 29% irfNF2. This is the
first report where NGS technology was used to datex the complete known genetic
background of neurofibromatosis type 1 in BrazilecBuse of the numerous
pseudogenes, in the AmpliSeq technique could aehimtter efficacy and showed
similar detection rates as Sanger sequencing. Necif§p genotype-phenotype
correlations were established for Brazilian popakgtbut other correlations described
in literature were also observed by us. Furthedisgiwith larger scales are required to
identify potential genotype-phenotype correlatiomdrazilian patients with NF1 and
NF2. Also, functional analyses of each VUS may ifylathe mechanisms of

pathogenesis associated with NF1 and NF2.
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Table 1 Characteristics of the NF1 and NF2 patients indudehis study.

. Average age in Skin color* Gender Average age at A
Region N years (range) White/Black/Admixed/NI M/F onset (years) Family history (Y/N)
NF1 93 31.7 (1-64) 83/8/2/0 35/58 6.9 63/30
NF2 7 22.8 (11-44) 7/0/0/0 6/1 12.4 3/4

*Assessed by self-declaration and visual inspegilbr Not informed.
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Table 2Clinical features of NF1 patients included in thiigdy.

Symptom P N % % NE

Six or more café au lait macules 89 93 95.7 0
Two or more cutaneous/subcutaneous

. 79 91 86.8 2.1
neurofibromas
Axillary freckling 74 89 83.1 4.3
Inguinal freckling 71 89 79.8 4.3
Plexiform neurofibroma 40 74 54.0 17.2
Two or more Lisch nodules 34 60 56.7 35.5
Optic pathway glioma 7 59 11.9 36.6
Scoliosis 17 53 32.0 43.0
Sphenoid wing dysplasia 3 48 6.2 48.4
Cognitive deficit 19 24 79.2 74.2
Macrocephaly 3 16 18.7 82.8
Breast Cancer 5 - 5.4 -
Gastrointestinal stromal tumor 1 - 11 -
Malignanttriton tumor 1 - 1.1 -

P = presence (number of patients with the featie3;total number of patients examined for this featu
% = frequency of each clinical feature accordinghte number of patients analyzed for this feature; %
NE = percent number of the total patients that vmteevaluated for this feature.
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Table 3.Severity and visibility of NF1 patients evaluatgdRiccardi and Ablon scales,
respectively.

Classification Number of patients

1 14
Severity 2 29
(Riccardi scale) 3 36
4 9
Not informed 5
Mild 46

Visibility Moderate 23

(Ablon scale) Severe 19
Not informed 5

Table 4.Clinical features of NF2 patients included in tkigdy.

Symptom P/N % % NE
Schwannoma 6/7 85.8 0
Bilateral vestibular schwannomas 3 429 0
Unilateral vestibular schwannoma 3 429 0
Plexiform neurofibroma 1/1 100.0 85.7
Meningioma 3/5 60.0 28.6
Hearing loss 4/5 80.0 28.6
Spinal cord tumor 2/4 50.0 42.8
Tinnitus 2/4 50.0 42.8
Ependimoma 1/4 25.0 42.8

P = presence (number of patients with the featiNe};total number of patients examined for this featu
% = frequency of each clinical feature accordingh® number of patients analyzed for this feature.

% NE = percent number of the total patients thaewmt evaluated for this feature.



Table 5Severity and visibility of NF1 patients accordimgthe type and location of mutationsNiff1 gene

Type Position Riccardi Ablon
1 2 3 4 Total Mild Moderate Severe

Small deletion Exon 1-26 2 1 4 1 8 3 3 2
Splice site Exon 1-26 1 2 7 1 11 4 3 6
Nonsense Exon 1-26 0 2 5 1 4 2 2
Missense Exon 1-26 0 1 2 1 4 3 0 1
Small insertion Exon 1-26 0 3 0 0 2 0 1

TOTAL 3 9 18 4 16 8 12
Small deletion Exons 27-38 2 6 2 3 1
Splice site Exons 27-38 1 1 1 0 3 2 1 0
Nonsense Exons 27-38 2 4 3 0 9 4 6 2
Missense Exons 27-38 3 2 0 0 5 4 1 0
Small duplication Exons 27-38 0 0 1 0 1 1 0 0
TOTAL 6 9 7 2 13 11 3
Small deletion Exon 39-58 5 2 0 3
Splice site Exon 39-58 1 1 0 0
Nonsense Exon 39-58 2 6 3 1 1
Missense Exon 39-58 0 2 0 1 3 2 0 1
TOTAL 3 6 3 3 8 1 5
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Table SINF1 andNF2mutations detected in this study.

N Inheritance Gene Position Coding change Amino agichange Mutation type Reported*/ MAF* Pathogeniciy

4 g ;?)r(;]rlgztlc NF1 NF1 c.(?_-1)_(*1_7?)del - Complete deletion Yes Pathagen
1 Familial NF1 Intron 1 €.61-13C>T - Splice site No/ND VUS

1 Familial NF1 Intron 1 c.61-2 A>G - Splice site Yes/ND VUS

1 Familial NF1 Intron 1 c.61-1 G>T - Splice site No/ND Likely Pagfenic
1 Familial NF1 Exon 2 c.79C>T p.GIn27Ter Nonsense No/ND Likelyt@genic
1 Familial NF1 Exon 2 C.169G>A p.Gly57Ser Missense Yes/0.00003 VUS

1 Sporadic NF1 Exon 3 €.233delT p.Asn78llefs*7 Frameshift deletion Yes/ND Likely Pathogenic
1 Familial NF1 Intron 3 €.288+1G>C - Splice site Yes/ND Likely Ragenic
1 Familial NF1 Intron 8 €.889-21 C>T - Splice site No/ND VUS

1 Familial NF1 Exon 9 €.980T>C p.Leu327Pro Missense Yes/ND VUS

1 Familial NF1 Exon 9 €.999C>G p.Tyr333Ter Nonsense No/ND Likedyhi®genic
2 Familial NF1 Exon 11 c.1246C>T p.Arg416Ter Nonsense Yes/ND hilkdthogenic
1 Sporadic NF1 Exon 13 C.1459A>T p.Arg487Ter Nonsense No/ND Likebthogenic
1 Familial NF1 Exon 13 c.1466A>G p.Tyr489Cys Missense Yes/0.00002 Pathogenic

1 Familial NF1 Intron 13 ¢.1527+1 1527+4del - Splice site No/ND kely Pathogenic
1 Sporadic NF1 Intron 13 €.1527+5 G>C - Splice site Yes/ND VUS

1 Familial NF1 Exon 14 €.1541_1542del p.GIn514Argfs*43 Framestefetion Yes/ND Pathogenic

1 Sporadic NF1 Exon 15 c.1721G>A p.Ser574Asn Missense Yes/ND VUS

1 Sporadic NF1 Intron 15 €.1722-1G>A - Splice site Yes/ND LikelgtRogenic
1 Sporadic NF1 Exon 16 €.1754 1757del p.Thr586Valfs*18 Framestefetion No/ND Likely Pathogenic
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Table S1Cont.

N Inheritance Gene Position Coding change Amino agichange Mutation type Reported*/MAF Pathogenicity

1 Familial NF1 Exon 17 ¢.1895_1896insSTGAT p.lle634Ter Frameshsertion No/ND Likely Pathogenic
1 Familial NF1 Exon 17 c.1901del p.Pro635Leufs*53 Frameshift dedet No/ND Likely Pathogenic
1 Familial NF1 Exon 17 €.1924C>T p.GIn642Ter Nonsense No/ND Lildyhogenic

2 Familial NF1 Exon 18 €.2041C>T p.Arg681Ter Nonsense Yes/0.000008  Pathogenic

1 Familial NF1 Exon 18 €.2160_2161insT p.Cys721Leufs*5 Framesmsttrtion No/ND Likely Pathogenic
1 Sporadic NF1 Intron 18 €.2251+3 A>T - Splice site Yes/ND VUS

1 Familial NF1 Exon 21 €.2585 2586insC p.Tyr863Leufs*2 Frameshgertion No/ND Likely Pathogenic
1 Familial NF1 Exon 21 €.2693T>C p.Leu898Pro Missense Yes/ND likalthogenic

2 Familial NF1 Exon 22 €.2970_2972del p.Met991del Deletion Yef0008 Pathogenic

1 Familial NF1 Intron 22 €.2991-1 G>A - Splice site Yes/ND Likéhathogenic

1 Familial NF1 Intron 23 €.3113+5 G>T - Splice site Yes/ND VUS

1 Familial NF1 Exon 24 c.3156_3157del p.Ser1053Lysfs*6 Framedhiitttion No/ND Likely Pathogenic
1 Sporadic NF1 Exon 24 €.3193 3194delAC p.Thrl065Lysfs*23 Franféslaletion No/ND Likely Pathogenic
1 Familial NF1 Intron 24 €.3198-4T>C - Splice site Yes/0.0004 Lykeenign

1 Familial NF1 Exon 27 €.3687_3701del p.Val1230_Ser1234del Deletio No/ND VUS

1 Familial NF1 Exon 28 €.3737_3740del p.Phel247llefs*18 Framedkittion No/ND Likely Pathogenic
1 Familial NF1 Exon 28 €.3826C>T p.Argl276Ter Nonsense Yes/0.08000 Pathogenic

1 Familial NF1 Exon 29 c.3876T>G p.Tyrl292Ter Nonsense No/ND hikgdthogenic

1 Sporadic NF1 Exon 30 c.4077delT p.GIn1360Asnfs*18 Frameshifetdeh Yes/ND Likely Pathogenic
3 SEZ:‘;;Z/ 2 NF1 Exon 30 c.4084C>T p.Argl362Ter Nonsense Yes/0.08000 Pathogenic
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Table S1Cont.

N Inheritance Gene Position Coding change Amino agichange Mutation type Reported*/ MAF* Pathogeniciy

1 Familial NF1 Exon 32 c.4288A>T p.Lys1430Ter Nonsense No/ND ykehthogenic

1 Familial NF1 Exon 35 c.4600C>T p.Arg1534Ter Nonsense Yes/0.08000 Pathogenic

1 Sporadic NF1 Exon 36 c.4743 _4747del p.Glu1582llefs*38 Framegtefetion No/ND Likely Pathogenic
1 Familial NF1 Exon 36 c.4783C>T p.GIn1595Ter Nonsense No/ND ik thogenic

1 Familial NF1 Exon 37 c.4928T>A p.Vall643Glu Missense No/ND VUS

2 Familial NF1 Exon 37 c.5035A>G p.lle1679Val Missense Yes/ND lykeathogenic

1 Sporadic NF1 Exon 37 ¢.5036_5041del p.Tyrl678 lle1679del Detetio No/ND VUS

1 Familial NF1 Intron 37 €.5269-9A>G - Splice site Yes/0.0002 lykdeenign

1 Familial NF1 Intron 37 €.5269-1 G>C - Splice site No/ND LikelgtRogenic

1 Familial NF1 Exon 38 €.5305C>T p.Argl769Ter Nonsense Yes/ND deythic

1 Sporadic NF1 Exon 38 c.5345delT p.Tyr1783llefs*11 Frameshiftadieln No/ND Likely Pathogenic
1 Sporadic NF1 Exon 38 c.5464C>T p.GIn1822Ter Nonsense Yes/ND IiRathogenic

1 Sporadic NF1 Exon 38 ¢.5514 5515dupT p.lle1839Tyrfs*23 Framéship No/ND Likely Pathogenic
1 Sporadic NF1 Exon 38 €.5561T>G p.Leul854Arg Missense Yes/ND VUS

1 Familial NF1 Exon 38 €.5609G>A p.Arg1870Gin Missense Yes/ND Bgeimic

1 Familial NF1 Intron 38 €.5609+5G>A - Splice site Yes/ND VUS

1 Familial NF1 Exon 39 €.5788T>C p.Cys1930Arg Missense Yes/ND VUS

1 Familial NE1 Exon 40 €.5907_5908del p.Arg1970Serfs*6 Framesleaiietion Yes/ND Pathogenic

1 Sporadic NF1 Exon 40 c.5991G>A p.Trpl997Ter Nonsense Yes/ND (Rpthic

1 Familial NF1 Exon 43 €.6515C>A p.Ser2172Ter Nonsense No/ND yikalthogenic

1 Familial NF1 Intron 45 €.6819+3 A>G - Splice site Yes/ND VUS
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Table S1Cont.

N Inheritance Gene Position Coding change Amino agichange Mutation type Reported*/ MAF* Pathogeniciy

2 ;amili:l_/ NF1 Exon 45 c.6772C>T p.Arg2258Ter Nonsense Yes/ND dRpthic
poradic

1 Sporadic NF1 Exon 46 €.6850_6853del p.Tyr2285Thrfs*5 Framestefetion Yes/ND Pathogenic

2 Familial NF1 Exon 46 €.6855C>G p.Tyr2285Ter Nonsense No/ND Rythic

1 Familial NF1 Exon 47 C.6989T>A p.Leu2330Ter Nonsense No/ND hilthogenic

1 Familial NF1 Exon 48 €.7188del p.Tyr2398Thrfs*20 Frameshift tete No/ND Likely Pathogenic

1 Familial NF1 Intron 48  ¢.7190-33_7190-22del - Splice site Y&s/a0 VUS

1 Familial NF1 Exon 49 C.7241A>C p.His2414Pro Missense No/ND VUS

1 Sporadic NF1 Exon 49 €.7311_7313del p.Tyr2438del Deletion No/ND VUS

1 Familial NF1 Exon 49 C.7321G>A p.Ala2441Thr Missense No/ND VUS

1 Sporadic NF2 Exon 1 c.(?_-1)_(114+1_115-1)del - Exon 1 deletion Yes/ND Likely pathogenic

1 Sporadic NF2 Intron 3 €.363+1G>A - Splice site Yes/ND VUS

1 Familial NF2 Exon 12 €.1228C>T p.GIn410Ter Nonsense Yes/ND iksthogenic

N = number of patients with the mutatiomReported in at least one of the databases analit&H;= Minor Allele Frequency described in 1000 Genomasiet; ND = Not Described;

VUS = Variant of Uncertain Significance.
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Table S2.Predicted effect of the detected novel/VUS singhéna@acid substitution variants on neurofibromin amerlin proteins.

Variant Gene PolyPhen-2 Mutation Assessor Phanter IBT Mutation Taster
p.Gly57Ser NF1 Possibly damaging Medium NI Damaging Disease causing
p.Leu327Pro NF1 Probably damaging Medium NI Damaging Disease causing
p.Ser574Asn NF1 Probably damaging Low NI Damaging Disease causing
p.Leu898Pro NF1 Probably damaging Medium NI Damaging Disease causing
p.Val1643Glu NF1 Possibly damaging Medium NI Damaging Disease causing
p.llel679Val NF1 Benign Low NI Tolerated Disease causing
p.Leul854Arg NF1 Probably damaging Medium NI Damaging Disease causing
p.Cys1930Arg NF1 Possibly damaging Medium NI Damaging Disease causing
p.His2414Pro NF1 Benign Neutral NI Tolerated Disease causing
p.Ala2441Thr NF1 Probably damaging Medium NI Damaging Disease causing

SIFT = Sorting Intolerant From Toleraritfl = Not Informed.
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Table S3.Clinical phenotypes of NF1 patients with synonymaithout NF1 mutations.

Skin Eyes Bones
Inheritance Gender Cognitive deficit Breast cancer
CALM CN AF IF PN LN oG Sc SD
Sporadic F + + - - - - - - - - -
Sporadic F - + ) ) + - ) ) ) - ;
Sporadic M + + + + ) + ) ) ) + l
Sporadic F + + ) ) ) ) ) ) ) ) B}
Sporadic F + + + + + + + ) ) ) )
Sporadic F + + i ) ) ) ) ) ) ) }
Sporadic F + + + + - + ) ) ) * -
Sporadic F + i i ) ) + + - ) ) l
Familial F + ) ) ) ) + ) ) ) + }
Familial F + + + + i - ) ) i - B}
Familial M + - ) ) ) ) ) ) - ) -
Familial F + + ) ) ) ; ) ) ) - }
Familial M + + ) ) ) ; ) ) ) - B}
Familial M + + + + + + ) ) ) ) )
Familial F + + + + + - B ) ) ) +
Familial F + + + + + 4+ ; ) ) ) +

*CALM = Café-au-lait maculesgN = Cutaneous neurofibromaF = Axillary freckling; IF = Inguinal freckling;PN = Plexiform neurofibromat.N = Lisch nodules;
OG=0ptic pathway gliomaSc= Scoliosis;SD = Sphenoid wing dysplasia.
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Figure 1. ADistribution of the NF1 patients from the State Rib Grande do Sul
according to place of birtiB.Distribution of aINF1mutations identified by mutation

type and respective frequency.

Figure 2Distribution of NF1 sequencing variants usingM_001042492.2 with 58

exons (including exon 31) as reference sequenceoliletomin domains are indicated:
blue, CSRD (cystein and serine rich domain); pinBD (tubulin binding domain);
green, GRD (GAP-related domain — interaction withsRand GTP hydrolyisis); red,
Secl4-PH (bipartite lipid binding domain); orangBLS (nuclear localization

sequence).
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Abstract

Tuberous sclerosis complex is an autosomal domidisirder characterized by skin
manifestations and formation of multiple tumorsdifferent organs, mainly in the
central nervous system. Tuberous sclerosis is dabgehe mutation of one of two
tumor suppressor gened,SC1 or TSC2. Currently, the development of novel
techniques and great advances in high-throughpoetge analysis made mutation
screening of th&@ SClandTSC2genes more widely available. Extensive studie$ef t
TSClandTSC2genes in patients with TSC worldwide have revealedde spectrum
of mutations. Consequently, the discovery of thdeutying genetic defects iRSChas
furthered our understanding of this complex geneisorder and genotype-phenotype
correlations are becoming possible, although theme still only a few clearly
established correlations. This review focuses am ittein symptoms and genetic
alterations described in TSC patients from thirteeantries in three continents as well
as genotype-phenotype correlations establishedtt @he determination of genotype-
phenotype correlations may contribute to the estialent of successful personalized

treatment for TSC.
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1. Tuberous Sclerosis Complex

Tuberous sclerosis complex (TSC) is an autosomahimknt neurocutaneous
andprogressive disorder, frequently characterizethé occurrence of multiple tumors
in different organs. Penetrance reaches 95% andriable; expressivity also varies
greatly even within a given family(Northrap al., 1993).The incidence of TSC is
1/10,000 births and its prevalence in the genemgdufation of Europe has been
estimated to be 8.8/100,000(Orphanet: Tuberousréite 2015), affecting multiple

ethnic groups (Joinscet al, 2003).

2. Diagnosis and symptomatology

Tuberous sclerosis has been initially describedvtwy Recklinghausen in 1862
1908, Heinrich Vogt established the diagnosticecidt for TSC as the so-called triad:
epilepsy, mental retardation and adenoma sebacAamone of these clinical signs
were pathognomonic for TSC, clinical diagnostitesta were revised by a consortium
in 1998 (Roackt al, 1998), which proposed three diagnostic categofdefinite,
probable or possible TSC) based on the presencejoir and/or minor features of the
disease. Table 1 shows the revised and updatedaditag criteria for TSC, established
by the same consortium in 2012 (Northetpal, 2013). A definite clinical diagnosis is
made when two major features or one major featlws pwo minor features are
present. Importantly, most major features are Ipedlto the skin and central nervous
system. Also, one must consider that the clinicainiiestations of TSC appear at
distinctdevelopmental points and a person with soga TSC may need multiple

sequential evaluations before a definite clinidadosis can be made.
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After skin and CNS findings, renal manifestations the most common abnormalities
associated with TSC. These include renal cell parobg, oncocytomas,
angiomyolipomas (in 80% of patients) and renalicydisease (in 50% of the patients)
(Dixonet al, 2011). Typically, renal manifestations in chddrwith TSC are first
seeln infancy and increase with ag&ngiomyolipomas, one of the leading causes of
death in TSC patients, are multiple and often érkt The associated mortality is due
to complications when these lesions become vergelaAnother consequence of
angiomyolipomas is destruction of the normal repatenchyma resulting in renal
failure and end-stage renal disease (Shephentl 1991). Patients with clinically
detectable renal cystic disease usually have aresewvery early-onset polycystic
phenotype (about 2% of TSC patients) (Sampsah, 1997).

Pulmonary involvement, specifically lymphangioleipomatosis (LAM), is the third
most common cause of TSC-associated morbidity, raocuin approximately 35% of
female TSC patients. LAM is caused by proliferatanatypical smooth muscle cells
in the peribronchial, perivascular, and perilymphaissues of the lung (Kumasakta
al., 2004).LAM occurs almost exclusively in young wem typically presenting
between 30 to 35 years of age.Symptoms have bperied to begin or worsen during
pregnancy, suggesting that LAM may be hormonalijuenced (Castret al, 1995).

Skin lesions are detected in 70% of patients wiBCTand include hypomelanotic
macules, shagreen patches, confetti-like lesionsghtad fibrous plaque, facial
angiofibromas, and periungual and ungual fibronchyvartet al, 2007). Depending
on studied population, even as many as 100% of p&{ents younger than 5 years
may present with hypopigmented macules. An aggi@eyabdf reddish papules,
appearing on the nose and cheeks in a charaatdoigtierfly distribution, belongs to

the Vogt triad of signs. Although usually symmedtjoccasionally they may be found
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unilaterally (Jozwiakt al, 1998). Facial angiofiboromas (adenoma sebaceum) a
formed by hamartomatous growth of dermal connedissue with rich vasculature
and can result in decreased quality of life sinoeytaffect appearance, may cause
disfigurement, and are prone to bleeding, whichi@ases the possibility of infection
(Yates, 2006). Shagreen Patches are areas of thiegularly shaped, and elevated
skin, usually found on the lower back. Mean agapdearance is about 8.1 years (Sun
et al, 2005). Ungual and subungual fiboromas are sroatiotrs that grow around and
under toenails or fingernails. Their mean age qfeapance is 14.9 years (Senal,
2005) and their prevalence in older patients (al8fvgears) is close to 90%. Forehead
plaques appear under the age of 14 years (Joetvalk 1998), with mean age of
appearance being 2.6 years (®tial, 2005).

TSC is also associated with both retinal and namakbcular findings (Rowlest al,
2001). Hamartomas are the most common retinal mstaion of TSC and are
identified in approximately 40 to 50% of individgal Fortunately, they rarely
compromise vision, although severe decreases ualacuity and blindness has been
reported in some cases due to hamartoma enlargemantlar involvement, retinal
detachment, and vitreous hemorrhagel{ertsoret al, 1999)

Multiple cardiac rhabdomyomas are cardiac tumorsstnfeequently encountered
during infancy and childhood and they occur in appnately 30% of TSC patients.
On the other side, nearly 100% of fetuses with ipleltrhabdomyomas have TSC.
Cardiac rhabdomyomas usually do not cause symptsrnsmodynamic compromise
and the natural history for these lesions is spwdas regression in the vast majority
of cases. However, the minority of the cases maptne symptomatic shortly after

birth or in the first year of life. Finally, hamarhas may also occur in organs of the
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endocrine system and rare case reportsexist obaryglipomas or fiboroadenomas in

the pituitary gland, pancreas, or gonads (O’Cabeghal, 2010).

3. Neurological involvement

Neurologic complications are the most common amehnathe most impairing aspect of
TSC. Structural eurological abnormalities include cortical tubessibependymal
nodules (SENs) and subependymal giant cell tum®@&QTs). Braintumors in TSC
are rare (2 to 10 % of patients with TSC and 14-%.of all pediatric brain tumors)
(Frérebeaet al, 1985)Cortical tubers are developmental abnormalitiesgmein more
than 88% of children with TSQC{cciaet al.,2003)and the average number of tubers
per patient ranges from to50 in different studieslubers lead to loss of the classical
six-layered cyto-architecture of the cerebral coded are thought to be responsible
for more than 75% of the epileptic disorders ingras with TSC Qrphanet: Tuberous
Sclerosis, 2015)The second more frequent structural neurologsoles in children
with TSC are SENs, which are small hamartomasdbetir in the walls of the lateral
ventricles. Only SENs located in the region of Menro foramina may have the
potentiality to grow and to transform into SGCB84-20% of patients)The last but
not least important type of encephalic lesion iC3Gaffecting an average of 10% of
children with TSC.SGCTsare benign, slow-growing tumors of mixed glionewab
cells including giant cells. They are typically &ed near the foramen of Monro, hence
they can cause increased intracranial pressuretrucbge hydrocephalus, focal
neurologic deficits and death (Orphanet: Tuberouker8sis, 2015).Approximately
90% of TSC patients experience seizures and alf4t ltave documented cognitive

impairment, autism, or other behavioral disordEgslepsy is likely the most prevalent
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and challenging clinical manifestation of TSC, andually all subtypes of seizure
have been reported. At least one third of patidatselop refractory epilepsy; attention
deficit-hyperactivity disorder and psychiatric canidities such as mood disorders,
anxiety, obsessive compulsive behavior and alceholare also frequently present.
Among the different sites of tumor development, tinain remains undoubtedly the
most problematic in terms afierapeutic management and screening.Brain tuarers
the cause omore than 50% of deaths among children with TS@Ifl#t al, 1996).

Intellectual disability has a prevalence of 40%-5008 SC; 30% are severely affected
with 1Qs in the very low range, and 70% have 1Qgha normal, yet slightly left-

shifted range (Joinsenal, 2003).

4. Molecular Genetics of TSC: theTSC1 and TSC2 genes

Tuberous sclerosis is caused by the mutation ofadneo tumor suppressor genes:
TSC1(9934) or TSC2(16p13.3. TheTSChene spansabout53kbof genomicDNAwith
23exonscoding forhamartin, a hydrophilicproteinwith64 amino acidsand130kDa.
Hamartin is expressedin several adult tissues # @ key role in theregulation of
cell adhesion.This proteinshowsnohomologywith any other vertebrptotein.The
TSC2ene comprisesapproximately43kbof genomicDNA witlexbnsencoding a 5.5
kb transcript and a 1807amino acid protein,tubemithh 198kDa. This proteincontains
a hydrophilic N-terminal domain and a conservedbiia acidregion encoded by
exons 34-38,near theC-terminal portion, which hasomdlogywiththe
RassuperfamilyGTPases proteins raplGAPandmSpalfitalaet al,
1997).Thereforetuberin is a GTPase activatingprotein that regsltte GTP binding

and hydrolysing activity of the Ras superfamilypsbteins and help to regulate cell
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growth, proliferation and differentiation. The othdomains of tuberin are less
conserved, and additional homologies between talzeril other proteins have not been
identified. Serfontein and colleagues used bioimfatics tools to examine the presence
of conserved elements ®5ClandTSC2across different organisms (Serfontetral,
2011). The analyzed organisms showed a wide ramgjeei degree to which residues
implicated in signalling are conserved (or pres&nall) in comparison to the human
TSCland TSC2sequences. Not surprisingly, the other mammaliartiems Rattus
norvegicusand Mus musculusshared the largest number of residues with theamu
proteins.

Figure 1A schematically shows the structureT&®C1land TSC2genes, their coding
exons and the main domains of hamartin and tub&tiese proteins bind each other
via their respective coiled-coil domains to formiatmacellular complex that integrates
signals to control cellular homeostasis, oxygerelgvpresence of nutrients, energy
pool and stimulation by growth factors. Such sigrralgulate Rheb (a Ras homologue
enriched in brain), responsible for the activatohmTOR (mammalian target of
rapamycin) kinase. mTOR, in turn, regulates tramsiaof a significant proportion of
cellular proteins, including those responsible tbe control of cell growth and
proliferation Kwiatkowski, 2003). Figure 2 shows the role of TSC2:TSC1 cemoh
MTOR pathway. Loss of function mutations TisClor TSC2lead to deregulated
expression patterns in this pathway, abnormal pwolu of the end products and
ultimately promote tumorigenesis. To date, specrfechanisms by which these loss of
function mutations cause disease are not estadlislieis suggested that tumor
formation is initiated as a consequence of at leasthits (Knudson, 1971): a&SC1
and TSC2 are tumor suppressor genes, the inactivation oh BE&C1 or both

TSCalleles is necessary for benign and malignant tuimnation. The first hit is an
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inherited germline mutation iRSClor TSC2,which can be detected in approximately
85% of patients with the clinical features of TS@d the second hit is somatic. There
are multiple possible mechanisms for somatic ination of the wild-type alleles of
TSC1andTSCz2 including loss of heterozygosity, mutation andrpoter methylation.

It is possible that epigenetic silencing mediatgaricro-RNAs also occurs. Moreover,
binding of TSC1 to TSC2 appears to stabilize irghatar TSC2 levels since
uncomplexed TSC2 is subject to ubiquitin mediategrddation (Chong-Kopeset al,
2006). Thus, TSC1 has a role in stabilizing the glem, while TSC2 has the GTPase
activity. For this reason, inactivating mutatiomsaither gene give rise to the same
clinical disorder. Clearly, both proteins play @ial roles in several processes that are
crucial for normal braindevelopment. In additiomchuse they are widely expressed
throughout the mature brain, these proteins likegve important homeostatic
regulatory functions in neurons during adult life.

Although several TSC families exhibit an autosomaininant pattern ofinheritance,
70% of cases result frode novogermline mutations. Linkage studies initially
suggested that therewould be equivalent numbefamilies with mutations in each
TSCgene (Benvenutt al, 2000). However, the frequencyof mutations regmbrin
TSC2is consistently higher than iIRSC1; TSCImutations accountfor only 10% to
30% of the families identified with TSC. In sporadiSC, there is aneven greater
excess of mutations iMSC2.Nonetheless, identification afSC1mutations appears
tobe twice as likely in familial cases as in spacathses. The disparity in mutational
frequency mayreflect an increased rate of gernmdim@ somatic mutations iRSC2as
compared withTSC1,as wellas an ascertainment bias, since mutationsSib2are
associated with more severe disease (Dabalg 2001; Janse al, 2008; Kotharet

al., 2014). In patients with the TSC phenotype anddeatifiable mutations in either
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TSCDhr TSCZ15% to 20%),the disease is usually milder (Dabbra., 2001). A
milder phenotype has also been described in radeviduals with mosaicism for
mutations iNTSC1orTSC2 Caignec and colleagues (2009) reported a unigoelyf
with three independentpathogenic mutationsT8C2mapping to distincthaplotypes.
The three mutations were most likelg novo asparents of the affected patients did not
present any featuresof TSC. In addition, findingssistent with gonadalmosaicism

were seen in one branch of the family.

5. Molecular diagnosis in TSC

The development of novel techniques and great adsm high-throughput genetic
analysis in the last few years made mutation sangeof the TSCland TSC2genes
feasible. Recent massively parallel sequencing ni@olgies (Next-Generation
Sequencing, NGS) and copy number variation teqfingltiplex Ligation-dependent
Probe Amplification — MLPA and array-Comparativen@mic Hybridization - aCGH)
have been validated for clinical use in many disosdncluding TSC, rendering the
analysis much faster and more cost-effective.

Extensive studies of thESCland TSC2genes in patients with TSC have revealed a
wide spectrum of mutations. We searched the Pubktaeddse to retrieve available
published literature in English from 1998 to 20h4ttdescribed mutations B8Cland
TSC2genes and established genotype-phenotype coorgdafor tuberous sclerosis
disease. The following keywords were uséSC1l mutations; TSC2 mutations;
tuberous sclerosis complexfSC mutations; TSC molecular analysis; genotype-
phenotype correlation on tuberous sclerosis. Tweaten studies were included in the

final analysis. Table 2summarizes the results obthin the main studies performed
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with unrelatedTSC patients worldwide; many of thermges listed were found for the
first time in the investigated population. The mésiquent mutation type is point
mutations. Large gene rearrangements are lesseimédgureported, both because of
their true prevalence in TSC and also because @evaudies did not use
methodologies that are directed to the identifaratf such mutations.As expected, the
observed mutation detection rate is not always det@pIn this group, a mutation
could exist in an intronic region distant from #eon-intron boundaries, which could
have an effect on the splicing process or genda#gn, causing a reduction of normal
MRNA transcript. Although a third gene for TSC nmexist and explain this lack of
mutation atTSCland TSC2genes in some patients, there is currently no reb&c
evidence for this. Also, somatic and germ line nwsin is a credible explanation for
the failure to detect mutations in some patients specialized methods can be used to
enhance detection of thesespecific situations. Misties in TSC patients were
conducted in Europe and Asia. The largest cohasfeom the Netherlands and
Poland/USA. As expected through observed mutatieguencies, in all populations
described, the germline mutation rate at T®C2locus was higher than that at the
TSCl1locus. Also, the frequency of small rearrangeméitgll insertions/deletions) is
higher than missense, nonsense and splice sitdiomsan all populations.

The exponential discovery rate of novel genomierations that cause TSC stimulated
the creation and storage of genetic informatiomnurtation databases. In the Human
Genome Mutation Database (HGMD, 2014) for insta®€eunique missense and 59
nonsense mutations IFfSC1lhad been described by 2014, as well as 91 smialiales,
41 small insertions, 31 splice site mutations addl&ge rearrangements. In this
database, TSC1 mutations correspond to 93% of thations, with the largest number

of them occurring in exon 15, which is the largasbasepairs (559). Proportionally, it
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corresponds to a mutation frequency of 9.5% (detexdh as the percentage of
mutations per base pairs, considering the sizeaoiexon) and the highest mutation
frequency is in exon 13 (14.3%). Considering albrex the average frequency of
observed mutations is 5.9 %. Seven of the 23 ekans higher values (above 9%).
Small deletions are responsible for 41% of theatiseand small insertions, for 18.5%.
Large rearrangements are responsible for 7% of tlotgin TSC1 at this database.
The predicted coiled-coil domain of hamartin cop@sds to exons 17-23, where
21.9% of the mutations are localized. Exons 17+E3rasponsible for interaction with
tuberin, and they account for 15.9% of the pointtations described. Another
database, Leiden Open Variation Database (LOVD4p(iave reported 690 unique
DNA variants onTSClgene.

Considering theT'SC2gene, 183 unique missense and 125 nonsense mstame
were described in HGMD database, as well as 189 sielations, 99 small insertions,
120 splice site mutations and 148 large rearrang&snBoint mutations correspond for
82.6% of the mutations, with the largest numbahemm occurring in exon 33, which is
the largest in basepairs (488). Proportionallys tekon corresponds to a mutation
frequency of 15.45%, and the highest mutation feegy is in exon 37 (22.9%) and
exon 38 (22.8%). Considering all exons, averagguigacy of observed mutations is
11.0 %, a higher number than mutation frequencySf1gene. Twenty-seven of the
41 exons have mutation frequency values above Q%wanoverall mutation number
and mutation frequency higher thanTiBC1lgene. Small deletions are responsible for
32% of the disease vs 41%Ti$C1lgene, and the small insertions for 17% vs 18.5% in
TSClgene. Large rearrangements are not shown in bie, tand are responsible for
17.4% of mutations inTSC2 a higher number than the frequency of

largerearrangements imSC1 gene. The predicted coiled-coil domain of tuberin
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corresponds to exon 10 of tA&C2gene, where only 1.8% of small mutations are
localized. Exons 34-38 encode the GAP-domain, mesipte for the essential GTPase
activaty, and they account for 18.1% of the pointations described at this gene, with
a high mutation frequency (95.1%). Exons 37 an#h&®8 shown the highest mutation
frequency inTSC2gene, and these mutations can have a damage effebe protein
since GAP domain can be disrupted. In Leiden Opanation Database, 1925 unique
DNA variants onTSC2gene have been reported. Figure 1A illustratedisteibution

of point mutations among all exons and domainsC1andTSC2genes described in
these different studies and Figure 1B graphicadigresents the occurrence of point
mutations in eaciSClandTSC2exons (percentage of the total number of described
mutations in HGMD database that occurs in each )exidris percentage is not related
to exon size, but larger exons contain more mutatiban smaller exons.

Because TSC can be a devastating disease, famihbere of affected individuals are
often eager to know whether they are carrierd 8C mutations. Actually, with the
adventure of next generation sequencing platforintegcame possible to analyze point
mutations in bothTSCland TSC2genes at the same time for a lower cost; if no
mutations are detected, the search for large deketnd duplications should proceed.
Prenatal and preimplantation genetic tests are laé®oming more widely available.
The mutation status of family members has grealicapons on genetic counseling.
Furthermore, for all clinical diagnostic criterjgatients with subclinical TSC may not
be correctly diagnosed, and genetic testing is\asp important for these cases.

The second International Tuberous Sclerosis Comg@ersensus Conference met
seventy-nine experts from 14 countries to finalidiagnostic, surveillance, and
management recommendations for patients with TS@tkkuget al, 2013). At this

meeting, the most significant change recommendesl th@ incorporation of genetic
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testing to the diagnostic criteria. Molecular tegtof theTSClandTSC2genes yields
a positive mutation result for 75-90% of TSC-aféettindividuals categorized as
having definite Clinical Diagnostic Criteria. Thecommendation of the Genetics
Panel was to make the identification of a pathogenutation inTSClor TSC2an
independent diagnostic criterion, regardless ofclivecal findings. This will facilitate
the diagnosis of TSC in some, particularly younglividuals, allowing earlier
implementation of surveillance and treatment withp@tential for better clinical
outcomes.TSCland TSC2genetic variants whose functional effect is notirdefly
pathogenic would not be considered a major diagnasiterion. Finally, a normal
result fromTSCland TSC2testing does not exclude TSC, since a fractiom $€C
patients have no mutation identified by conventigemetic testing. Nonetheless, if the
mutation in an affected relative is known, testiiog that mutation has very high

predictive value for family members.

6. Genotype-phenotype correlations in TSC

The discovery of the underlying genetic defect§8Chas furthered our understanding
of this complex genetic disorder and genotype-ptyg®ocorrelations are becoming
possible. In a retrospective study, Kothare anteaglies (2014) analyzed a series of
919 TSC patients and found that carriage of a geeflISC2mutation was associated
with SENs and SGCTs. Occurrence of tubers, howeli@dmot differ between carriers
of TSCDhrTSC2mutations. In general, patients will6C2 mutation presented with
symptoms at a younger age. Dabora and colleag0@4 Yanalyzed 224 TSC patients
and found that seizures, average cortical tuberbeurand SEN are more frequent or

severe in patients witthe novoTSC2nutations than those witiSC1lmutations. Jansen
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and colleagues (2008) also reported a more sewn®logic phenotype including an
earlier age of seizure onset, lower cognition indad more tubers in patients with a
TSC2 mutation as compared to those withT&C1 mutation. Another important
correlation involves a subgroup of large genomietitens atT SC2that also affect the
adjacentPKD1 gene, causing early-onset polycystic kidney disg@sborneet al,
1991). Table 3 shows a compilation of the main ggmephenotype correlations
described to date. As expected, mbSIC2mutations are generally associated with a
more severe phenotype. Only oh8C2mutation, R905Q, was associated with milder
disease. This mutation was found in 25 individulatsn the same family, with a
phenotype characterized by the complete absencaligifguring skin lesions,
intractable epilepsy, mental retardation, and sewegan involvement. So, the type and
location of mutations in botfSCland TSC2genes also have an influence in the
phenotype Hamartin and tuberin are known to bind to at le@stdditional proteins,
and thus there are numerous potential and yet unedkéffects off SCgene mutations.
Futhermore, it is likely that other events suchrassaicism, the nature and frequency
of the second event of inactivation of the secollgleaand the modifying genes and
environmental effects may interfere with the phgpet which makes it more difficult
to establish clear genotype-phenotype correlatitd@eover, polymorphic and non-
pathogenic variants iMTSC1 and TSC2 genes can act as phenotype modifiers in
tuberous sclerosis, and they need to be furthelosegh To date, little is known about
non-pathogenic variants in these genes, and phemoipdifiers in tuberous sclerosis
have not been identified so far.

In light of emerging human genetic and moleculaowdedge, molecular diagnosis of
TSC and determination of genotyope-phenotype aiogls might help in the

establishment of personalized treatment for TS@ptst and improve quality of life
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among these patients. Continuous studies in tes ean guide future directions in this

line.
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Table 1.Revised Diagnostic Criteria for Tuberous Scler@snplex *.

Major Features

8.

9.

Facial angiofibromas or forehead plaque
Non-traumatic ungual or periungual fiboroma
Hypomelanotic macules (more than three)
Shagreen patch (connective tissue nevus)
Multiple retinal nodular hamartomas
Cortical tube?

Subependymal nodule

Subependymal giant cell astrocytoma

Cardiac rhabdomyoma, single or multiple

10. Lymphangiomyomatosis

11. Renal angiomyoliponfa

Minor Features

Multiple randomly distributed pits in dental enamel
Hamartomatous rectal polyps

Bone cyst$

Cerebral white matter migration lin&&®

Gingival fibromas

Non-renal hamartonfia

Retinal achromic patch

"Confetti" skin lesions

Multiple renal cysts

Definite TSC: Either 2 major features or 1 majatéee with 2 minor features

Probable TSC: One major feature and one minor featu

Possible TSC: Either 1 major feature or 2 or moigomfeatures
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" Revised Diagnostic Criteria for Tuberous Scler@isnplex established by a consortium in 2012 (see

reference number 5).
When cerebral cortical dysplasia and cerebral whisdter migration tracts occur together, they sthoul

be counted as one rather than two features of TSC.

® When both lymphangiomyomatosis and renal angioipgoias are present, other features of TSC

should be present before a definitive diagnosésggned.
¢ Histologic confirmation is suggested.
4 Radiographic confirmation is sufficient.

€ One panel member recommended three or more madjaation lines constitute a major feature.
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Table 2. Type and frequency of mutations foundliBCgenes in patients from different studies in thelvand diagnostic strategy (1998-2014).

No TSC1 TSC2
Noncoding/ . - - . .
. ” mutation Point Point Mutation detection methods (Reference of
Population N pglltyeTaotggslsC detected mutations  CAIrangements o e site mutations __ ReaIrangements - o ioo site the study)
(%) (missense/ Small Large mutations (missense/ Small Large mutations
nonsense) 9 nonsense) 9
Europe
Germany 37 9 3(8,1) 3/4 3 NA 1 10/3 8 NA 2 SSCP/Sequencing (Gumbinggral, 2009)
Turkey 33 9 27 (81) NA NA NA NA 3/0 2 NA 1 SSCPtiiencing (Apalet al, 2003)
DHPLC/Sequencing; long-range
Poland/USA 224 NA 38 (17) 0/11 15 0 2 31/37 43 20 27 PCR/GPCR (Daboret al, 2001)
SSCP/Sequencing/ Southern blot/
Netherlands 490 76 128 (26) 0/37 38 0 7 56/67 94 20 43 FISH(Sancalet al, 2005)
SSCP/Sequencing/ Southern blot/ FISH
Germany 68 14 37 (54) 0/1 1 0 0 12/4 11 2 4 (Langkauet al, 2002)
DGGE/ Sequencing; lomg range
Denmark 65 24 11 (17) 0/4 6 0 1 11/9 13 4 6 PCRIMLPA (Rendtorfet al, 2005)
30 SSCP/ heteroduplex analysis/pulse field gel
United Kingdom 150 30 (20) NI NI NI NI 22/20 26 22 8 electrophoresis/ Southern blot/ long range
PCR (Jonest al, 1999)
SUBTOTAL 1067 162 274 (26) 3/57 63 0 11 145/140 197 68 91
Asia
India 24 10 12 (50) 0/0 1 NA 0 3/1 5 NA 2 SSCP/Sequencing (Adt al, 2005)
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Table 2Cont.

TSC1 TSC2
Noncoding/ No_ - -
Population N polymorphic rgutauor& Point Rearrangements . . Point Rearrangements . . Mutation detection method (s)
alterations etecte mutations Splice site mutations Splice site
(%) (missense/ Small Large mutations (missense/ Small Large mutations
nonsense) 9 nonsense) 9
China 2 NA 0 0/0 0 NA 0 0/0 1 NA 1 Sequencing (Mét al, 2014)
Korea 44 NA 31 (70) 2/0 0 NA 0 0/4 6 NA 1 DHPLC/Sequencing (Chet al, 2006)
Japan 21 2 0 0/1 8 NA 0 2/0 4 NA 3 DHPLC/Sequencing (Sasong&bal, 2008)
Japan 8 3 0 o/ 1 NA 0 400 0 NA 3 SSCP/Sequencing (Yamamotetzal,,
2002)

China 6 2 3 (50) 0/0 3 NA 0 NA NA NA NA Sequengi(Tianet al, 2013)
Malaysia 2 - 0 - - - - - - 2 - MLPA (Ismaet al, 2014)
Korea 11 NA 2 (18) 1/3 0 1 0 2/1 0 1 2 Sequenbithd® A (Janget al,, 2012)
Taiwan 84 21 20 (24) 0/5 4 NA 0 12/15 21 NA 7 DKPSequencing (Hungt al, 2006)
China 6 3 3 (50) 0/0 0 NA 0 2/1 0 NA 0 Sequencing (Yoet al, 2013)
SUBTOTAL 184 31 59 (32) 3/11 16 1 0 22/21 32 3 17
America
USA 21 1 0 05 12 0 0 NA NA NA NA Southern blot/ heteroduplex/SSCP

(Kwiatkowskaet al, 1998)
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Table 2Cont.

TSC1 TSC2
Noncoding/ No_ - -
Population N polymorphic rgutauor& Point Rearrangements . . Point Rearrangements . . Mutation detection method (s)
alterations etecte mutations Splice site mutations Splice site
(%) (missense/ Small Large mutations (missense/ Small Large mutations
nonsense) 9 nonsense) 9

USA 126 47 52 (41) 0/7 7 NA 2 13/14 23 NA 8 SS@ERIEncing (Niidat al, 1999)
USA 36 NA 7 (19) 0/1 1 0 2 4/6 6 4 2 SequencingML(Qinet al, 2010)
SUBTOTAL 183 58 59 (32) 0/13 20 0 4 17/20 29 4 10 -
TOTAL 1434 251 392 (27) 6/81 99 1 15 184/181 258 75 118 -

N= number of patients included in the study; SSARgI® Strand Conformation Polymorphism; DHPLC=Demiaig High-Performance Chromatography; FISH=
Fluorescenin Situ Hybridization; DGGE=Denaturing Gradient Gel Elegioresis; MLPA=Multiplex Ligation-Dependent ProBeplification; NA=not analyzed in the

study; NI=Not informed
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Table 3. Genotype-phenotype correlations established f@ p&tients.

Population N Locus of DNA alteration Amino acid dga Type of alteration Main associated symptoms eRate
Mutations in theTSC2gene were
EUA 1039 TSC2 - Any type onTSC2 more frequent thamSClgene in  (Aronowet al, 2012)
patients with retinal findings
Poland 170 TSC2c.5238-5255del 18pb - Frameshift Epilepsy (Roét al, 2005)
Contiguous deletio®SC2 i Arachnoid cysts and polycystic
USA 220 PKD1 Large rearrangement kidney disease (Boronatet al, 2014)
Seizures, mental retardation, average
tuber count, subependymal nodules,
i renal angiomyolipomas,
Poland/USA 224 TSC2 Any type onTSC2 angiofibromas and fibrous forehead (Daboraet al, 2001)
plagues were more common and
severe inTSC2patients
i Shagreen patches are more frequen
Netherlands 490 TSC1 Any type onTSC1 in patients witiT SC1mutation fSancaIet al, 2005)
Netherlands 490 TSC2 - Any type onTSC2 M_ental retardaﬁtion is more fr_equent (Sancalet al, 2005)
in patients withT SC2mutation ’
Shagreen patches, forehead plaques,
Netherlands 490 TSC2 i Nonsensg and _ facial ang|of|brc_)mas, gngual d(Sancalet al, 2005)
frameshift fibromas, renal angiomyolipomas an
renal cysts
Netherlands 490 TSC2 i Mutations |n.the GAP Mental retardation, seizures and (Sancalet al, 2005)
domain subependymal nodules
Korea 11 TSC2 - Mutations in exons 33- Cardiac rhabdomyomas (Jaedal,, 2012)

41
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Table 3. Cont.

Population N Locus of DNA alteration Amino acid dga Type of alteration Main associated symptoms eRete
Higher number of cysts tharSC1 (Muzykewiczet al
USA 65 TSC2 - Any type onTSC2 woman with pulmonary y2009) "
lymphangioleiomyomatosis
Canada 1.9. TSC2 R905Q Missense Milder disease severity (Japsah,2006)
families
Proximal and distal SC2mutations
TSC2proximal region (exons Missense mutations and showed a significantly higher risk of (van Eeghenat al
USA 478 1-22) and distal region (exons - small in-frame deletions infantile spasms compared with 2813) "
34-41) or insertions mutations in the central region of the
gene
More frequent occurrence of several
USA and kinds of seizures/epilepsy subtypes:
Belaium 919 TSC2 - Any type onTSC2 partial epilepsy, complex partial  (Kothareet al, 2014)
9 seizures, infantile spasms, SENSs,
SGCTs and cognitive impairment.
United One case  TSClintron 10 (c.1030-3 . . . Mild phenotype (seizures and small
) - Splice site mutation
Kingdom report C>G)

number of hypomelanotic macules) (Blyth et al, 2010)

N= number of patients included in the study
NI=Not informed
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Figure 1 - 7SC! and TSC2 gene structure, domains and distribution of point mutations. (A) Schematic representation of 7SC/ and 7SC2 exons and the
domains of hamartin and tuberin, respectively, codified by them. The symbols represent the number of different mutations described at each exon. (B)
The graph shows the percentage of the total number of described mutations that occur at each 7SCI and 7SC2 exon.
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Figure 2 - The role of the TSC2:TSC1 complex in the mTOR pathway. PI3K is activated by growth factors through direct interaction with receptors or
through interaction with scaffolding adaptors, such as the IRS proteins. These interactions recruit PI3K to its substrate PtdIns(4,5)P2 (PIP2), allowing
generation of the lipid second messenger PtdIns(3,4,5)P3 (PIP3). Akt and PDK1 are recruited to the cell plasma membrane through association with PIP3.
This allows Akt to be activated through phosphorylation on Thr308 by PDK1 and Ser473 by mTORC?2 (not shown). Once active, Akt phosphorylates
many downstream targets, including multiple sites on TSC2. Phosphorylation of TSC2 impairs the GTPase activity of the TSC2:TSC1 complex, allowing
Rheb-GTP to accumulate. Rheb-GTP in excess activates high levels of mTORC1, which in turn phosphorylates and inhibits 4E-BP1 and activates S6K 1
and S6K2. By this way, mTORC]1 influences on cell growth, translation factors activation and cell nutrition.
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Abstract

Tuberous sclerosis complex is an autosomal domimaaottisystem disorder
characterized by the development of multiple haomaats in many organs and tissues. It
occurs due to inactivating mutations in either bé ttwo genesTSC1and TSC2,
following a two hit tumor suppressor molecular pafbnesis in most hamartomas.
Comprehensive screens for mutations in both T&&€1 and TSC2 loci have been
performed in several cohorts of patients and adsmectrum of pathogenic mutations
have been described. In Brazil, there is no dajardéng incidence and prevalence of
tuberous sclerosis and mutationsTIBC1land TSC2We analyzed both genes in 53
patients diagnosed with or with high suspicion wberous sclerosis from different
regions of Brazil, using multiplex-ligation depemntleprobe amplification and a
customized next generation sequencing panel. Goafion of all variants was done by
the Sanger method. We identified 50 distinct vasan 47 (89%) of the patients. Five
were large rearrangements and 45 were point mogatidhe types and severity of
mutations were not different across Brazilian regioThe symptoms presented by our
series of patients were not different between raatkfemale individuals, except for the
more common occurrence of shagreen patch in worpe®.@28). In our series,
consistent with other studi@SC2 mutations were associated with a more severe
phenotypic spectrum thamSC1 mutations. This is the first study that sought to

characterize the molecular spectrum of Brazilidsetous sclerosis patients.

Keywords: Tuberous sclerosis compleX;SC mutations; genotype-phenotype correlations;

TSC1TSC2
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Introduction

Tuberous sclerosis complex (TSC - OMIM 191100) nsaatosomal dominant
multisystem disorder that occurs in all ethnic gme@and both sexes. Population studies
have estimated the prevalence of the disease mGDO0 to 9000 individuals and at
least 2 million people are affected worldwide [The clinical findings and severity of
TSC are highly variable; for this reason, clinidegnostic criteria were established by
a consortium in 1998 [2], and revised and updaiethe same group in 2012 [3]. Most
TSC patients have hamartomas in the brain, skimeiis and heart. Involvement of the
lung, gastrointestinal tract, bones, retina andiiegiva is also common [4].

TSC occurs due to inactivating mutations in eitbértwo genes, TSC1in
chromosome 9q34 ofSC2in chromosome 16p13, and follows the two hit tumor
suppressor model of pathogenesis in most hamartgpha¥SC1lis composed of 23
exons and encodes for hamartin, a ubiquitouslyesgad 1164 amino acid protein [6]
while TSC2consists of 42 exons and encodes for tuberinjguitbusly expressed 1807
amino acid protein [7]. Both proteins form a comptlat regulates cell growth and
tumorigenesis [8]. About one third of the patienith TSC have a familial form, in
which the disorder follows a clearly dominant interce, whilst the other two-thirds
are sporadic cases resulting fral® novogermline mutations in one of tAie&SCgenes
[9, 10].

Comprehensivd SCland TSC2mutation screening results have been reported
in several cohorts of patients with TSC, as desdim the Human Gene Mutation
Database (HGMD) [11], and a broad spectrum of pghir mutations has been
described. Among individuals who meet the cliniaalteria, 75-90% have an

identifiable mutation in eitheTSClor TSC2 and the majority of mutation-positive
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TSC patients have a mutation T8C2 In sporadic cased,SC2mutations are 2-10
times more common thamSC1 mutations. In contrast, in multi-generation fassli
segregating TSC, approximately half show linkagedoh of the genes. About 80-95%
of the TSC1 and TSC2 mutations are small mutations (missense, nonsesraall
deletions, small insertions and splicing site matef), and 5-20% are large
duplications, large deletions or complex rearrangi@i The high variability in type
and position of mutations render molecular diaghosi TSC challenging. This
variability may explain, at least in part, the widage of clinical symptoms observed in
TSC patients, although timing and location of tleeond hit event is more likely to
contribute to the variability of clinical symptom&nly a few studies described a
possible genotype-phenotype correlations for TSO, [12-18]. Although, TSC1
relateddisease is usually less severe T#@2relateddisease.

In Brazil, there is no data regarding TSC incideac& SCland TSC2mutation
prevalence among affected individuals. The molecudagnosis is particularly
important for patients with suspected TSC who dofulill clinical diagnostic criteria,
and for the purpose of genetic counseling sincedisease can have intra-familial
variable expressivity. Therefore, the aims of #stisdy were to describe demographics
and clinical phenotype of patients with TSC fronifedent Brazilian regions and
characterize the germlinESCland TSC2mutations observed in a group of individuals

with clinical diagnosis of TSC.

Methods
Patients and DNA samples
Twenty-two male and 31 female individuals with @adly diagnosed or highly

suspicion of TSC were recruited at eight Oncogersesiervices from four different
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Brazilian regions, between August/2013 and May/204k patients were unrelated
probands, including 17 familial and 36 sporadicesad he study was approved by the
institutional review board, Comité de Etica em Résa do Hospital de Clinicas de
Porto Alegre (CEP-HCPA), under registration numi@RPG 13-0260 and GPPG 15-
0049. All individuals or legal representatives signa written informed consent.
Germline DNA samples were obtained from periphétabd using a commercial kit
(Flexigene Blood Kit, Qiagen, USA). Standardizeohichl information was collected

retrospectively by clinicians from each center aféiewing the medical records.

Large deletion/duplication analysis

All 53 unrelated individuals were screened for é&afgsCland TSC2deletions
and duplications by SALSA Multiplex ligation-depeamd probe amplification (MLPA)
analysis. Commercial SALSA MLPA kits P124-C1 and4&C1 (MRC-Holland,
Amsterdam, The Netherlands) were used T&C1and TSC2analysis, respectively,
according to manufacturer’s instructions. The PC3d4-and P046-C1 probe mixes
contain probes for each of tlésCland TSC2exons and 9 and 8 reference probes
detecting different autosomal chromosomal locatioespectively. In addition, P046-
C1 contains one probe for tliRKD1 gene, adjacent tdSC2 which is associated with
polycystic kidney disease. DNA samples from heaitfuyviduals were used as normal
copy number controls. MLPA amplification producter® separated on an ABI3500
capillary sequencer (Applied Biosystems, Fostey,GltA, USA) and the results were
analyzed using Coffalyser.net. Ratios <0.7 weresclaned deletions and ratios >1.4
were considered duplications. The chromosomal rarcay technique CytoScan HD
(Affymetrix, USA) was used to confirm MLPA analysighen a deletion/duplication

larger than 300kb was identified by MLPA, as recanaed by the manufacturer. The
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high-density, whole-genome CytoScan Array inclu@ed9 million markers for copy
number analysis. Chromosome Analysis Suite softy@rAS software 3.1) was used
to analyze and visualize microarray data as welbasomparison of results with built-

in reference of more than 400 samples.

Next Generation Sequencing (NGS)

TSC1 (NM_000368.4) andTSC2 (NM_000548.3) amplicons were designed
using the AmpliSeq Designer software (Thermo Fisbaentific, CA, USA), targeting
the complete coding sequence, 50 bp exon-introatipms and 5 and 3’ untranslated
regions ofTSCland 99,83% of the coding sequence, 50 bp exoarntmctions and 5’
and 3’ untranslated regions ®SC2gene, resulting in a total of 112 amplicons. A
region of 17 base pairs diSC2exon 29 remained uncovered. Amplicon library was
prepared using the lon AmpliSeq Library Kit 2.0 éfimo Fisher Scientific, CA, USA)
and NGS performed using 20 ng of genomic DNA andoan316 sequencing chip on
an lon Personal Genome Machine and the 200 Seaquendt (Thermo Fisher
Scientific, CA, USA), with 500 flows. Data from tHen Torrent runs were analyzed
using the platform-specific pipeline software Totr&uite v3.2.1 for base calling, trim
adapter and primer sequences and filtering out gaality reads. The sequences were
aligned to the hg19 human reference genome andhftant calling, the sequence runs
were imported to the lon Reporter software v5.0Qel@l call frequency cutoff of 10%
was used to investigate mosaic and non-mosaic geemsariants. Phred score >500
was considered to filter variants.Variants were aksviewed and annotated using this
software. Integrative genomics viewer was usedvismalization of the mapped reads

[19].
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Bioinformatics analysis

All variants identified by NGS were sought in tlelédwing databases: HGMD,
ClinVar, Catalogue of Somatic Mutations in Cance®SMIC), Leiden Open Variation
Database (LOVD), Tuberous Sclerosis Project datb&ESP), and Genome
Aggregation Database (gnomAD) [11, 20-24]. To pethe pathogenicity of missense
variants and small indels we used two comprehensiveilico prediction tools:
Mendelian Clinically Applicable Pathogenicity (M-®), and PredictSNP [25,26].
Splice site mutations were analyzed using BDGPwswé (Berkeley Drosophila

Genome Project) and Mutation Taster [27, 28].

NGS Validation by Sanger Sequencing

For every sample with a variant of interest in afighe TSC genes, specific
primers for the corresponding exon(s) were designesing Primer Blast
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) n@& the reference sequences
NM_000368.4 -TSCland NM_000548.3 4SC2 In addition, a specific primer for
TSC2exon 29 (not covered in the NGS panel) was dedigaed DNA from all
individuals was sequenced by the Sanger methodhier exon. Primers were also
designed fofSClandTSC2promoter regions for variant screening in indiatiuwith
no identifiable pathogenic or probably pathogeradants detected by MLPA or NGS.
Primer sequences are available upon request. Fob@aval reverse primers were used to
sequence the purified PCR products, using the BegOerminator v3.1 Cycle
Sequencing Kit on an ABI 3500 Genetic Analyzer (The Fisher Scientific, CA,
USA). Sequences were aligned to their referencegu€iodonCode Aligner software
implemented in MEGA 5.04. Variant calling and imestation were based on the

American College of Medical Genetics most recemiigfines [29]. Points are attributed
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to each variant according to these criteria, amey @ire classified as pathogenic, likely

pathogenic, variant of uncertain significance (VIU8)likely benign.

Statistical analysis
We compared the frequency of each clinical findoegween male and female
individuals. The total number of Statistical compans were performed by

conventional chi-squared or Fisher’'s exact testguSIPSS software (version 19.0).

Results

We recruited 53 individuals with TSC from four difent Brazilian regions
(only the North region was not represented). Regibhirth of the patients studied is
summarized in Supplementary figure 1A, frequenoiethe different types of mutation
are in Supplementary figure 1B and individuals’adcteristics are shown in
Supplementary table 1. Median age at recruitmerst Idayears (range: 6 months to 50
years) and average age at onset/recognition offitke symptoms was 3.3 years.
Average age at TSC diagnosis was 7.1 years inifdmaéses and 2.6 years in sporadic
cases. Fifty-two patients fulfilled the definitivieSC criteria established by the 1999
Tuberous Sclerosis Consensus Conference [2].

A phenotypic comparison between genders for edolcal feature is shown in
Table 1. Only one feature (shagreen patch) was fegeiently observed in females (p
= 0.028). This difference may occur due to randdance, since multiple comparisons
were performed. Lymphangioleiomyomatosis (LAM) wady detected in one female
patient. There was no difference in the frequerfcgny symptom when we compared

familial and sporadic cases.
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Table 1.Phenotypic comparison between male and femaleiohgals with TSC.

Male (n = 22) Female (n = 31)

P/N % P/N % p-values
Median age (years) /
. g_ v ) 10 /17 15/16
interaquartile range
Hypomelanotic macules 18/22 82 24/28 86 0.738
Facial angiofiboromas 16/22 73 21/29 72 0.889
Confetti lesions 5/22 22 5/28 18 0.732
Shagreen patch 3/22 14 11/28 40 0.028*
Ungual fibromas 2/22 9 7/28 25 0.439
Renal ang|0my0||p0ma 10/22 45 19/27 70 0.071
Mu|t|p|e renal CyStS 5/17 29 5/20 25 0.717
Cortical tubers 17/21 81 22/27 81 0.264
Seizures 12/15 80 10/15 67 0.682
Mental retardation 10/17 58 11/18 61 0.890
Subependymal nodules 7/21 33 15/26 58 0.161
Astrocytomas 3/21 14 7126 27 0.731
Cardiac rhabdomyomas 7121 33 9/27 33 0.927
Retinal hamartomas 3/20 15 2127 7 0.638
Gingival fibromas 2/22 9 3/28 11 1.000
Dental pits 2/22 9 5/28 18 0.444
Hepatic angiomyolipoma 1/22 4 6/25 24 0.194
Lymphangiomyomatosis 0/22 0 1/28 5 0.246

0/20 0 2/28 8 0.504

Rectal polyp

P = presence (number of patients with the featiMej;total number of patients examined;

% = frequency of each clinical feature in each grdupdicates statistically significant values.
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Overall, 50 distincTSClandTSC2variants were identified in 47 (89%) out of
the 53 patients. MLPA analysis identified five (9p@tients who were heterozygous for
large rearrangements T8C2 four large deletions (7%) and one large duplaa(2%).
completeTSC2deletion observed in one family was confirmed bgoScan HD as a
heterozygous deletion of 2.0Mb (108 genes includi®f2and PKD1). Two single
exon deletions (exon 8 iINSCland exon 19 iTSC2J were detected by MLPA. NGS
and Sanger sequencing of these probands revealleidnpatations at the hybridization
probe sites of the specific exons, thus excludimg accurrence of these single-exon
deletions. APKD1 deletion was found in one patient, since the ML{AP046 contains
a probe for this gene. In addition, we identifildistinct heterozygous small variants
in the coding region offSCland 32 inTSC2 We did not observe evidence of
mosaicism (considering allele proportions betwebrb0%). Read depth achieved in
lon Torrent analysis per amplicon #iSCland TSC2in each subject is shown on
supplementary table 2. A summary of the pathoganit likely pathogenic variants is

in table 2. Families with a likely benign or a Vid& shown in table 3.
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1 Table 2. Families with a pathogenic or likely pathogeniciamt inTSC1landTSC2(classified according to ACMG criteria).

Clinvar/[HGMD/

gnomAD

Family  Inheritance Gene Position Coding change Amin acid change LOVD/TSP MAF M-CAP PSch::I’it ACMG* Pathogenicity
(classification) (homozygous)
1 Familial TSC1 Exon 5 c.338T>A p.(Leul13%) No NR ND ND PVS1+PP1+PNPP4 Pathogenic
2 Familial TSC1 Exon 8 €.682C>T p.(Arg228*) Yes (P) NR ND ND PVSBHRPP1+PM2+PP4 Pathogenic
3 Sporadic TSC1 Exon 8 c.733C>T p.(Arg245*) Yes (P) NR ND ND PVSBHRPM2+PM6+PP4 Pathogenic
4 Sporadic TSC1 Exon 9 ¢.801dup p.(Glu268Argfs*5) No NR ND ND PVSIM2+PM6+PP4 Pathogenic
5 Sporadic TSC1 Exon 10 €.988del p.(Leu330%) No NR ND ND PVS1+PMBAGPP4 Pathogenic
6 Familial TSC1 Exon 10 €.989dupT p.(Ser331Glufs*10) Yes (P) NR ND ND PVS1+PS4+PP1+PM2+PP4 Pathogenic
7 Familial TSC1 Intron 14 €.1439-2T>C p.? No NR ND ND PVS1+PP1+PHR4 Pathogenic
8 Sporadic TSC1 Exon 15 €.1888_1891del p.(Lys630GInfs*22) Yes (P) R N ND ND PVS1+PS4+PM2+PM6+PP4 Pathogenic
9 Familial TSC1 Exon 17 €.2071_2074dup p.(Arg692Profs*15) No NR ND ND PVS1+PP1+PM2+PP4 Pathogenic
10 Sporadic TSC1 Exon 17 €.2090T>A p.(Leu697%*) No NR ND ND PVS1+PNMN2M6+PP4 Pathogenic
11 Familial TSC1 Exon 18 €.2287C>T p.(GIn763%) No NR ND ND PVS1+PPM2+PP4 Pathogenic
12 Sporadic TSC2 Exons1-10 TSC2el el-el0 p.? Yes (P) NR ND ND PVS1+PS4+PM2+PM@+PP Pathogenic
13 Sporadic TSC2 Exons 3-6 TSC2el e3-e6 p.? No NR ND ND PVS1+PM2+PM6+PP4 Pathiagen
14 Sporadic TSC2 Exon 3 c.169del p.(Arg57Alafs*4) No NR ND ND PVSIMP+PM6+PP4 Pathogenic
15 Familial TSC2 Exon 8 €.724delinsTCCT p.(Thr242delinsSerSer) No NR ND ND PP1+PM2+PM4+PP4 Likely .
Pathogenic
16 Familial TSC2 Exon 10 c.911G>A p.(Trp304*) Yes (NP) NR ND ND PUHP1+PM2+PP4 Pathogenic
17 Sporadic TSC2 Intron 10 c.975 + 1G>T p.? Yes (P) NR ND ND PVS14PBM2+PM6+PP4 Pathogenic
18 Sporadic TSC2 Intron 10 €.976-15G>A p.? Yes (P) NR ND ND PS4+PHRI6+PP3+PP4 Pathogenic
19 Sporadic TSC2 Exon 11 €.1008T>G p.(Tyr336%) Yes (NP) NR ND ND PMPM2+PM6+PP4 Pathogenic
20 Familial TSC2 Exon 11 €.1019T>C p.(Leu340Pro) Yes (P) NR P D PRIHPM2+PP3+PP4 Pathogenic
p.(Arg413_Cys414ins
21 Sporadic TSC2 Exon 12 €.1239_1240ins15 No NR ND ND PVS1+PM2+PM6+PP4 Pathogenic
ValGInPro*)

22 Sporadic TSC2 Exon 13 €.1323G>A p.(Trp441*) No NR ND ND PVS1+PM2M6+PP4 Pathogenic
23 Sporadic TSC2 Exon 15 €.1513C>T p.(Arg505%*) Yes (P) NR ND ND PUW&BE4+PM2+PM6+PP4 Pathogenic
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Table 2.Cont.
ClinvVar/[HGMD/ gnomAD )
Family  Inheritance Gene Position Coding change Amin acid change LOVD/TSP MAF M-CAP Predict ACMG* Pathogenicity
(classification) (homozygous) SNPL
24 Familial TSC2 Exon 16 €.1693del p.(Leu565Trpfs*133) Yes (NP) NR DN ND PVS1+PP1+PM2+PP4 Pathogenic
25 Sporadic TSC2 EXO;; 17 TSC2dup el7-e33 p.? No NR ND ND PVS1+PM2+PM6+PP4 Pathicg
26 Familial TSC2 Exon 19 €.1976_1977insA p.(Ser660GInfs*43) No NR ND ND PVS1+PP1+PM2+PP4 Pathogenic
27 Familial TSC2 Exon 19 c.2071del p.(Arg691Alafs*7) Yes (P) NR ND DN PVS1+PS4+PP1+PM2+PP4 Pathogenic
28 Sporadic TSC2 Exon 20 €.2194C>T p.(GIn732%) Yes (P) NR ND ND PW&B4+PM2+PM6+PP4 Pathogenic
29 Sporadic TSC2 Intron 21 ¢.2355+1_2355+4del p.? Yes (P) NR ND ND PVS1+PS4+PM2+PM6+PP4 Pathageni
30 Sporadic TSC2 Exon 23 €.2551_2570dup p.(Tyr857%) No NR ND ND P¥Y8M2+PM6+PP4 Pathogenic
31 Sporadic TSC2 Exon 27 €.2974C>T p.(GIn992%) Yes (P) NR ND ND PW&BE4+PM2+PM6+PP4 Pathogenic
32 Familial TSC2 Exon 31 €.3685C>T p.(GIn1229%) Yes (P) NR ND ND PAV®S4+PP1+PM2+PP4 Pathogenic
33 Familial TSC2 Exon 31 ¢.3772_3778del p.(Ala1258Argfs*65) No NR ND ND PVS1+PS4+PP1+PM2+PP4 Pathogenic
34 Sporadic TSC2 Exon 34 €.4235_4236del p.(Prol412Argfs*3) No NR ND ND PVS1+PS4+PM2+PM6+PP4 Pathogenic
35 Familial TSC2 Exon 34 c.4375C>T p.(Arg1459%) Yes (P) NR ND ND PM®PS4+PP1+PM2+PP4 Pathogenic
36 Sporadic TSC2 Exon 37 €.4685T>C p.(Leul562Pro) Yes (NP) NR P D 2PRM6+PP3+PP4 Hkely )
Pathogenic
37 Familial TSC2 Exon 40 5138_5149del p.(Argl713_Alal716del) Yes)(LP NR ND ND PP1+PM2+PM4+PP4+PP5 Pathogenic
38 Sporadic TSC2 Exon 40 ¢.5106_5107insSCACA p.(Vall703Thrfs*4) No NR ND ND PVS1+PM2+PM6+PP4 Ragenic
39 Sporadic TSC2 Exon 40 c.5126C>T p.(Prol1709Leu) Yes (P) NR P D PS4+PM2+:F’:16+PP3+PP4+ Pathogenic
40 Sporadic TSC2l - Exons 41- TSCalel e4l- p.? Yes (P) NR ND ND PVS1+PS4+PM2+PM6+PP4 Pathageni
PKD1  42/PKD1 e42/PKD1

41 Sporadic TSC2 Exon 41 ¢.5238_5255del p.(His1746_Argl751del) RS ( NR ND ND PS4+PP1+PM2+PM4+PP4 Pathogenic
42 Sporadic ;igi/ Tsc2Pkpl  TSC2/PKDiel 0.2 Yes (P) NR ND ND  PVS1+PS4+PM2+PM6+PP4  Pathageni

HGMD: Human Gene Mutation Database; LOVD: Leidene®p/ariation Database; TSP: Tuberous SclerosiseBtoMAF: Minor allele frequency; B: Benign; LB: kely benign; VUS: Variant of uncertain
significance; LP: Likely pathogenic; P: PathogeM®: Not provided; NR: Not reported; ND: Not detémed; N: Neutral; D: Deleterious. *ACMG 2015 patleodrity criteria: PVS1: very strong; PS1-4: stroR§]1-
6: moderate; PP1-5: supporting. ACMG 2015 benigperéa: BA1: stand-alone; BS1-4: strong; BP1-6:soning.
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1 Table 3Families with a likely benign or uncertain signéfice variant if SClandTSC2(classified according to ACMG criteria).

Clinvar/[HGMD/

. . " . o gnomAD MAF Predict o
Family  Inheritance Gene Position Coding change Amin acid change LOVDI/ITSP M-CAP ACMG* Pathogenicity
o (homozygous) SNP1
(classification)
43 Sporadic TSC1 Intron 7 €.664-10A>C p.? No NR ND ND PM2+PM6+PP4 U
44 Sporadic TSC1 Exon 23 €.3387C>T p.(=) Yes (B; LB; VUS) 233/277142 ND ND PP4+BP4+BP6+BP7+BS1 Likely benign
45 Familial TSC2 Intron 10 c.975+8G>A p.? Yes (LB) 13/262922 (0) ND ND PP1+PP4+BP6 VUS
40 Sporadic TSC2 Exon 19 c.2011G>T p.(Gly671Cys) No NR P N PM2+PMB4#PBP1 VUS
6, 46 Sporadic TSC2 Exon 33 €.3986G>A p.(Arg1329His) Yes (B;LB) 17971210 (36) ND ND PP4+BP1+BP4+BP6+BS1 Likely benign
37 Familial TSC2 Exon 34 c.4397C>T p.(Serl466Leu) Yes (LB; VUS) 4280 (0) P N PP1+PP3+PP4+BP6 VUS
35 Familial TSC2  Exon 35 €.4527_4529del p.(Phe1510del) Yes (B;LB) 4091276714 (10) ND ND PP1+PP4+BP4+BP6+BS1  Likelyifpe

2 HGMD: Human Gene Mutation Database; LOVD: Leidene®p/ariation Database; TSP: Tuberous Sclerosise€toMAF: Minor allele frequency; B: Benign; LB: kely benign; VUS: Variant of uncertain
significance; LP: Likely pathogenic; P: PathogemN®: Not provided; NR: Not reported; ND: Not detémed; N: Neutral; D: Deleterious. *ACMG 2015 patleodggity criteria: PVS1: very strong; PS1-4: stroRil1-
6: moderate; PP1-5: supporting. ACMG 2015 benigperéa: BA1: stand-alone; BS1-4: strong; BP1-6:soning.
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The distribution of small mutations within ti&ClandTSC2genes is shown in
Figure 1. The tuberin domain that interacts witlmbein was recently solved and is
shown accordingly in the figure 1 [30]. We calcathtthe mean number of small
mutations (including splice site changes) per ratade for each exon of both genes.
The overall mutation frequency was higher at T®C2locus (0.006 mutations per
nucleotide) when compared T&C1(0.003 mutations per nucleotide). Exons 11, 19, 34

and 40 of th&'SC2gene had the highest frequency of mutations.

Figure 1. Distribution of TSC1 and TSC2 sequencing variants.The reference
sequences used were NM_000368.4 T@C1 and NM_000548.4 foiTSC2 The
3’'unstranslated region ofSC1lis not represented due to its large size. Synomgmo
variants are not shown. The alterations represeintggeen are variants of uncertain

significance (VUS) and the other were consideratiqggenic/likely pathogenic.

Considering clinical data, the most commonly obsdrsigns and skin/mucosal
findings were hypopigmented macules, facial angrofinas, Shagreen patches and
ungueal fiboromas. Regarding central nervous syssgmptoms, the most common
findings were cortical tubers, subependymal noduegnitive deficiency and seizures.
Subependymal giant astrocytomas occurred in 23%hefpatients. Other common
findings were renal angiomyolipomas, multiple reagdts and cardiac rhabdomyomas.
We examined the clinical manifestations of patienith different types of mutations in
different domains of théefSC1 and TSC2 genes to assess whether there was any
correlation between mutation type and position wapecific clinical features.
Comparing the total number of individuals witil 8C2mutation and seizures with the

total number of individuals witifSC1 mutation and seizures, individuals witt5C2
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mutation had a higher frequency of this symptons (p008). The same occurred when
considering astrocytomas (p = 0.0038). The totanimer of patients withTSC2
mutations and central nervous system, renal artlazasymptoms is also higher than
patients with TSC1 mutations that presented these symptoms, but didr@ach
statistical difference. We did not observe a ddfere in symptoms between patients
with mutations in the start ofSCland in the coiled-coil domain. However, patients
with a nonsense mutation in either region T®C1 had cognitive deficiency and
seizures, while patients with other types of motatidid not present these symptoms.
Regardingl SC2mutations, the symptoms were similar in patient wiutations in the
start, middle or GAP-related domain of the genee @liferent types of mutations also
did not result in specific phenotypes in this geewen the patient with an entif&sC2
deletion had a phenotype similar to that of pasiemith point mutations. These
differences may occur due to random chance, sinc#tiphe comparisons were
performed.

Clinical data for patients with a synonymous or identified mutations is
summarized in S3 table. All of these patients hadast two major diagnostic criterion
of TSC and were sporadic cases. Cognitive defigierstibependymal giant cell
astrocytomas and retinal hamartomas did not oectiné group without an identifiable
mutation. Other symptoms were also observed lespuéntly in this group, although

the differences were not statistically significant.
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Discussion

This study sought to characterize the clinical emalecular profile of Brazilian
individuals with tuberous sclerosis. Although mahg$Cland TSC2gene mutations
causing the disease have been identified in otbpulptions, no studies on Brazilian
patients have been undertaken. Brazil is a coumtith continental dimensions;
migrations of different populations to differengrens of the country occurred during
its history (e.g. there is a predominance of Euaopeigration to the southern region).
For this reason, we analyzed patient characteistid mutations according to their
birth region and investigated if a certain type mfitation or a specific mutation
occurred at a higher frequency in a region. In setrof patients, no predominance of
skin color or differences in frequencies and typemutations were found between
regions. The overall mutation detection rate (89943 within the expected in our study.
Approximately two thirds of TSC probands worldwides simplex cases [8]. Presence
of a family history of the disease directly cortelawith presence of a deleterious
mutation either inTSClor TSC2[9, 31]. In our series, the majority of proban@8%),
as in the literature, had no family history of tisease; of these cases, 63% had a
variant in TSC1 or TSC2identified. In the familial cases, 82% had an itd&ble
variant. In addition, distribution of mutations walso similar to the rates observed in
other studies, which show a predominancé& $C2rearrangements and point mutations
over TSClvariants [32]. However, whil@ SC2mutations are 4-5 times more common
thanTSC1mutations in the literature, in our stu@i$C2mutations were only 2.5 times
more common thafmSC1mutations [9, 31]. The reason for this higher freacy of
TSC2mutations is currently unknown. The coding regad SC2is about 50% larger

than TSC1, the number of exons is nearly doubled and the nunabenonsense
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mutations and small indels in the two genes aregghiyuproportional to this size
difference. In additionTSC2has a much higher GC content thE®C1(60% vs. 43%),
which could favor point mutation occurrence. On ttkeer side, TSClcontains more
repeat elements thafSC2 (32% vs. 25% total sequence), which could favor the
occurrence of gene rearrangements. HowelvBE€ 2rearrangements were seen in our
cohort, whileTSC1rearrangements were not. Considering the regimide TSCland
TSC2mutations were distributed throughout their whaegugences, with the exception
of TSC23’ portion. Fifteen variants occur in a hamartintaberin functional domains
and all frameshift and nonsense alterations outfidse domains create a stop codon
that produces an incomplete protein with partiah@functional domains. The different
types of mutations also occur throughout the wiselguences, with a high occurrence
of splice site mutations at the end T C2exon 10 and no preference of one type of
mutation in others regions.

Using a combined approach of NGS and rearrangeamatysis with MLPA, we
were able to identify 20 novel variants (8Ti®&Cland 12 inTSC3 and 30 previously
reported variants. Three deletions had already Heearibed in the literature, including
a deletion of allTSC2and PKD1 regions analyzed, which was identified in one
proband. All 20 novel variants had single occureer@ne possible explanation for the
occurrence of a disease phenotype with no idebtd&igermlineT SClor TSC2mutation
in six probands (11%), could be related to intromatations distant from the exon-
intron boundaries, with effects on the splicinggass or gene regulation, causing a
reduction of normal mRNA transcript. In additioongatic mosaicism could account for
some of these cases, as described before [9],uglththis possibility was initially

eliminated by NGS. Finally, a third genetic locetated to TSC could exist.
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Results from several studies over the past fewsykave provided new insights
into how tuberin and hamartin might affect cell Igevation, growth, adhesion,
migration, or protein trafficking. It has been demtrated that tuberin and hamartin
interact directly with each other, forming a cytagrhic protein complex [33]. The C-
terminal putative coiled-coil domain of hamartin mecessary for interaction with
tuberin HEAT repeat domain. Additionally, tuberis phosphorylated at serine and
tyrosine residues in response to growth factorschviaffects the interaction between
hamartin and tuberin [34]. The GAP-related domé&iigire 2) of tuberin is responsible
for the inhibition of cell division by indirect madhation of mammalian target of
rapamycin (mTOR), a central regulator of translafi85]. Considering the importance
of these domains, mutations in the coding regidnih® interaction domains or GAP-
related domain, as well as in phosphorylated residun tuberin or frameshift and
nonsense mutations that exclude these domains themproteins are likely to be
pathogenic. Missense and splice site mutationsatsayaffect directly these domains or
interfere in protein correct folding, charge anddiophobicity. Although we did not
find mutations in tuberin phosphorylation sites, wentified mutations that affect
hamartin or tuberin functional domains. Furthermailé nonsense mutations observed
cause a premature stop codon that excludes an tampatomain. Nonsense-mediated
decay (NMD) could also explain the loss of functe&ffect of nonsense and frameshift
variants inTSC1andTSC2.Canonical splice site changes were classifiedotengially
pathogenic by bioinformatics algorithms and havecfional tests already described in
literature that proved their pathogenicity (theglede the corresponding exons of the
genes): ¢.975 + 1G>T and ¢.976-15G>ATi8C2and ¢.1439-2T>C iTSC1[36-38].

The mutation ¢.2355+1_2355+4delT®C2that may also affect splice site is proved to

156



be pathogenic by functional studies [39]. The othglice site variants found in this
study did not change the splice site scores predlioy the softwares used.

Regarding missense variants, it is often diffi¢alpredict their effect on protein
function. Analysis of familial segregation may helut the main problem with this
approach is the progressively small size of famillack of information within families
and in the specific case of TSC, the predominaricgnaplex cases. We chose to use
two in silico prediction tools that combine several pathogepisitores to achieve a
consensus classification and try to reduce misflestson of the variants. M-CAP uses
existing pathogenicity likelihood scores and diregteasures of evolutionary
conservation to achieve a misclassification rat¢hefpathogenic variants of less than
5%. PredictSNPis a consensus classifier that combines six toold provides
significant improvement in prediction performancesothe individual tools and over
other consensus classifiers, such as CONDEL and-8BP [40, 41]. We were able to
classify as pathogenic or likely pathogenic thré¢he six missense variants found in
our probands: th&SC2exon 11 (c.1019T>C) variant has functional studhescating
significant lowerTSC2expression [42]; the mutations p.Leul562Pro afudgi.709Leu
are localized inside the GAP related domain of timbdProlines are known to have a
very rigid structure, sometimes forcing the backbana specific conformation. In the
first mutation, a proline is gained and this midigturb the GAP domain conformation;
in the second mutation, the mutant residue is loiggd this might lead to bumps in this
important domain. The other three missense variafpGly671Cys -VUS,
p.Arg1329His - likely benign and p.Serl466Leu -VUB¢ outside tuberin functional
domains and occur concomitantly with other pathagenutations inTSC2. Both

p.Arg1329His and p.Serl466Leu variants are alregdgribed with low frequencies in
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1000genomes database. VUS detected in the preseiyt would be good candidates
for functional studies which could help to establiseir pathogenicity.

Clinical presentation did not differ significantiy male and female individuals
and signs and symptoms of TSC were most common$ergbd in adults than in
children. Dermatologic and central nervous syste@siohs and renal findings are
described as the most common clinical features €, Tobserved in 80-90% and 60-
80% of the patients, while cardiac rhabdomyomas present in 50%, and
lymphangioleiomyomatosis in 40% of the female patd43]. The frequencies of the
most common symptoms in our patient series werellaimo those previously
described, with exception of lymphangioleiomyonseégpwhich we observed only in
one female patient. When we analyzed phenotypevanant location, we observed that
TSC2variants were associated with a more severe piyeicaipectrum when compared
to TSClvariants.This is consistent with other observaitinat TSC1 patients have
milder overall disease severity [9, 31]. All statal results found by us may occur due
to random chance, since multiple comparisons werpned. Finally, all patients with
PKD1 alterations had renal polycystic disease, as e@gedor a TSC2-PKD1
contiguous gene deletion syndrome or even isold&&D1 deletions, which is
characterized by severe juvenile polycystic diseesmbined with variable phenotypic
expression of tuberous sclerosis. A previous stdegcribed two cases withSC2-
PKD1 contiguous gene deletion with severe renal maaifiesis and skin alterations of
tuberous sclerosis [44]. We did not observe mokergerenal symptoms in patients
with PKD1 deletion. We were unable to establish any addatiomeaningful genotype-
phenotype correlations in this series, what cowddne to the extensive molecular
heterogeneity observed in this first series of Bieaz patients with TSC. Several

limitations must be considered when analyzing #mults of our study: patients were
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classified as sporadic cases when no relativegepted symptoms of TSC; recruitment
of patients’ relatives to make a complete mutasegregation analysis depends on their
availability to perform genetic tests. This is pararly difficult in sporadic cases, when
relatives do not have symptoms of TSC and nee tsubmitted to genetic tests. Also,
clinical data collection was performed carefulljgut some characteristics were not
evaluated in all patients, as shown in Table 1.sTbccur when evaluations are
requested but not performed by the patients, ormwhe data is not available in the
medical records. Although, these limitations prdpabid not interfere in variant
classification and genotype-phenotype correlatiegeasment.In 23% of the patients no
pathogenic or likely pathogeniESClor TSC2germline variant was identified. The

molecular cause of the TSC phenotype of thesergatiemains elusive.

Conclusion

Genetic testing is currently part of the TSC dsgit criteria [3]. In individuals
with suspected TSC, clinical diagnosis is compédaby a high degree of phenotypic
variability and the potential for a late onset eftain features of the disease. Thus,
genetic testing can play an important role in dasgic confirmation, enabling genetic
counseling to families, and providing additionadarstanding towards the etiology of
the disorder. We designed a molecular diagnosetegly for TSC that showed an
overall variant detection rate of 89%; 69% of tragignts had a pathogenic or likely
pathogenic variant. No specific genotype-phenotgpaelations were established in
this specific cohort, but other correlations ddsedi in the literature were also observed
by us. Early molecular characterization of TSC g8 will become even more

important as better therapeutic interventions becawailable.
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Capitulo VI

Manuscrito V

Manuscrito em preparo

Para este manuscrito, a técnica de western blo& gealizada para confirmar as

diferencas de expressdo génica a nivel proteico®@&Tand PRR5L), confirmar as
alteracdes de autofagia em células tratadas (p6€3)l. avaliar a expressédo de
proteinas especificas (TSC1, TSC2, mTOR), avakaprsteinas especificas estao
superativadas através da fosforilacdo, o0 que nadepa ser visto pela técnica de
microaaranjo de expressao génica (phopho TSC2,ghttosnTOR) e avaliar se mTOR

esta superativado (phospho-4E-BP1 and phospho-pKirtase - efetores de mTOR).
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Abstract

Tuberous sclerosis complex (TSC) is a autosomalirknmh disorder caused by
mutations in eitherTSC1 or TSCZenes. The corresponding proteins form a
heterodimeric complex that acts in the suppressiomammalian target of rapamycin
(mTOR) in mMTORC1 complex, a master regulator of gedwth.TSC is characterized
by the development of multiple hamartomas in manyans; mTOR inhibitors are
specific inhibitors of MTORC1 and are currently dggiinvestigated for a number of
indications in TSC. The mechanism by which mTORbitbrs stop hamartoma growth
is not completely clear. Also, it is not known liket different types of mutations that can
occur inTSCland TSC2result in diffrent responses to mTOR inhibitorfieTaim of
this study was to try to evaluate the effect of nRTfDhibition in normal and mutated
TSC cells, with different mutations. Biopsies ofrmal appearing skin were obtained
from five adult female patients, diagnosed with T&@ with an identified mutation
and from two wild-type individuals. Skin biopsiesen® used to establish primary
fibroblast cultures. Cell viability, cell cycle pyression and autophagy were evaluated
by flow cytometry. Whole transcriptome analysis waerformed using Affymetrix
Gene Chip Human Transcriptome Array 2.0. We did oladerve differences in cell
viability between mutated and wild-type cells afteeatment with rapamycin;
rapamycin also did not cause cellcycle arrest i particular stage. Autophagy was
reduced in mutated cells; after treatment,the ss®an the number of autophagic cells
was more significative in mutated cells (p=0.039p correlation between mutation
profile and response to rapamycin was observed.f®Mad a nutrient sensor gene
(GATSL2 differentially expressed due to mutationli8Clor TSC2and a pro-apoptotic
gene PRR5L) altered due to treatment with rapamycin. We shibweat autophagy
alterations could be the primary mechanism thatdda tumor formation in TSC cells.
Although rapamycin has some side effects, the prtexes use of this drug should be
evaluated, since autophagy could be altered in abappearing cells. Autophagy could
also be a target therapy. Future studies using @cand tumoral cells could be useful to
confirm these findings.
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Introduction
Tuberous sclerosis complex (TSC) is a multisysteatosomal dominant

disorder caused by mutations in either of two gem& C1lor TSC2[1], that code for
hamartin and tuberin proteins, respectively. Théhlincidence of TSC is estimated to
be 1 in 6000 [2] with an equal male/female distiitm. The two proteins form a
heterodimeric complex that acts in the suppressiomammalian target of rapamycin
(mTOR) in MTORC1 complex and in cell cycle reguati(G, phase) [3]. mTOR,
through its effector proteins, 4E-BP1, p70 ribosbr&® kinase 1 (S6K1), and
eukaryotic initiation factor 4 (elF4E)s a master regulator of cell growth, proliferatio
survival, angiogenesis, autophagy, cellular semesceand immune reactions [4].
Hamartin acts as a chaperone for tuberin; tubevittains a GAP (GTPase-activating
protein) domain that stimulates the intrinsic GTdastivity of the small G-protein
Rheb, thereby enhancing the conversion of Rhebiist@DP-bound inactive state [5].
GTP-bound Rheb is a potent activator of mMTORC1cdwtrol this GTPase activity in
response to growth factors, Akt phosphorylatesrobdirectly on four or five distinct
residues [6]. Mutations in eithé@rSClor TSC2can reduce tuberin GTPase activity,
leading to chronic activation of mMTORC1and cell mrewth, which in turn cause TSC.
TSC is characterized by the development of multh@denartomas in virtually
any organ system, mainly in the brain, kidneys, riheand lungs, with some
manifestations more prevalent than others acrosdifisspan [7]. Most hamartomas
develop according to Knudson two hit hypothesis it there are evidences showing
that hamartomas in lung and brain may arise wittloeitsecond event [9, 10]. TSC also
includes a vast range of neuropsychiatricdisordéypjcally neurodevelopmental,
behaviouraland psychiatric difficulties. Signifitgghenotypicvariability in the number
and severity ofphysical features and neuropsyadbiatanifestations are seen [11, 12].
In the central nervous system, three main lesiss@ated with TSC are cortical
tubers, subependimal nodules and subependimal ggdinhstrocytomas (SEGAS) [13].
The most common clinical presentations in patievith SEGA are epilepsy, mental
retardation, cognitive deficit, headache, vomit arsial disturbing. They are generally
benign, but their spatial location and growth ptidrcan lead to several complications
[14], including malignant transformation [15]. Baglimiotherapy and radiotherapy are
ineffective for SEGAS; surgical resection has b#en standard treatment, which can
show a variety of severe adverse effects and tuenanrrence [16]. As an alternative for

surgeries, treatment with mTOR inhibitors has bpesposed. The mTOR inhibitors
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rapamycin (sirolimus), CCI-779 (temsirolimus) anAB001 (everolimus) are specific
inhibitors of mMTORC1 and are currently being inigeied for a number of indications,
including SEGAs and epilepsy associated to TSC1d]7-They are also potentially
promising for the treatment of renal angiomyolipemé/mphangioleiomyomatosis,
subungual fiboromasand skin lesions [20-22], showgngat results in all indications.
The mechanism by which mTOR inhibitors stop hammaayrowth is not completely
clear (through cell cycle regulation, inhibitiontonslation, autophagy, or other). Also,
it is not known if the different types of mutatiotisat occur inTSClandTSC2genes
result in different responses to mTOR inhibitorsthis line, the aim of this study was
to evaluate cell cycle progression, autophagy anodlevtranscriptome expression levels
in cells from patients diagnosed with TSC and wiififerent mutations, treated with the
MTOR inhibitor rapamycin. This can help to descmibechanism of action and toxicity
of this drugin vitro, which could be useful to provide appropriate nggmaentand care
for TSC patients.

Methodology

Samples.Five adult female patients, diagnosed with TSCatiogrto clinical criteria
[23] and with an identified mutation iINSClor TSC2were enrolled. Two wild-type
individuals without TSC mutations (mutation inTSC was not detected by Sanger
sequencing) were also included. Biopsies (6mm) ofmal appearing skin were
obtained from all participants. The study was apedoby the institutional reviewboard
(CEP-HCPA; GPPG 15-0049).

Cdll culture.Skin biopsies were used to establish primary filastcultures. Cells were
grown in 25cr flasks in a humidified incubator at 5% ¢@nd 37°C and maintained
in HAM-F10 medium with 1% penicillin-streptomycima 15% fetal bovine serum
(Gibco Laboratories, USA). Cells were trypsinized @&xpanded until five flasks wih
80% confluence were obtained (passages 3-7). Substyg cells were transferred to a
12 and a 6-well culture plate for each sample. Tiydour hours after seeding, 7 wells
were treated with 10nM of the mTOR inhibitor rapamy(R0395, Sigma Aldrich,
Rehovot, Israel), the dose that corresponds teetdhgrapeutic level (10ng/ml) [24], 7
were not treated (vehicle DMSO was added), and 4 wepplemented with HAM-F10
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medium (not treated and no vehicle). Fibroblastsnfreach of the 18 wells were
collected after 48 (rapamycin half-life in plasma) and directly cteoh using trypan

blue in Neubauerchamber. All procedures were pexéarin triplicates.

Cdll viahility. One treated, one untreated and one no vehicleof&hch sample was
centrifugated (7 minutes; 2100rpm) and washed RBIS 1x three times. Pellets were
resuspended in PBS and propidium iodide @80ml; Sigma, Rehovot, Israel), then
analyzed in Attune Flow Cytometer (ThermoFishaeftfic, USA) in triplicates.

Cdll cycle evaluation.One treated, one untreated and one no vehicleoivelhich sample

was centrifugated (7 minutes; 2100rpm) and washigd RBS 1x three times. Cells
were lysated and stained in hypotonic stain buf$edium citrate 3.6mM, propidium
iodide 50ug/ml, Triton X-100 0.1% and water). Gajtle distribution was analyzed in
Attune Flow Cytometer (ThermoFisher Scientific,A)$n triplicates and student-t test

was performed for statistical analysis.

Autophagy evaluation by flow cytometry.One treated, one untreated and one no vehicle
well of each sample was ressupended in 500ul HARI4R&dium and incubated for 15
minutes with acridine orange solution (Lug/mL). Heecentage of autophagic cells was
measured in Attune Flow Cytometer (ThermoFisherier8ific, USA) in

triplicates.Student-t test was performed for stiaté analysis.

Gene expression array.One tretated and one untreated well of each sawpale
centrifugated and washed once with PBS 1x. TotaARMs extracted from pellets
using PureLinkRNA Mini Kit (ThermoFisher Scientifit/SA). Then, total RNA was
analyzed using Affymetrix Gene Chip Human Trandonpe Array 2.0 (a single
microarray for each condition), as recommendecdhel hanufacturer’s protocol.Gene
level SST-RMA sketch algorithm (Affymetrix Expressi Console, USA) was used to
generate raw data. Raw data were imported to Trigtsme Analysis Console software
(Affymetrix Expression Console, USA) to make comgans between untreated and
treated cells; cells with mutations TSC1or TSC2; cells with TSC mutations and
without TSC mutations. One-Way Analysis of Variance (ANOVA) feach pair of
condition groups was performed. Genes were filtenedl analyzed in each comparison
using linear fold change (< -1.5 or > 1.5) and AN®¥-value (p<0.001) cutoffs.
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Pseudogenes, microRNAs and uncharacterlped (LOC) were also filtered out. To
create expression array heatmap we usedtmap.2function of gplots R-package,
performed in R 3.3.2 statistical software.To viaelthe number of over and
underexpressed genes we created Venn diagrams UsimgDiagramR-package.In
order to search protein-protein interaction netwonle used String 10.0 software [25].
Differentially expressed genes (DEGs) from arraglysis were used as input data, with
the following parameters: 0.40 medium confidenceresctextmining exclusion; no
more than 20 and 5 interactions at the first arabrse shells.The resulting interaction
data was further analyzed using Cytoscape versié® 327]. Functional enrichment
analysis was perfomed using BINGO 3.0.3 plugin [2@Jplemented in Cytoscape, to
access biological processes of DEGs.

Expression array validation. Three downregulated geneSATSL2 GBP2 MMP12,
three upregulated genesl$H2 RPS6KA5PRR5L) and one gene with no differential
expression TSCJ found by expression array analysis were selebtbedvalidation.
Total RNA of three patients and two healthy corgtrelas reverse transcribed and
subjected to quantitative PCR using SYBR green rgale PCR master mix
(ThermoFisher Scientific, USA). Primers were desijnin exon-exon junctions to
guarantee that possible DNA contaminations wouldaffect results. Primer sequences
are available on request. The relative RNA expossf the target genes was
normalized to theexpression of the glyceraldehydph@phate dehydrogenase
(GAPDH)reference gene.

Western Blot.To confirm gene expression differences at proteirell and to evaluate
expression of specific proteins, western blot wadgsmed. Three untreated and three
treated wells of each sample were centrifugatemtifWites; 2100rpm) and washed with
PBS 1x three times. Pellets were used for totalteproextraction using Radio-
Immunoprecipitation Assay (RIPA) lysis buffer, qtiiad with a Bradford assay. For
blotting, a total of 15ug of protein was separated by SDS-PAGE and eldotted to
PVDF membranes (Amersham Pharmacia Biotech, Pisagjawhich were incubated
overnight at £C with primary rabbit antibodies. The followingiqary antibodies were
used: p62, LC3B, Hamartin/TSC1, Tuberin/TSC2, Phospuberin/TSC2 (Ser939),
MTOR, Phospho-mTOR (Ser2448), Phospho-p70 S6 Kiflde889) and Phospho-4E-
BP1 (Thr37/46) (all at 1:1000 and from Cell SigngliTechnologies, Danvers, USA)

174



and GATSL2 and PRR5L (at 1:1000 from Sanbio, Uddre Netherlands). Anti-rabbit
horseradish peroxidase-conjugated secondary amtif@dll Signaling Technologies,
Danvers, USA) was used. Immobilon Western HRP SatastMillipore, USA) was
used for chemiluminescent detection in ImageQuafs L500 imager (GE Health
Sciences, USA). Band density was analyzed using theageJ software

(https://imagej.net). All procedures were performeduplicates for each sample.

Results
TSC patients included in this study hd®&C1 and TSC2 genes previously

analyzed by a customized Next Generation Sequernmang! and Multiplex Ligation
Probe-dependent Amplification (MLPA). Wild-type dools were also evaluated for the
presence of SClandTSC2mutations. Table 1 showsutation analysis results.We did
not observe differences in fibroblast growth ratel anorphology between patients’
cells with and without mutations in plates, as veallin treated and non-treated cells.

In order to show the mechanism of cell growth iitiolb by rapamycin, we
evaluated cell viability, cell cycle distributiomé authophagy in treated and untreated
cells by flow cytometry. Figure 1A shows the petege of viable cells in mutated and
wild-type cells, treated with vehicle or rapamycWie did not observe differences in
cell viability between these groups. This was afdcengthened bycell counting
experiment with Trypan blue (data not shown). Gsitle distribution of different
groups is shown in Figure 1B. There was no sigaifiadifference inthe percentage of
subG1 population in both mutated and wild-type gsoafter treatment with rapamycin,
which means that this drug do not induce cell de&l$o, no statistical differences were
observed in the average percentage of other cédlgyopulations between groups,
indicating that rapamycin did not cause cellcydleest in any particular stage. The
percentage of acridine orange positive cells (chagpr cells) and acridine orange
negative cells of mutated and wild-type wells, tiedawith vehicle or rapamycin are
shown in representative plots in Figure 1C. Thmraft autophagic cells in wells treated
and untreated with rapamycin for each case is showime right graphic of Figure 1C.
Autophagy was reduced in mutated cells; after itneat,the increase in the number of
autophagic cells was more significant in mutateltk ¢ean in the wild-type cells. Cell

viability, cycle distribution and autophagy weret wifferent in cells with and without
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vehicle (DMSO). No correlation between mutationfieoand response to rapamycin
was observed in flow cytometry analyses.

Next, we performed gene array analyses with mutatelwild-type cells treated
or not-treated (control) with rapamycin, in order dompare the effects of mutation
profile and treatment on whole gene expressionpleapentary Figure 1 shows the
box-plot of the normalized relative gene expressidnall samples. Transcriptome
analysis was performed for each of the conditiarspspecified in Table 2. The number
of differentially expressed genes between eachitondgairs is also shown in Table 2.
Figure 2A is a representative hierarchical clustgonf gene array probes for each of the
mutated and wild-type samples, treated or notérkaireated and not-treated cells of
each sample were grouped side by side, showingrtisidual expression is different
before and after treatment, and differ@@C mutations result in different expression
patterns. We then analyzed the DEGs in each conditir: group 1 (treated vs control)
showed 14 DEGs, includinGATSLZlog,FC -1.52); when we excluded wild-type cells
and analyzed only mutated cells (treated vs cgngr@up 2), onlyGATSL2gene was
differentially expressed (downregulated in mutatells, logFC -1.62). This gene could
be altered due to mutation IRSClor TSC2 When considering groups 3, 4 and 5
(Figure 2B, left),RPS6KA5gene was altered in both groups 3 and 4 and pesgben
experimental protein-protein interaction with mTOR STRING (Figure 2C). We
focused on DEGs that were present in group 3 édeatild-type vs treated TSC) and
were not present in group 4 (non-treated wild-typenon-treated TSC). Among these
102 genes (Figure 2BRRR5L was directly connected to PISK-mTOR pathway in
STRING (Figure 2C) and was further analyzed (upleggd in wild-type cells; logC
1,59). The 32 genes that are altered only in gi({peated wild-type vs non-treated
wild-type) could be related to drug toxicity in Isel Finally, groups 6 and 7 are
comparisons betweerSClandTSC2mutations, treated or not (Figure 2B, right). inc
these groups are too small to make statistical emisgns, we did not make further
analysis with these groups. We used Bingo pluginatalyze the most enriched
biological processes in groups 3 and 4 and theltseate shown in Tables 3 and 4,
respectively. Processes with a corrected p-valwdlenthan 5E-2 are shown.

To validate the results of gene array, the firse¢hpatients in Table 1 and two
wild-type controls were chosen. Results @ATSLZdownregulated in mutated: treated
vs control array analysisf;BP2Adownregulated in wild-type: treated vs controlasrr

analysis), MMP12downregulated in treated: wild-type vs mutatedagranalysis),
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MSH2 RPS6KA5 PRR5I@ll upregulated in treated: wild-type vs mutatedayn
analysis) and one gene with no differential expoes$TSCJ are shown in Figure 3.
We found that theqRT-PCR results indeed correlat#gd gene array results. Other
significant and not significant results also catet between both techniques.

Discussion
To investigate the molecular basis of TSC and imponse to treatment with

rapamycin, e recruited five TSC patients and two wild-type tcols for biopsy of
normal appearing skin. A previous study found fiiabblasts from a healthy portion of
skin from a TSC patient show activation of S6Kldavnstream effector of mTOR
often used to visualize mTOR activation in TSC asded tumors. No upregulation of
Erk or Akt kinases or other respective kinasesig@pédting in their pathways was
detected [28]. Thus, an additional kinase, for epl@nfkt or Erk, is necessary for the
development of tumors. For this reason, initiabsta with normal TSC skin are useful,
since they already have mTOR overactivation anctasger to collect.

MTOR is a highly conserved serine/threonine kirthae plays a significant role
in controlling cell growth and metabolism. In humeamTOR is constitutively activated
in the presence of growth factor and nutrients acid as a master switch of cellular
catabolism and anabolism [29]. When nutrients aalable, growth-factor-activated
kinases phosphorylate TSC2, leading to decreaseld &hivity towards Rheb, which
remains GTP-bound and activates mTORC1, leadingdeased cell growth through
phosphorylation of several different translatiorotpms, mainly 4E-BP1, S6K1 and
elF4E [30]. In contrast, when growth factor or mrts are lacking, AMPK
phosphorylates and activates TSC1/2 leading to ersion of Rheb-GTP into Rheb-
GDP and mTORC1 inhibition. In this case, 4E-BP1dmes hypophosphorylated,
which increases its binding with elF4E and prevantgation of translation. As a
consequence, catabolic processes such as fattyxidation or autophagy are induced
to provide a constant supply of nutrients and na@nATP production [31].

There is great interest in early and preventivatinent of individuals with TSC
with mTOR inhibitors. Several studies showed aificantly increased response ratein
pediatric patients with TSC treated with mTOR intabtherapy compared with those
treated with non-mTOR inhibitor therapy, as revidwey Yang and colleagues [32].
However, these studies show that tumors exhibitwtroinhibition but little

shrinkage[20-22]. This is consistent with our résuh experiments with cell viability,
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which do not show cell death. Culture of tumordlsceould be useful to confirm these
data.

MTOR inhibition also results in an increase in thenover of cyclin D1 and a
decrease in the elimination of the cyclin dependangase inhibitor P27 [33]. The
pharmacological inhibition of mMTOR was found to ese G1 transit in the cell cycle
[34]. In another study, silencingSC2in Ratl fibroblasts shortened the G1 phase of the
cell cycle, favouring cell cycle entry [35]. Howeyéhe mechanism that may underlie
the effects of mMTOR on the cell cycle is not cléara study withT SC2expressing and
TSC2null cell lines, no differences in percentage efi<in cell cycle subsets were
found after treatment with rapamycin [36], as dudg with normal appearing skin also
found.

Autophagy is increasingly recognized to play a iclt role in tumor
development and cancer therapy [37]. mMTORCL1 isngwoitant negative regulator of
autophagy. It induces autophagy in response tocestigrowth factor signalling,
starvation, and other metabolic and genotoxic s&®$38] which leads to the formation
of phagophores, inside which the lysosomal hydeslaslegrade organelles and
intracellular proteins [39]. During physiologicairaditions, the phagophore formation is
inhibited by mTORC1, since it directly interactsthwviand phosphorylates the Ulkl
kinase complex (Ulk1-Atg13-FIP200-Atg101) which rsquired for the initiation of
autophagy [40]. In situations of bioenergeticsstrehe Ulkl complex is released from
MTOR, thereby allowing it to associate with the rbeames from which phagophores
are formed [41]. In this way, autophagy promotesghrvival of established tumors by
supplying metabolic precursors during nutrient degion; however, excessive
autophagy has been associated with cell death [A2pther situations, inhibition of
autophagy promotes tumorigenesis [43]. Parkhitkd emlleagues, using genetic and
pharmacologic approaches, found that autophagy #med autophagy substrate
p62/sequestosome 1 (SQSTM1) are critical compon&nisSC driven tumorigenesis
and that tuberin-null cells had less LC3-ll and enp62/SQSTM1, along with fewer
and smaller autophagosomes, indicating decreasedlegy levels [44]. Paradoxically,
accumulation of the autophagy substrate p62/SQSTktinotes tumorigenesis via
activation of NF«B [45] and Nrf2 [46]. In concordance with thesediimgs, we
observed a reduction in the number of acridine gegoositive cells in flow cytometry
analyses of mutated TSC cells in comparison witld-tyipe cells. After treatment with

rapamycin, the increase in the number of autophaglts is more significative in
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mutated cells than in the wild-type cells (p=0.038)dicating that autophagy is

restablished by mTORCL1 inhibition. As our resul®srgvobtained in normal appearing
skin, autophagic alterations may be present intoareral cells of TSC patients, and
could be the initial mechanism that leads to turfmation in these cells. Also,

autophagy could be a target therapy to TSC tunaifser alone or in combination with

MTORCL1 inhibition, since mTORC1 inhibitor discontation leads to tumor regrowth
[20].

Human transcriptome analysis of group 1 (treatedordrol) showed 14 DEGs,
including GATSLZdownregulated, logrC -1.52); considering only mutated cells
(treated vs control; group 2), onfyATSL2gene was downregulated (6§ -1.62).
Thus, this gene could be downregulated due to muatan TSClor TSC2 In protein-
protein interaction network analysis using STRING found a connection between
MTOR pathway andGATSLZFigure 2C). This gene codifies a poorly charazesti
protein, CASTOR 2, which forms a heterodimer witASTOR 1. The complex is an
arginine sensor that interacts with GATOR2 to negéat regulate mTORC1 activity.
Arginine disrupts this interaction by binding dilgcto CASTOR1. CASTOR?2 is
defective in amino acid binding but is important domplex formation to inhibit
MTORCL1 signaling [47]. CASTOR LATSL2 was downregulated in treated cells with
TSC mutations. A possible explanation is that in medatells without rapamycin
treatment, mMTORC1 is overactivated and CASTOR iheseased in order to try to
regulate mMTORCL1 activity through its inhibition i&dy. In treated cells, the drug
directly binds and inhibits mTORC1, and, as a cqueaceGATSL2levels are reduced.
However, further studies regarding CASTOR2 functaond characterization of other
amino acid sensors are needed to clarify how mitrieand sensors regulate the
MTORC1 pathway.

PRRS5L(Proline rich protein 5 like) was upregulated noup 3 (treated - wild-
type vs TSC) and was not in group 4 (control witdet vs TSC). ThuBRR5Lmust be
altered due to treatment with rapamycin. In netwarkalysis using STRING, we
verified an interaction between mTOR pathway &RR5L (Figure 2C). PRR5-Like
protein is an uncharacterized protein. Thedieck emittagues found that PRR5L is
phosphorylated by both mTORC1 and mTORC2. They fdsad that PRR5L knock
down cells were less apoptotic compared to cortetls, at various time points after
TNFa/cycloheximide treatment, suggesting that PRRSpro-apoptotic. We did not

analyze apoptosis in our experiments because weadatifound marks of cell death in
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culture plates. Treatment with rapamycin could @ckaapoptosis in TSC cells.
However, the exact significance of PRR5L phosplatigh by mTOR, in particular by

MTORC1, and its role in apoptosis remains to besrdeghed. Genes involved in
autophagy were not differentially expressed in yaraaalyses, but they could be in
different levels of activation or have protein ateuation instead of RNA

accumulation.

Makovski and colleagues showed that inhibitionhef Rheb/mTORC1 pathway
results in a reduction in IRF7 nuclear localizatiomhich in turn decreases the
transcription of IFN-stimulated genes [36]. Thedgghes that are altered only in group 5
in our study (treated wild-type vs non-treated wiijgde) seem to interact with IRF7 in
STRING analysis, indicating that normal cells teshtwith rapamycin alter the
expression of these immune system genes. Makowskcalleagues also analyzed the
most enriched processes IRSC2 expressing andTSC2 null cells treated with
rapamycin; most of the processes involved werenohune system regulation, cell
migration, death and proliferation. In our studseated and not treated cells have
similar processes enriched: cell division, nutriergtabolization genes (Table 3) and

immune system genes (data not shown).

Conclusion
Although the present study has several limitatismsh as the small number of

cell cultures tested, we showed that autophagyragibes could be the primary
mechanism that leads to tumor formation in TSCsceéllso, nutrient sensors and pro-
apoptotic genes need to be furthered studied twdslte the role of rapamycin in gene
expression. The alterations foundedin healthy postiof TSC skin provides an
explanation to such a variety of lesions observethis condition. Although rapamycin
has some side effects, the preventive use of thig should be evaluated. Autophagy
could also be a target therapy, either alone orcambination with mTORC1
inhibition.Although each patient showed differexpeession patterns before and after
treatment with rapamycin, we were not able to éstalrorrelations between mutation
profile and response to rapamycin. Future studéasgunormal and tumoral cells could

be useful to confirm expression array and autopliagyngs.
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Figure 1.Cell viability, cell cycle and autophagy Ibw cytometry analysesMutated
cells (TSC) and wild-type (WT) cells were seeded grown in the absence (control)
and in the presence of rapamycin. (A) Cells weatnst with propidium iodide and
submitted to Attune Cytometer analysis. Viable <¢¥0) of a representative mutated
and WT samples are shown in the left panel. Theageepercentage of viable cells in
mutated and wild-type groups is shown in the riganel. (B) Cells were lysated,
stained in hypotonic stain buffer and submittedtiune Cytometer cell cycle analysis.
The quantification of the different cell cycle pkasn a representative mutated and WT
samples is shown in the left panel. The averageepéage of cells in each cell cycle
phase in mutated and WT cells is shown on the .rigbtsignificant differences were
observed in (A) and (B) analyses. (C) Cells wereulrated with acridine orange
solution and submitted to Attune Cytometer analyBiercentage of acridine orange
positive (AO+) and acridine orange negative (ACe)lsof representative samples is
show on the left. The ratio of autophagic cellswglls treated and untreated with
rapamycin for each case in shown in the right pérases 1-5 are mutated and cases 6-
7 are wild type). The increase in the number ofoplagic cells after rapamycin

treatment is more significative in mutated cellsq®39).

Figure 2. Comparative gene array analysis of wildytpe and mutated cells treated
with rapamycin. (A) Hierarchical clustering of gene array probese{mogenes,
uncharacterizetbci and microRNA probes were excluded), depicted demadrogram.
Red, high relative expression; green, low relagxpression. Genes are shown in rows;
samples are shown in columns. (B) Venn diagramhef number of differentially
expressed genes in groups 3, 4 and 5 (left) and(Bght). Common and uncommon
genes were evaluated. (C) Differentially expresgemkes from array analysis were used
as input data in STRING; the resulting interactaata was further analyzed using
Cytoscape and results from group 3 (treated: wittbtvs mutated) are represented in
the figure. Pink nodes represent genes with inect&xpression values; purple nodes
characterize genes with decreased expression;ng@dgs represent interactors with no

difference in expression level.
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Figure 3.Validation of representative genes from th gene array using gRT-
PCR.Three downregulated geneSATSL2 GBP2 MMP12), three upregulated genes
(MSH2 RPS6KA5PRR5L and one gene with no differential expressio8CJ found

by expression array analysis were selected foda&atin. The relative RNA expression
of the target genes was normalized to the expresdithe glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) reference gene. Results reoens according to analysis
groups that were significant in array analysis. l&kults correlate with the gene array
analysis (mean — SD is shown; positive error isshatvn for better visualization).

Supplementary Figure 1. Normalized relative gene gxession. Human
transcriptome array results were normalized usi8F-BMA algorithm in Affymetrix
Expression Console. Normalized relative expres§ioreach sample (14 treated with

rapamycin and 14 treated with vehicle) is showthenbox blot.
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Table 1 Mutation analysis of TSC patients included in stisdy.

. . Amino acid N _ o
Sample Inheritance  Coding change Gene  Position Mutation Type Classification
change
_ N Likely
Patient 1* Familial C.338T>A p.Leull3Ter TSC1 Exon5 Nonsense )
Pathogenic
' N €.2074_2075insCTC Frameshift Likely
Patient 2* Familial p.Arg692fs*15  TSC1l Exon 17 _ _ _
C insertion Pathogenic
_ _ Likely
Patient 3* Sporadic €.1008T>G p.Tyr336Ter TSC2 Exon1l Nonsense )
Pathogenic
Patient 4 Familial €.724delinsSTCCT p.Thr242Ser_Ser243del TSC2  Exon 8 In frame delins VUS
Patient 5 Familial c.4375C>T p.Arg1l459Ter TSC2 Exon 34 Nonsense Pathogenic

VUS = Variant of Uncertain Significance. * Patient2land 3 were selected for expression array vatiddiy qPCR.
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Table 2Groups used to analyze differential gene expredsyayene array.

Group Condition pair Differentially expressed genes
1 Treated vs non-treated 14

2 Treated TSC vs non-treated TSC 1

3 Treated wild-type vs treated TSC 168

4 Non-treated wild-type vs non-treated TSC 106

5 Treated wild-type vs non-treated wild-type 33

6 Non-treated SC1vs non-treated SC2 320

7 Treatedl SC1lvs treated’'SC2 307

*Number of genes filtered according to fold chargel(.5 or > 1.5)and ANOVA p-value (p<0.001).
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Table 3. Biological processes most enriched in the corsparbetween mutated and wild-type cells treated mpamycin.

GO-ID Process Count % Corr p-value
7059 chromosome segregation 12 16.2 1,80E-07
22402 cell cycle process 20 27.0 2,92E-05
70 mitotic sister chromatid segregation 8 10.8 2,92E-05
280 nuclear division 14 18.9 2,92E-05
7067 mitosis 14 18.9 2,92E-05
6996 organelle organization 29 39.2 2,92E-05
819 sister chromatid segregation 8 10.8 2,92E-05
87 M phase of mitotic cell cycle 14 18.9 3,62E-05
48285 organelle fission 14 18.9 3,62E-05
7049 cell cycle 22 29.7 7,19E-05
16043 cellular component organization 38 51.3 9,89E-05
279 M phase 15 20.3 3,68E-04
22403 cell cycle phase 16 21.6 7,18E-04
51301 cell division 14 18.9 7,74E-04
51276 chromosome organization 17 22.9 1,17E-03
7076 mitotic chromosome condensation 5 6.7 2,66E-03
278 mitotic cell cycle 14 18.9 7,46E-03
6323 DNA packaging 9 12.2 8,69E-03
45944 positive regulation of transcription from RIgalymerase Il promoter 14 18.9 8,69E-03
45935 positive regulation of nucleobase, nuclegsideleotide and nucleic acid metabolic 17 22.9 2,39E-02
45941 positive regulation of transcription 16 21.6 2,39E-02
51254 positive regulation of RNA metabolic process 15 20.3 2,88E-02
71103 DNA conformation change 9 12.2 2,88E-02
10557 positive regulation of macromolecule biosgtithprocess 17 22.9 3,09E-02
51173 positive regulation of nitrogen compound tnelia process 17 22.9 3,09E-02
10628 positive regulation of gene expression 16 21.6 3,73E-02
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Table 4. Biological processes most enriched in the corsparbetween mutated and wild-type cells withoudttreent.

GO-ID Process Count % Corr p-value
8543 fibroblast growth factor receptor signalinghpeay 9 19.1 9,20E-09
6364 rRNA processing 9 19.1 1,41E-04
16072 rRNA metabolic process 9 19.1 1,41E-04
7169 transmembrane receptor protein tyrosine kisgg®ling pathway 11 23.4 2,89E-04
8284 positive regulation of cell proliferation 14 29.8 3,34E-04
42254 ribosome biogenesis 9 19.1 7,43E-04
34470 ncRNA processing 9 19.1 1,67E-02
7167 enzyme linked receptor protein signaling pathw 11 23.4 1,67E-02
22613 ribonucleoprotein complex biogenesis 9 19.1 1,67E-02
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Embora exista um grande numero de trabalhos pdolcgue descrevem mutacdes
em NF1, NF2 e esclerose tuberosa, realizados earedtes populagdes do mundo, a
identificacdo das mesmas permanece sendo muitortampe, pois possibilita uma melhor
compreensao da genética molecular da doenca ndagaplestudada. Além disso, um grande
namero de variantes novas é descrito em cada estadmo a alta taxa de mutacdo desses
genes. A disponibilidade do diagndéstico moleculassibilita a caracterizagdo das doencas
com um grau de detalhe muito aprofundado, o quiaamdo era realizado no sul do Brasil. O
acesso a esse tipo de diagnostico € restrito aprddida, o que dificulta a caracterizacao de
diversos pacientes que ndo possuem esse acesse. tNdmlho, a caracterizagdo molecular
completa foi realizada em 93 pacientes oriundoRiddGrande do Sul, néo relacionados, com
NF1. A caracterizacdo clinica foi realizada da nranmais completa possivel, sendo que
algumas limitacbes foram observadas pela ndo addsdopacientes a alguns exames
solicitados. A frequéncia geral de grandes reassaeim NF1 foi de 4,3%, semelhante a
descrita na literatura. Foi encontrada a micro@&d@o 1 em um dos pacientes, associada
previamente com um fenotipo mais grave de NF1,eofqucorroborado em nosso estudo. A
caracterizacdo molecular de pacientes com suspaitdiagnostico clinico de NF1 pode
mostrar a presenca dessa microdelacdo, o que podesado para prever o fendtipo e a
gravidade da doenca nesses pacientes. Outras itésdetecdes atipicas (com ponto de
quebra fora das regides de repeticao) foram erambagr Para essas microdelc¢des, a predicao
do fendtipo fica mais dificil. Os genes co-deletadhms casos de microdelecdes também
podem influenciar no fendtipo; o geRANF135 por exemplo, um gene proximoNdel, foi
associado com alta estatura, macrocefalia e caisttes dismoérficas quando deletado; o
gene SUZ12pode estar associado a mal-formagfes cardiacasndsso estudo, um dos
pacientes que possui microdelecdo atipica, cont@leldeNF1, RNF135e mais 12 genes
funcionais, possui alta estatura, macrocefaliaractaristicas dismorficas. JaA que 0s genes
vizinhos, quando deletados, podem influenciar @tipn de NF1, mutacdes pontuais nesses
genes também poderiam resultar em alteracdo déigen®or esse motivo, dois dos genes
mais importantes e mais relacionados com fenétiftesados foram incluidos em um painel
de sequenciamento de nova geracao para triagertiedacées de ponto na série de casos
recrutada. Na andlise de muta¢gBes de ponto, adevdeteccdo de alteracbes foi similar a
descrita em outros estudos (79%), distribuida®agd dos éxons 1-49 d&-1e sem nenhum
hotspotclaro para mutacdes. Nenhuma varianteRMf135e SUZ12foi encontrada. Trinta e
trés variantes novas foram descritas na regidadeuBrasil. A analise de segregacao foi

possivel de ser realizada em apenas 5 familiag andariante encontrada foi claramente
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segregada e deve ser a causadora da doenca. Candala deteccdo de mutacdes de ponto e
grandes rearranjos, 83% dos pacientes tiveram alguaniante detectada. Os pacientes

restantes podem ter alguma variante localizadanétons, o que poderia afetar os sitios de
processamento de RNA. O mosaicismo também poderseicausa para a hao detec¢do, mas
a alta cobertura atingida nos painéis de sequeraiande nova geracdo pode mostrar esse
tipo de alteracdo. Nenhuma correlacdo genotipotifgmdova foi estabelecida na analise de

mutacfes de ponto, apenas uma correlacdo previaraeistente na literatura foi encontrada

também: a delecdo de 3 pares de bases (¢.2970 28A2J em NF1, que foi associada com

a auséncia de neurofibromas, foi encontrada emp#aentes do nosso estudo, ambos com
auséncia de neurofibromas.

A caracterizacgao clinica e molecular também fdizada em sete pacientes com NF2,
oriundos do Rio grande do Sul. Devido a raridadel@enca, o recrutamento de pacientes é
mais difici. O pequeno numero de probandos arisatorna improvavel que uma
correlacdo gendtipo-fendtipo seja encontrada. A @& grandes rearranjos encontrada em
nosso estudo foi de 14,3%, similar a outros estdddgeratura. Apenas uma grande delecéo
do éxon 1, ja descrita, foi encontrada em um péeieDuas alteracbes de ponto foram
encontradas eNF2 (taxa de detecgcdo de 29%) e nenhuma no béiie gene previamente
associado a schwanomatose, incluido no painelgieeseiamento de nova geracgao.

A caracterizagdo molecular completa de 53 pacemtem esclerose tuberosa,
oriundos de quatro regides brasileiras diferentesie relacionados, também foi realizada.
Nessa série de casos, a maioria dos probandos (@%4em histéria familiar da doenca, e a
taxa geral de deteccdo de mutacOes foi de 89% taaaalta e similar a outros estudos com
metodologias complementares para deteccdo de negtad® ponto e grandes rearranjos.
Através do MLPA, quatro grandes delecbes e umadgratuplicacdo foram encontradas,
totalizando uma frequéncia de grandes rearranjo8%leUm painel de sequenciamento de
nova geracao customizado abrangendo os ged€de TSC2detectou alteracds em 81% dos
pacientes. Um numero maior de alteracdes foi ermdmtemTSC2,com uma alta ocorréncia
de alteracbes em sitios de processamento no exdask@ gene. Além desse ponto, nenhum
hotspot para mutacdes foi encontrado, e a analise moleadapleta continua sendo
necessdaria para o rastreamento de alteracbes dentpaccom esclerose tuberosa. Vinte
variantes novas foram identificadas nesses doisgydsm paciente com a sindrome contigua
(delecéo de parte deSC2e dePKD1, um gene adjacente), além de um paciente coméatelec
apenas d®KD1, foram encontradas. Pacientes com delecdkd2l possuem maior chance

de desenvolver cistos renais (ambos apresentarancaopolicistica renal) e a andlise
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molecular pode ser muito Util para a prevencadoalepticacdes mais graves em pacientes
que possam ter essa delecdo. A caracterizacdoectios pacientes com esclerose tuberosa
foi mais facilmente acessada, e ndo houve difeseagtre sintomas em homens e mulheres.
As correlagcdes genotipo-fendtipo também néo foracomtradas em ET, ja que as mutacdes
nao foram recorrentes nos pacientes. Apenas urdérieia dos pacientes com mutacdo em
TSC2serem mais graves foi encontrada.

Este é o primeiro estudo a fazer o rastreamenteculalr completo em pacientes com
NF1, NF2 e esclerose tuberosa no Brasil. Todasteragdes detectadas por sequenciamento
de nova geracao foram corroboradas por sequendandenSanger.A patogenicidade das
alteracdes novas, tanto e\1 quanto emrSCle TSC2é muito dificil de determinar. As
ferramentas de bioinformética podem mostrar vaoiagisideravel, mas servem para mostrar
um primeiro indicio de patogenicidade. O estudaifumal € dificil e de alto custo na maioria
dos casos. As variantes ja descritas foram claadidis de acordo com as regras estabelecidas
pela ACMG, com 14 variantes patogénicas Bl e 11 emTSCle TSC2 Em geral,
nenhuma correlacdo genotipo-fenotipo nova foi edéaiida. O estabelecimento de
correlagbes genotipo-fendtipo nos genes estudaglosadificil, devido a complexidade dos
mesmos, falta dbotspots presenca de pseudogenes e tamanhos grandesnd® gspectro
de mutagdes, incluindo alta taxa de mutagdesovo,faz com que variantes recorrentes
sejam detectadas raramente, o que torna a anaisedificil devido ao baixo namero de
pacientes com a mesma mutagao.

Por fim, para tentar elucidar o mecanismo de idibigle crescimento de tumores
associados a esclerose tuberosa pelo inibidor d@RnBpamicina, anélises com citometria
de fluxo e expressado génica global foram realizaflssnalises foram realizadas com tecidos
de aparéncia normal (pele), tanto de pacientes matacdes enTSClou TSC2como em
individuos saudaveis, sem mutacédo. A analise ddotemrmal pode elucidar os processos
que estdo alterados nas células antes da formag@mndtumor, processo que pode ser o
inicial na tumorigénese dessas células. Aindaragfes na via de mTOR j& foram descritas
em células normais de pacientes com ET (Jozweiail, 2009). A analise de ciclo celular
mostrou que nao ha parada em nenhum estagio espetifciclo celular e nem inducéo de
morte celular em células mutadas, antes e apoéatantento com rapamicina. Nao houve
alteracdo na viabilidade celular também. J4 nasisaséde autofagia, a razdo de células
autofagicas aumenta significativamente em célu@s mutacdo. A autofagia tem papel
fundamental no desenvolvimento de tumores (Mizuakinal, 2008). O complexo mTORC1,

no qual mMTOR tem um papel fundamental, induz afagt® na auséncia de fatores de
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crescimento e falta de nutrientes; quando as coeslifisiologicas estdo normais, mTORC1

inibe a iniciagdo da autofagia. Em algumas situsicde@utofagia promove a sobrevivéncia de
tumores; em outras situacdes, ela foi associadansorte celular (Rabinowitet al, 2010).

Em pacientes com esclerose tuberosa, a inducaastofagia € muito maior do que em células

controles apés o tratamento com rapamicina (p=0,@3%mo esses resultados foram obtidos
em células ndo tumorais, alteracdes de autofagiantleestar presentes antes mesmo da
formacao de tumores, em células com mutacdo emohggese enTSClou TSC2.A perda

de heterozigosidade nem sempre ocorre na formagdandores em ET, e a alateracdo de
autofagia pode ser um dos mecanismos iniciais deegelacdo do crescimento celular em

células com mutacdo. Assim, a autofagia pode sartarapia alvo para a esclerose tuberosa,
em combinacgéao com inibidor de mTOR ou sozinha.

Na andlise de expressdo génica global, foram adalés diferentes grupos,
considerando as células com e sem mutacao, tratada&o. Entre os genes diferencialmente
expressos, foram encontrados dois genes princigagsinteragem com mTOR no STRING:
um sensor de nutriente&ATSL2, alterado devido a mutacdes nas células e um gene
apoptotico PRR5L), alterado devido ao tratamento com rapamicinae Egnes podem ser
estudados com mais detalhe para esclarecer aipatéio na via de mTOR e seu papel nas
células tratadas. Outros genes alterados forane egadle proliferacdo e crescimento celular,
divisdo celular e sistema imune. Andalises compldéaren de expressdo em nivel de proteina

(western blot) serdo realizadas para confirmagsxkarecimento dos resultados.
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Em conclusdo, nossa estratégia de caracterizacBrutay identificou,pela primeira
vez em uma populagao do Brasil, alteracdes em 82908 pacientes com NF1, em 43% dos
sete pacientes com NF2 e em 89% dos 53 pacientes estlerose tuberosa. O
estabelecimento da nova metodologia de sequenciands nova geracdo podera ser
utilizado futuramente como alternativa ao sequenerdo direto para o diagnostico
molecular desses pacientes. A caracterizacdo ddantes nesses pacientes é muito
importante para o acompanhamento da doenca e &eqlopsevencdo das caracteristicas
multissistémicas. O diagnostico clinico das genodérses pode ser complicado, pelo alto
grau de variabilidade fenotipica, inicio tardio @alguns sintomas e muitas vezes pelo ndo
preenchimento dos critérios clinicos. Assim, a itordcdo do diagndstico clinico através do
diagndstico molecular pode resultar em melhoriasra@mento e aconselhamento genético
das familias, além de auxiliar na compreeséo déogta dessas doencas. O estabelecimento
de um diagnéstico definitivo, o mais cedo possi¥elmuito importante a medida que
intervencdes terapéuticas estdo se tornando diggsnpara esses pacientes. Correlacdes
genotipo-fendtipo especificas para a populacéoilbir@asndo foram estabelecidas, apenas
algumas previamente descritas foram identificadaeb&m em nosso estudo. Estudos
adicionais com séries de casos maiores podem aisrng identificacdo dessas correlacdes.
Além disso, foi demonstrado que a autofagia podeosenecanismo inicial que leva a
formacao de tumores em células com muta¢de3 86ilou TSC2.0 processo de autofagia
precisa ser estudado com mais detalhes a fim déareser esse mecanismo, e,
possivelemente, levar ao uso de terapia de alveculalr direcionada a via de autofagia, em
conjunto com inibidores de mTOR ou sozinha. O usevgntivo de terapias de alvo
molecular poderia ser avaliado, levando em cornsgder os efeitos colaterais que podem
causar. A expressao génica global parece variacalelo com cada paciente, e ndo de acordo
com o tratamento. Assim, o tipo de mutacédo podaentiar na expressédo génica, tanto antes
qguanto depois do tratamento com rapamicina. Apdimo, ndo foi possivel estabelecer
correlacdes entre os perfis de mutagfes e a respaspamicina. Estudos futuros utilizando
células normais e tumorais podem ser Uteis parf@c@n os achados em nivel de expressao e
alteracOes de autofagia, que podem ser muito s na definicdo de terapias de alvo

molecular.
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Como perspectivas da continuidade desse trababide-ge mencionar:

= O uso de novas abordagens a fim de esclarecersa daudoenca em pacientes sem
mutacdes detectadas nas regides analisadas, conexgmplo, a analise de cDNA,;

= O estudo funcional das variantes novas encontradas;

= A andlise do RNAm de pacientes com novas variaitesitios de processamento;

= Analise de mais familiares para avaliar a segregait@ mutacdes, quando estes
estiverem disponiveis;

= Analise de alteragbes soméaticas em tumores de NF2,e ET, quando a mutagéo
germinativa ja estiver identificada, para verifisar ha perda de heterozigosidade em
tumores e o espectro de alteragdes nos mesmos;

» Realizar analises de autofagia por citometria deofl western blot e microscopia de
fluorescéncia em células com mutacaoTedC1lou TSC2 células normais e células de
linhagens de diferentes tumores associados a eselduberosa, com diferentes

dosagens e tempos de acao das drogas inibidora$@R e inibidoras de autofagia.
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Abstract

Neurofibromatosis type 1 (NF1) patients are madkelyi to have vitamin D deficiency when
compared to the general population. This study dirtee determine the levels of 25-OH-
vitamin D [25(OH)D] in individuals with NF1 and diase-unaffected controls and analyze
Fokl and Bsrh VDR gene polymorphisms in a case and in a contralgr¥itamin D levels
were compared between a group of 45 NF1 patieots fBouthern Brazil and 45 healthy
controls matched by sex, skin type and age. Gerwotymd allelic frequencies ofDR gene
polymorphisms were obtained from the same NF1 pistieand 150 healthy controls.
25(0OH)D deficiency or insufficiency were not moreduent in NF1 patients than in controls
(p=0.074). We also did not observe an associatietwden Fokl and Bsrh VDR gene
polymorphisms and vitamin D levels in NF1 patienssiggesting that theirdeficient or
insufficient biochemical phenotypes are not assediawith these genetic variants. The
differences between the groups in genotypic aralialfrequencies foFokl and Bsm VDR
gene polymorphisms were small and did not reachtisstal significance. These
polymorphisms are in partial linkage disequilibriiand the haplotype frequencies also did

not differ in a significant way in the twogroups=(h613).
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Introduction

Neurofiboromatosis type 1 (NF1) is an autosomal dami disease caused by
mutations in theNF1 gene, mapped at chromosome 17q11.2, which produteaegiquous
protein called neurofiboromin. NF1 is a cancer ppdsition disease with variable
expressivity. The main features involve the skimnd and central nervous system.
Approximately one-half of the cases are familiad dhe remainder is caused by de novo
mutations in theNF1 gene. The estimated incidence of the diseaseins21500-3.500 live
births, independent of gender and ethnic backgrdisis]. The diagnosis of NF1 is usually
clinical and most of the affected individuals aderitified in infancy or childhood. The
clinical diagnosis is made when at least two of Meional Institute of Health (NIH)
Diagnostic Criteria for NFlare met [6]. One of thewiteria is skeletal lesions, such as
sphenoid dysplasia or thinning of the long bondesomwith or without pseudoarthrosis. In
addition to the classical signs and symptoms inughskeleton, NF1 patients are prone to
osteomalacia, osteopenia, and osteoporosis of wnkno etiology [7-12].
Neurofibrominfunctions as a GTPase in mesothekaived tissues including blood cells,
fibroblasts, and osteoprogenitor cells, leadingdésegulation of osteoblast and osteoclast
activity [13]. However, the pathogenesis of lowenb mass depends of the density and also
mineral content. Therefore, metabolic abnormalitiesy also contribute to a predilection for
bony defects in NF1, like bone-regulating hormof(es vitamin D). A few studies have
suggested that NF1 patients are more commonly dseghwith hypovitaminosis D when
compared to the general population [9-12, 14, 15].

Vitamin D plays a pivotal role in the homeostasisbody calcium. It increases the
absorption of calcium from the small intestine @ndmotes its reabsorption back into bones,
an essential process for proper bone metabolisnraviblet B light photoisomerizes

provitamin D to vitamin D in the skin, which is trgported to the liver and hydrolysed to 25-
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hydroxy-vitamin-D [25(OH)D]. Further hydroxylatiomf 25(OH)D to 1.25-dihydroxy-
vitamin D [1.25(OH)D], the physiologically active form of vitamin Dgcours mainly in the
kidney. In the clinic, 25(OH)D levels are used ssess vitamin D status since 1.25(¢IH)
usually reflects serum calcium better than totémin D content. Several factors interfere
with serum vitamin D levels such as age, sun exgosskin type [16] and disorders that
interfere with vitamin D metabolism (hepatic, kignand intestinal disease). Vitamin D
insufficiency is associated with osteoporosis, b&maetures, decreased immune function,
bone pain, muscle weakness and possibly with pgigeno cancer and cardiovascular
disease [17-20].1.25(0OkD) exerts its biological effects through binding ttee vitamin D
receptor (VDR), a nuclear receptor that acts as ranstription factor. Calcium
absorptionoccurs primarily in the duodenum where YDR is expressed in the highest
concentration, so the regulation\éDR gene is most important in high efficiency of cafui
absorption [21].Vitamin D receptor’s genotypes héeen associated with the development
of several bone diseases as well as multiple sikerd1S), osteoporosis, and vitamin D-
dependent rickets type Il and other complex mataffia].

The gene encoding the VDR is mapped on the longadrainromosome 12 (12q12-
14) and is composed of 9 exons, with an alternitispliced promoter region [23]. A series
of polymorphisms in th& DR gene were reported to be linked to various biaaigprocesses
[24]. Fokl restriction enzyme can identify a vat@bite in exon 2 of the gene. This alteration
Is characterized by a C/T transition located insidstart codon (ATG), and when the C
variant is present, an alternative start site eduseading to the expression of a shorter VDR
protein (424aa), which demonstrates increased diidbactivity than the longer one (427aa)
[25]. Bsml polymorphism apparently does not chatigetranslated protein [24]. This G/A
polymorphism is located on intron 8 and is linkadaihaplotype with variable-length poly A

sequence within the 3’ untranslated region, aleMDR mRNA stability [26]. Therefore,
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both Fokl and Bsml polymorphisms can decrease V&ieptor expression. We hypothesize
that since VDR receptor mediates the effects db(DRI),D, its reduced expression may also
reduce 1.25(OHP activity, even when normal vitamin D levels aregent. This mechanism
would affect vitamin D activity. Low vitamin D leleor decreased vitamin D activity could
impair calcium absorption in duodenum and consetiyehe lack of calcium could decrease
bone turnover. This alteration in bone metabolisay mot be sufficient to cause the classical
signs and symptoms involving skeleton in NF1 pasiebut may have an association that
influences their occurrence, acting together widnedulation of osteoblast and osteoclast
activity. Differences in VDR allele frequencies feokl and Bsml polymorphisms between
NF1 and general population or differences in vitamilevels between groups could help to
clarify this possible association.

The aim of this study was to assess and compai@H)® levels ina group of 45
patients with the clinical diagnosis of NF1 witlda sex-, skin type- and age-matched control
group. We sought to correlate clinical featuresNéfL with serum vitamin D levels and to
investigate wetheFokl and Bsml polymorphisms in the/DR gene were associated with
hypovitaminosis D and the NF1 phenotype. Seconaly,compared genotypic and allelic
frequencies dfokl and Bsni polymorphisms in thé/DR gene between a NF1 group and a

control group.

Materials and Methods

Vitamin D Status
Patients and controls. A consecutive series of N&tlents seen at the genetics outpatient
clinics of Hospital de Clinicas de Porto Alegre (P, Southern Brazil (30° 2' 0" South. 51°

12' 0" West) from November 18th to December 20892were invited to participate in this
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study and enrolled after signature of informed eoms T The study was approved by the
Institutional Research and Ethics Committee of HCIPe minimum number of patients and
controls to be enrolled was estimated at 22 in ggohp and was calculated using Winpepi
version 9.2 based on the findings of Lammettal[14] with a power of 90% and an
alpha=0.05. Considering the possibility of differes in sun exposure between individuals
from this study (recruited in the spring in South&razil) and those of Lammeet al[14]
(recruited in Germany during the winter, springsommer) and in order to have sufficient
patients to allow clinical correlations, we set gneup sizes at 45 individuals each. The group
of cases consisted of adult individuals (above Eygears) diagnosed with NF1 according to
the Criteria of the Consensus Development Confer¢djc Controls were recruited from the
companions of patients seen in the same genetiisschnd were matched to cases by sex,
type of skin and age (allowing a difference of ydars at the most). Exclusion criteria for
both groups were age < 18 years, incapacity to ipeovnformed consent, vitamin D
supplementation within the last 6 months, diagnos$igastrointestinal, skin, liver, kidney or
parathyroid disease, use of medication that coutlerfiere with the vitamin D metabolism,
known vitamin D deficiency and hospitalization imetprevious 2 months. In addition, we
clinically excluded NF1 patients who met criteraa bther genetic disorders such as Noonan

Syndrome and segmental NF1 and controls witt?Y or 3¢ degree family history of NF1.

Clinical evaluation: Data on clinical presentatimas obtained from chart review and full
physical examination was performed on all partictpa To model NF1 phenotype, the
presence of eight mayor NF1 characteristics wemduated: café-au-lait spots, cutaneous
neurofibromas, plexiform neurofibromas, axillarydamguinal freckling, optic pathway

glioma, Lisch nodules, sphenoid wing dysplasia @bl pseudoarthrosis. The number of

café-au-lait spots and cutaneous neurofibromas al&s obtained. Family history of all
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participants was assessed and registered in pedigiee clinical assessment was performed

before vitamin D testing by the same clinical genst

Vitamin D dosage: In order to limit the effect ofasonal fluctuations of vitamin D
photosynthesis, patients were recruited in thengpbetween the dates previously described.
Fasting (minimum 4 hours) peripheral blood sampleee collected in EDTA and the plasma
isolated by centrifugation was frozen within oneuhof collection at -80°C for posterior
analysis. All samples were analyzed simultaneoaffgr a storage period of five months.
Plasma 25(OH)D levels were measured by chemiluroere® using the LIAISON
commercial kit (DiaSorin Inc. Stillwater/MN.CV 6%itra-assay). Samples were scored as
Vitamin D deficient when 25(OH)D results were <20nf The normal cutoff for 25(OH)D
levels was defined at >30ng/ml. Plasma levels betm29 and 30 ng/ml were classified at the

insufficiency status.

VDR Genotyping

To determineVDR genotype, genomic DNA from 45 NF1 patients and althg
control group of 150 patients was extracted fromkéeytes by conventional salting-out
methods. Analysis of th®kl (rs2228570; T and C alleles) @il (rs1544410; A and G
alleles) polymorphisms in th&DR gene was performed by PCR-RFLP in duplicates as
described by Monticieloet al[27] and was blinded for vitamin D status and dati
phenotype. The control group, constituted of 158lthg individuals,was recruited from Porto
Alegre and previously tested for thieoki and Bsml polymorphisms with the same

methodology as described aboveand tested in the Bdoaratory as the NF1 samples.
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Statistical analyses

All analyses were done using the statistical paek&PSS version 18.0. For
categorical variables the Chi-Square and FishexacETest were used and for quantitative
variables the Student's t-test was used. A p-Valu®.05 was considered statistically

significant.

Results

Clinical and demographic features of the patiearisl controls used to determine
vitamin D status are summarized in Table 1 and [Z2rd& was no significant difference
between groups in age at assessment, sex, skin (peording to the Fitzpatrick
classification, avoidance of sun exposure), hab&neoking or use of alcohol. As expected,
patients with NF1 had an increased frequency oftsbiature and had been more often
diagnosed with cancer when compared to controlsrélfwas also no significant difference
between the mean and median 25(OH)D levels, raspgctbetween groups: 25.25ng/mL
and 25.10ng/mL (x8.46) in patients and 22.79ng/md a1.90ng/mL (+6.28) in controls. In
the NF1 group, 29 (64.4%) of the 45 individualsds#d had levels of 25(OH)D below
30ng/mL: vitamin D deficiency was observed in 14.8%6) and vitamin D insufficiency in
18 (40.0%) subjects.The minimum 25(OH)D level detdadn this group was 5.27ng/ml and
maximum level was 41.3ng/ml. In the control gro8,(86.6%) of the 45 individuals studied
had levels of 25(OH)D below 30ng/mL: vitamin D a##incy was observed in 17 (37.7%)
and vitamin D insufficiency in 22 (48.8%) subjedtse minimum 25(OH)D level detected in
this group was 14.1ng/ml and maximum level was dg/1al.When we categorized 25(OH)D
using a cutoff of 30 ng/ml, NF1 patients had maegéiently normal 25(OH)D levels than
controls. Although this difference did not reachtistical significance, distinct distribution

can be further observed in the 25(0OH)D levels (hghistograms depicted in Figure 1. We
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did not observe a more severe phenotype in NFEmatwith lower 25(0OH)D levels (data
not shown).

VDR genotyping results of the NF1 patients are degidte Table 3. Genotypic
frequencies of thd=oki and Bsmi polymorphisms were in Hardy-Weinberg equilibrium.
When compared to a subset of 150 healthy, NF1 eci&if individuals recruited at the same
hospital as the NF1 patients (as described by Miahti et al. [27]), allelic and genotypic
frequencies encountered in the patients did néerdgignificantly. These polymorphisms are
in partial linkage disequilibrium and the haplotyfequencies also do not differ in a
significant way between the two groups (p=0.613jldiionally, we compared 25(OH)D
levels obtained from NF1 patients with their diffietFokli and Bsmnigenotypes (Table 4), and

did not find any association.

Discussion

So far, seven studies assessed 25(OH)D levelstienpadiagnosed with NF1 (Table
5). Among these, six were case-control studiesaareda descriptive study, all undertaken in
the Northern Hemisphere (USA and Europe). Althobgtogically plausible, the association
of NF1 with vitamin D deficiency remains controvalsand has not been clearly
demonstrated in all studies, corroborating ourifigd in a Southern Brazilian population.
Hypovitaminosis D might indeed be involved in theghpgenesis of bone, neurological and
skin disorders of NF1, since it has a significaokerin calcium homeostasis and bone
metabolism but it is also involved in the regulatiof cell proliferation, differentiation,
apoptosis and angiogenesis. In this line, thereoissistent evidence in favor of a role for
Vitamin D in the expression of genes related torelesed cell proliferation for both normal
and cancer cells and induction of terminal celtedéntiation [18-20, 28]. However, only one

group [14] described an inverse association betwaaeased number of neurofiboromas and
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low plasma 25(OH)D levels, suggesting an effedhefvitamin levels on disease expression.
Against this hypothesis, Stevenson and colleagliel found no association between levels
of 25(OH)D and the occurrence of optic gliomas eunofiboromas in NF1 patients.Hockett
and colleagues [29] described in United Kingdomaseecontrol study in which the overall
mean of 25(OH)D levels in control group was withdeficient range, and showed no
statistically significant difference with NF1 grauphis deficient 25(OH)D value found in
control population also occurs in our control grama may reflect poor sun exposure of these
populations.

In the 90s, Nakayama and colleagues suggested@ovement of two cardinal signs
of NF1, neurofiboromas (NF) and cafe-au-lait sp@£g) in patients treated with vitamin D
[30-31]. In addition, Yoshida&t al. [32], published a paper in which eight patientshwthe
clinical diagnosis of NF1 were treated with interlgghtradio frequency combined with
topical vitamin D, with improvement of the phenatyBuch findings could be explained by
the potent antiproliferative effect of vitamin D Iloyhibiting the transcription specific genes
(i.e. c-fos oncogene, as observed in experimetdies with mice). Finally, Lammedt al
[14] suggested that the lower vitamin D levels obse in NF1 patients relative to controls
could be related to less exposure to sunlight trepes with greater visibility of the disease.
The frequency of vitamin D deficiency in the Nordmuntries is higher than expected both by
the low sun exposure and the low dietary intakeitaimin D precursors [33].This can easily
be explained by geographic and cultural aspecthaxfe countries. In Brazil, a country with
tropical and sub-tropical climates (depending om gleographic region), adequate 25(0OH)D
levels have been reported in the general populatibrthe city of Recife (8°S) in the
Northeastern region. In the Southeast part of thenty, studies are controversial, showing
normal 25(OH)D levels in the population of the 8tadf S&o Paulo (21°S) but

hypovitaminosis D in 42.4% in the population of M@Gerais (19°S). In the southernmost
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State of Rio Grande do Sul (30°S), probably dukstalimatic conditions and the risk profile
of most of the individuals studied to date (hodjaém patients), a high prevalence of
hypovitaminosis D has been observed [34-40]. Inr@sssectional study with resident
physicians of Hospital de Clinicas de Porto Ale@he same hospital from which the patients
in this study derive), the mean serum level of 23 was 17.9+/-8.0 ng/mL and 57.4% of
them presented 25(OH)D below 20ng/mL [38]. The hayerall frequency of vitamin D
deficiency andinsufficiency observed in this stumbyrroborates with previous reports that
studied populations from Southern Brazil. The reasavhy the overall frequency of
hypovitaminosis D is so high in this study remalnseve and the lack of an observed
difference between NF1 patients and controls maselzded to the deficient and insufficient
status of a significant proportion of individuatsthe community. We can not exclude certain
ascertainment biases such as the period of stuojedton during the summer could
definitively exclude lack of sun exposure as adgcand sample size. However, the lower
25(0OH)D levels consistently observed in controlgthbin terms of mean values and
distribution of individual 25(OH)D measurementsagainst the hypothesis of an association
of hypovitaminosis D and NF1. Finally, although d¢tional data have been inconclusive for
Bsml1 VDR gene polymorphism, several small studies evalgatims polymorphism have
reported significant associations with osteoporoS@me studies have shown a relationship
betweenVDR polymorphisms and bone mineral density, serum B5[Dlevels, as well as
neoplastic and immune diseases [41-45]. Based esethrticles, 65.9% of studies reported a
significant correlation between Bsml and osteopsrosk. Likewise, 60.0% of studies
reported a significant correlation between FOHIR gene polymorphism and osteoporosis
risk. As expected, in our study,DR gene polymorphism&okl and Bsm were not more
common in vitamin D deficient or insufficient NFlatents, suggesting that these

biochemical phenotypes are not related to theseetigewariants. As we hypothesized,
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VDRgene polymorphism&oki and Bsni could interfere in vitamin D activity, even when
normal levels are present. The effectsViiR gene polymorphisms are in connection with
each other, but the different haplotypes between dtudied groups also did not reach
statistical significance. The reasons for the logfeneous results found in many association
studies are numerous and varied. Sample sizestasceent differences, population and trait
genetic heterogeneities may be mentioned. In aufgiin quantitative characteristics, most
factors account for only a small proportion of tb&al genetic risk.

In our patient series, the differences in vitamifeizels between cases and controls are
not statistically significant; however, the lowetamin D levels are found in NF1 patients (5
cases below 15ng/ml). Curiously, the two patients whe lower vitamin D levels (5.24 and
8.45 ng/ml) have the greatest number of cutaneeusofibromas (50-100 neurofibromas),
although we did not find statistical evidence fanare severe phenotype in NF1 patients with

lower 25(OH)D levels.

Conclusion

In conclusion, there is no evidence of vitamin Wéo levels in NF1 patients and no
association betweeWDR gene polymorphisms and the occurrence of the sksea a
population from Southern Brazil. Further studiealdalefinitively exclude or show a role for
VDR polymorphisms and vitamin D levels on skelestgns and symptoms of NF1. Possible
associations would be of great importance to supipdure directions for treatment of NF1

patients with abnormal bone metabolism caused taynin D deficiency.
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Table 1.Clinical and demographic features of NF1 patiemis controls included in the study.

NF1 Patients (n=45) Controls (n=45)
Features Media/range Media/range
N (%) N (%)
(years) (years) p-value
Gender
Female 31 (68.9) 33(73.3) 0.646
Age 38.6 36.7
/18 to /18.6 to 0.212
72 58.6
Skintype (Fitzpatrick) 0.129
1 1(2.2) 0
2 8 (17.8) 12 (26.7)
3 13 (28.9) 19 (42.2)
4 5(11.1) 7 (15.6)
5 14 (31.1) 5(11.1)
6 4 (8.9) 2 (4.4)
Habit of smoking 6 (13.3) 8(17.8) 0.722
Use of alcohot 26 (57.8) 21 (46.7) 0.287
No sun avoidance 39 (86.7) 35 (77.8) 0275
Previous cancer diagnosis 5(11.1) 0 (0.0) 0’021
Short staturé 11 (25.5) 3(6.8) 0.0%1

! socially;“according to the World Health Organization (p<3)dontrols and to Neurofibromatosis 1
Growth Charts forthe cases, n=40 among cases at#lamong controlSFisher’s Exact TesfChi-
Square TesfStudent’s t-test.
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Table 2. Clinical profile of patients with clinical diagnssof Neurofibromatosis 1 in this study.

Presence of the changes /

Neurofibromatosis 1 Diagnostic Critelria %
evaluated

Cafe-au-laitspots (>1,5 cm) 33/45 73.3
Two or more cutaneos neurofibromas 37/45 82.2
Plexiform Neurofibromg 17/45 37.8
Axillary freckling or freckling in inguinal regions 43/45 95.5
Optic Pathway Gliomas 1/45 2.2
Two or more Lisch nodules 20/233 87.0
Sphenoid wing dysplasia 2/304 6.7
Pseudoarthrosis 1/45 2.2
First-degree relative with Neurofibromatosis 1 33/445 75.0

1
National Institute of Health Consensus developm€nnference Statement: Neurofibromatosis
Bethesda, 1988

2OnIy cases confirmed by biopsy
3
twenty-two patients did not attend the appointnwatit the ophthalmologist for personal reasons

Fifteen patients did not attend the performancit®RX for personal reasons, but none had evidence
of sphenoid bone dysplasia
5

One person was adopted and unaware of this infmma
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Table 3Bsm (A/G) andFokl (C/T) genotypic and allelic frequencies in Neulbodbmatosis 1 patients

and in unaffected controls.

Patients(%) Controls(%)

N=45 N=150 p value

Bsm 0.2841
AA 4(8.9) 23(15.3)
AG 27(60.0) 71(47.3)
GG 14(31.1) 56(37.3)

Bsm >0.9992
Allele A 35(38.9) 117(39.0)
Allele G 55(61.1) 183(61.0)

Foki 0.430*
CcC 14(31.1) 63(42.0)
CT 26(57.8) 73(48.7)
TT 5(11.1) 14(9.3)

Foki 0.3142
Allele C 54(60.0) 199(66.3)
Allele T 36(40.0) 101(33.7)

1Chi-Square Test; 2Fisher’'s Exact Test
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Table 4VDR polymorphisms and vitamin D levels in NF 1 patient

25(OH)D (ng/ml)

Genotype 0 =0 p value
Bsml 0.8875*
AA (n=4) 3(9.7) 1(7.2)
AG (n=27) 19 (61.3) 8 (57.1)
GG (n=14) 9 (29.0) 5 (35.7)
Fokl >0.9991
CC (n=14) 10 (32.3) 4 (28.6)
CT (n=26) 18 (58.1) 8 (57.1)
TT (n=5) 3(9.7) 2 (14.3)

Fisher's Exact Test based on 10000 sampled tafilestarting seed 2000000
25(0OH)D — 25-hydroxy-vitamin D

239



Table 5. Studies that assessed 25(OH)D levels in patieag;dsed with NF1.

Method for dosing Stud Me?egrége Number 25(0OH)D levels
Author Country 25(0OH)D levels * ay y . ! Results (p-value)
design (cases: (female/male rate)
controls)
Lower 25(OH)D levels in NF1 patients
Lammertet al, German CLBPA; Case- 55 cases (33:22) Mean: 15.7ng/mL(cases): (p<0.0001) and inverse correlation
2006 [14] y autumn or winter control 40.3:36 58 controls (38:20) - -2- Mg ) with the number of neurofibromas
35.5ng/mL (controls)
(p<0.0003).
S 16 cases with
Br;ln e;t(l)-gée[g]let USA Chromatography Descriptive 13.5 (cases) osteoporosis or Mean: 20.6ng/mL (cases)
" osteopenia
. . Men 43.4and . .
Tuckeret al, Germany Teghnlcal unreported; Case- Women 42.1 72 cases (43:29) <20ng/mL in 56% (cases) Lower 25(OH)D levels in NF1 patients
2009 [10] winter and summer control (cases) (p<0.001)
Seitzet al.,2010 German RIA; autumn, winter Case- 14 cases (9:5) Range: 5igzg;mt (cases): 13- Lower 25(OH)D levels in NF1 patients
[11] y and spring control 44.36: 46.97 42 controls (27:15) 9 (<0.05)
(controls)
Stevensoret al., USA CLIA Case- 9.3 (controls) 109 cases (50:59) Mean: 31.76ng/mL (cases): Lower 25(OH)D levels in NF1 patients
2011 [15] control 218 controls 33.79ng/mL (contros). (0.0129)
Petramalat al., Italy RIA; autumn and Case- . 70 cases . . Lower 25(OH)D levels in NF1 patients
2011[12] winter control 41.1:44.3 60 controls Mean: 21.8ng/mL (cases): (<0.01)
32.9ng/mL (controls)
25(0OH)D levels were not significantly
Hockettet al, United Chromatography Case- 118115 15 cases (10:5) 15 Mean: 15.6 (cases) different between groups; overall mean
2013 [29] Kingdom control e controls (8:7) 16.6 (controls) in total population was within deficient

range

NF: Neurofibromas; 25(0OH)D: 25-hydroxy-vitamin D; LBPA: chemiluminescence binding protein assay; Rlfadioimmunoassay; CLIA:
chemiluminescence intra-assay.
* Levels may vary according to the method usedhendosage [19].
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Figure 1. Histograms showing the distribution of plasma 25§DH#evels (ng/mL) in NF:
patients (A) and controls (B).
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