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RESUMO

Becker, AP. Avaliacdo da via MAPK na oncogénese dos astrocitomas pilociticos. Tese
(Doutorado) — Barretos: Hospital de Cancer de Barretos; 2015.

JUSTIFICATIVA: Astrocitomas pilociticos (APs) sdo os tumores mais comuns do sistema
nervoso central na faixa etaria pediatrica. A via MAPK é sua via molecular principal, sendo as
alteragGes mais importantes a fusdao KIAA1549-BRAF e as mutagdes do gene FGFR1. O papel
progndstico destas alteracbes e a relacdo da ativacdo constitutiva da via MAPK com a
senescéncia induzida por oncogenes, que pode estar relacionada as proteinas RKIP e MTAP,
ndo sao bem estabelecidos. Potencialmente, este conhecimento possibilitaria a utilizacdo de
terapias-alvo para bloqueio do crescimento de lesGes residuais e/ou recidivas, principalmente
nas lesdes inacessiveis a cirurgia. OBJETIVOS: Objetivo geral: Elucidar o papel da via MAPK na
oncogénese dos APs. Objetivos especificos: a) Descrever os dados clinico-epidemioldgicos e a
sobrevida na série de pacientes. b) Descrever a expressdao imuno-histoquimica de dois genes
ativadores (FGFR1 e BRAF) e de um regulador negativo (RKIP) da via MAPK e de uma proteina
relacionada a OIS (MTAP). c) Descrever, na série, a frequéncia das alteracGes génicas mais
comuns de acordo com a literatura (muta¢Ges pontuais do BRAF, fusdo KIAA1549-BRAF,
amplificacdes e mutacdes pontuais do FGFR1). d) Comparar as caracteristicas moleculares dos
astrocitomas pilociticos entre grupos pediatrico e adulto, entre casos esporadicos e familiares
(NF1-APs) e entre tumores cerebelares e extracerebelares. e) Investigar a influéncia
progndstica das alteracdes moleculares observadas nos astrocitomas pilociticos. MATERIAIS
E METODOS: Estudo observacional descritivo de uma série de 69 pacientes com APs
levantados nos Departamentos de Patologia do Hospital de Cancer de Barretos e do Hospital
das Clinicas da Faculdade de Medicina de Ribeirdao Preto da Universidade de Sao Paulo. Os
pacientes foram divididos em grupos de acordo com o género, idade, localizacdo da lesao,
diagnéstico clinico de Neurofibromatose do tipo 1 (Nf1) e evolugdo. Apds a revisdo dos casos,
foram construidas duas plataformas de TMA, especificas para cada servi¢o. Os estudos imuno-
histoquimicos da expressdao de FGFR1, BRAF, RKIP e MTAP e a pesquisa da fusdao KIAA1549-
BRAF e da amplificacdo do FGFR1 através de FISH foram realizados nas laminas dos TMAs. O

sequenciamento total de exons especificos dos genes FGFR1 (exons 12 e 14; cddons 546 e



656) e BRAF (exon 15; cédon 600) foram realizados no DNA tumoral extraido das amostras
embebidas em parafina. Toda a metodologia e interpretacdao dos dados seguiu protocolos
previamente estabelecidos na literatura. Os cdlculos estatisticos foram realizados assumindo
p<0,05 como valor de significancia. RESULTADOS: A sobrevida total mediana da série foi de
4,0 anos (0,6-16,4 anos) com sobrevida em 5 e 10 anos de, respectivamente, >90% e 80%, e
nao influenciada por idade de aparecimento da neoplasia (p=0,664), género (p=0,293),
localizacdo da lesdo (p=0,826) ou ocorréncia de Nfl (p=0,726). FGFR1- Houve expressdo de
FGFR1 em 71% dos casos. A mutac¢do pontual K656E foi detectada em 3 tumores cerebelares
(6,7%) de pacientes do grupo pediatrico. Nao foi observada amplificagio do FGFR1 em
nenhum dos casos, mas 10% apresentaram baixo ganho no nimero de cépias do gene. A
relacdo dessas alteracbes com a expressdo imuno-histoquimica de FGFR1 tendeu a
significancia (p=0,086 e p=0,091, respectivamente). Ndo foram observadas diferencas
significativas das altera¢cdes do FGFR1 entre os diversos grupos clinicos do estudo. BRAF- O
estudo imuno-histoquimico foi negativo em todas as lesGes avaliadas. Foram detectadas duas
mutagdes pontuais do BRAF (4,2%), V600OE e V600K, ambas em pacientes do grupo pediatrico.
A fusdo KIAA1549-BRAF foi detectada em quase 60% dos casos, apresentando correlacao
positiva com localiza¢do cerebelar (p<0,001) e negativa com o diagndstico de Nfl (p=0,011).
Um paciente com BRAF mutado e um paciente com FGFR mutado apresentaram fusao
KIAA1549-BRAF concomitante. Nao foram observadas diferencas significativas das altera¢des
do BRAF entre os diversos grupos clinicos do estudo. RKIP e MTAP- Ambas apresentaram
positividade/expressdo mantida em mais de 95% dos casos, sem diferencas significativas entre
os grupos clinicos. As alteragdes que apresentaram impacto na sobrevida total foram a fusao
KIAA1549-BRAF, que identificou um grupo com melhor progndstico (p=0,009), e a mutacao
K656E, que determinou menor sobrevida (p=0,047). Quando avaliados de maneira
combinada, a fusdo KIAA1549-BRAF foi relacionada a sobrevida mais longa, independente da
expressao imuno-histoquimica e status mutacional do FGFR1. Entre os tumores sem a fusado
KIAA1549-BRAF, a presenca da mutacdo K656E determinou pior sobrevida (p=0,002),
enquanto a expressdo de FGFR1 foi relacionada a um melhor prognéstico (p=0,032).
CONCLUSOES: O astrocitoma pilocitico é uma lesdo de bom prognéstico, com sobrevida total
longa, independente de idade de aparecimento da neoplasia, género, localizacdo da lesdo ou
ocorréncia de Nf1. A expressao imuno-histoquimica de FGFR1 aumentada nos APs pode estar

relacionada com a mutacdo K656E e com o baixo ganho no nimero de cépias do FGFR1. As



mutacdes do gene FGFR1 foram observadas em lesGes cerebelares e determinam sobrevida
mais curta. Amplificacdo génica do FGFR1 nao foi um evento observado nesta série de APs. As
mutagOes do gene BRAF sdao eventos raros, observadas em menos de 10% dos astrocitomas
pilociticos e ndo interferiram na sobrevida dos pacientes. A fusdao KIAA1549-BRAF é o evento
mais frequentemente observado nos astrocitomas pilociticos, apresentando correlagdo
positiva com localizagdo cerebelar e negativa com a ocorréncia de Nfl. A presenga da fusdo
KIAA1549-BRAF é um fator progndstico nos APs, identificando um grupo com maior sobrevida.
A superexpressao de RKIP em astrocitomas pilociticos em praticamente todos os casos sugere
o bloqueio da via MAPK em sua fung¢ao de indugdo de proliferagdo celular, explicando o
comportamento indolente dos astrocitomas pilociticos. A superexpressdao de MTAP em quase
todos os casos sugere a importancia da senescéncia induzida por oncogenes na génese dos
astrocitomas pilociticos e a perda de expressdao de MTAP pode identificar um subgrupo de

pacientes que responderiam a terapia com inibidores da sintese de novo de purinas.

1.Glioma. 2. Astrocitoma. 3. Progndstico. 4. Imuno-histoquimica. 5. Analise de sequéncia de

DNA. 6. Sistema de sinalizagdao das MAP quinases.



ABSTRACT

BACKGROUND: Pilocytic astrocytomas (PAs) are the most common tumors of the central
nervous system in pediatric patients. The MAPK pathway is the main molecular pathway, with
the KIAA1549-BRAF fusion and FGFR1 mutations being the most important changes. The
prognostic role of these changes and the relationship of constitutive activation of the MAPK
with the senescence induced by oncogenes, which may be related to RKIP and MTAP proteins,
are not well established. Potentially this knowledge would allow the use of targeted therapies
for blocking growth of residual lesions and / or recurrences, particularly in lesions inaccessible
to surgery. AIMS: General aim: To elucidate the role of the MAPK pathway in the oncogenesis
of PAs. Specific aims: a) To describe the clinical and epidemiological data and the overall
survival in the series of patients. b) To describe the immunohistochemical expression of two
triggers (FGFR1 and BRAF), and a negative regulator (RKIP) of MAPK pathway and a protein
related to oncogene-induced senescence (MTAP). c) To describe, in the series, the frequency
of the most common genetic alterations in accordance with the literature (BRAF point
mutations, KIAA1549-BRAF fusion, FGFR1 amplifications and point mutations). d) To compare
the molecular characteristics of pilocytic astrocytomas between pediatric and adult groups,
sporadic and famillial cases (NF1-PAs), and cerebellar and extra-cerebellar tumors. e) To
investigate the prognostic influence of the molecular changes observed in pilocytic
astrocytomas. PATIENTS AND METHODS: Observational study of a series of 69 patients with
PAs obtained in the Departments of Pathology of the Barretos Cancer Hospital and the
Hospital of the Ribeirdo Preto Medical School, University of Sao Paulo. Patients were divided
into groups according to gender, age, location of the lesion, clinical diagnosis of
neurofibromatosis type 1 (NF1) and evolution. After reviewing the cases, we built two TMA
platforms specific to each service. Immunohistochemical studies of FGFR1, BRAF, RKIP, and
MTAP expression and the search of BRAF-KIAA1549 fusion and FGFR1 amplification by FISH
were performed in TMA slides. The sequencing of specific whole exons from the FGFR1 gene
(exons 12 and 14, codons 546 and 656) and BRAF (exon 15, codon 600) were performed in
DNA extracted from tumor samples embedded in paraffin. The entire methodology and
interpretation of data followed protocols previously established in the literature. Statistical
analyses were performed considering p<0.05 as significance value. RESULTS: The median

overall survival in the series was 4.0 years (0.6 to 16.4 years) with 5- and 10-years survival



respectively>90% and 80%, and not influenced by age of onset of neoplasia (p = 0.664), gender
(p = 0.293), location of the lesion (p = 0.826) or occurrence of Nfl (p = 0.726). FGFR1- There
was FGFR1 expression in 71% of cases. The K656E point mutation was detected in three
cerebellar tumors (6.7%) in pediatric patients. There was no amplification of FGFR1 in either
case, but 10% showed low copy number gain of the gene. The relationship of these changes
with the immunohistochemical expression of FGFR1 tended towards significance (p = 0.086
and p = 0.091, respectively). No significant differences were observed in FGFR1 alterations
between different clinical groups. BRAF- The immunohistochemical study was negative in all
evaluated lesions. We detected two point mutations in BRAF (4.2%), V600E and V600K, both
in pediatric patients. The KIAA1549-BRAF fusion was detected in nearly 60% of cases showing
positive correlation with cerebellar location (p <0.001) and negative with the diagnosis of Nfl
(p = 0.011). A patient with mutated BRAF and one patient with mutated FGFR presented
concomitant KIAA1549-BRAF fusion. No significant differences were observed in BRAF
changes between different clinical groups. RKIP and MTAP- Both were positive / had
maintained expression in 95% of cases, without significant differences between clinical
groups. The changes that had impact on overall survival were the KIAA1549-BRAF fusion,
which identified a group with better prognosis (p = 0.009), and the K656E mutation, which
determined shorter survival (p = 0.047). When evaluated on a combined basis, the KIAA1549-
BRAF fusion was related to longer survival, regardless of immunohistochemical expression and
mutational status of FGFR1. Among the tumors without the KIAA1549-BRAF fusion, the
presence of the mutation K656E determined worse survival (p = 0.002), while FGFR1
expression was associated with a better prognosis (p = 0.032). CONCLUSIONS: - Pilocytic
astrocytoma presents good prognosis, with long overall survival, regardless of age of onset of
cancer, gender, location of the tumor or occurrence of Nfl. Increased immunohistochemical
expression of FGFR1 in PAs can be related to the mutation K656E and with low copy number
gain of FGFR1. FGFR1 point mutations were observed in cerebellar lesions and determined
shorter survival. FGFR1 gene amplification was not observed in this series of PAs. BRAF
mutations are rare, and did not affect patients’ survival. The KIAA1549-BRAF fusion is the most
frequent event in pilocytic astrocytomas, presenting positive correlation with cerebellar
location and negative with the occurrence of Nfl. The presence of KIAA1549-BRAF fusion is a
prognostic factor in PAs, identifying a group with longer survival. The RKIP overexpression in

pilocytic astrocytomas in virtually all cases suggests blocking the cell proliferation-inducing



function of the MAPK pathway, possibly explaining the indolent behavior of pilocytic
astrocytomas. Overexpression of MTAP in almost all cases suggests the importance of
oncogene-induced senescence in the pathogenesis of pilocytic astrocytomas, and loss of
MTAP expression may identify a subset of patients who could possibly respond to therapy

with inhibitors of de novo purine synthesis.

1.Glioma. 2. Astrocytoma. 3. Prognosis. 4. Immuno-histochemistry. 5. Sequence Analysis,

DNA. 6. MAP Kinase Signaling System.



1 INTRODUCAO

Astrocitomas sao gliomas derivados de células primordiais do neuroepitélio que se
diferenciam em astrécitos 2. Tais tumores constituem um grupo intensamente heterogéneo,
tanto do ponto de vista histopatoldgico, quanto molecular, o que se reflete numa ampla
variabilidade de apresentacdo, curso clinico e progndstico dos pacientes 2.

Os fatores associados a etiologia dos gliomas sdo pouco conhecidos ou inconsistentes *.
Dentre estes, a radiacdo X é o Unico fator comprovadamente associado ao desenvolvimento
de astrocitomas em criancas portadoras de leucemia linfoblastica aguda (LLA), submetidas a
radioterapia profilatica3>.

Além da radiagdao como fator etioldgico extrinseco relacionado ao desenvolvimento de
astrocitomas, algumas sindromes genéticas familiares sdo relacionadas a génese destas
neoplasias . Tais sindromes tem em comum um padr3o de heranca autossdmica dominante
e o0s principais exemplos estao citados na Tabela 1.

A Organizacdo Mundial da Saude (OMS) classifica os astrocitomas em 4 graus de
malignidade, baseados nas caracteristicas morfoldgicas (radioldgicas e histopatoldgicas) das
neoplasias, nomeados como graus |, I, Il e IV. Os astrocitomas de graus Il (astrocitomas
difusos), Il (astrocitomas anapldsicos) e IV (glioblastomas — GBMs) sdo astrocitomas
infiltrativos, mais comuns em pacientes adultos, e apresentam alteragdes moleculares em
comum, podendo evoluir de um grau a outro ao longo do tempo (GBM secundario). As
caracteristicas histopatoldgicas que identificam estes tumores, sdo, cumulativamente, a
presenca de atipias nucleares (grau Il), anaplasia e atividade mitdtica (grau lll) e proliferacao

microvascular e/ou necrose (grau IV).



Tabela 1- Sindromes familiares relacionadas ao desenvolvimento de astrocitomas.

Sindrome Gene Locus Neoplasia
Neurofibromatose Astrocitoma pilocitico,
NF1 17q11
tipo 1 astrocitoma difuso e GBMs.
Neurofibromatose Astrocitoma pilocitico e
NF2 22q12
tipo 2 astrocitoma difuso.
Astrocitoma difuso,
Li-Fraumeni TP53 17p13
astrocitoma anaplasico e GBM.
Astrocitoma
Esclerose T5¢l 9p34
subependimario de células
tuberosa
7SC2 16p13 gigantes.
Astrocitoma anaplasico e
Turcot tipo 1 hPSM2 7p22
GBM.
GBM- Glioblastoma. Fonte: Louis et al.®
Diferentemente dos astrocitomas infiltrativos (graus Il, 1ll e IV), o astrocitoma de grau |

da OMS é um tumor circunscrito, representado nesta classificacgdo unicamente pelo

astrocitoma pilocitico 7.

1.1 Astrocitoma pilocitico

O astrocitoma pilocitico (AP) representa uma grande parte das neoplasias cerebrais da
infancia. Segundo os dados do Central Brain Tumors Registry of the United States (CBTRUS),
em 2012 os APs corresponderam a cerca de 5% de todos os gliomas, sendo o tumor mais

comum na faixa etaria de 5 a 14 anos e o segundo mais frequente nas faixas de 0-4 e 15-19

anos & (Figura 1).
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Figura 1- Incidéncia dos astrocitomas pilociticos nas faixas etarias pediatricas nos Estados

Unidos.

No Brasil, os dados do Instituto Nacional de Cancer (INCA) mostram que os tumores do

sistema nervoso central (SNC) correspondem a terceira neoplasia mais prevalente na maior

parte do pais, atrds apenas das leucemias e dos linfomas ° (Figura 2). No estado de S30 Paulo,

o AP foi o tumor mais frequente do SNC, ocorrendo em cerca de 18% dos casos °.
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Fonte: Camargo et al.’
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O 11 - Linfomas e Neoplasias Reticulo-endoteliais

O 11l - SNC e Miscelania de Neoplasias Intracranianas e Intraespinhais
B |V - Tumores do Sistema Nervoso Simpatico

O V - Retinoblastoma

M VI - Tumores Renais

B VIl - Tumores Hepaticos

E VIl - Tumores Osseos Malignos

M 1X - Sarcomas de Partes Moles

B X - Neoplasias de Células Germinativas, Trofoblasticas e Outras Gonadais
O XI - Carcinomas e Qutras Neoplasias Malignas Epiteliais

E XIl - Outros e Tumores Malignos Nia Especificados

Figura 2- Incidéncia por tipo de cancer infanto-juvenil no Brasil, de 1998-2002.

O AP é uma neoplasia predominantemente pediatrica, com pico de incidéncia entre 6 e

8 anos, porém sdo descritos casos em pacientes até a 82 década de vida 2. Na populagdo adulta

a incidéncia é muito menor, correspondendo a menos de 1% dos tumores cerebrais em

pacientes maiores de 20 anos &, e apresentam curso clinico mais agressivo

11,12



A localizacdo mais frequente dos APs é o cerebelo, porém podem ocorrer em todo o
neuroeixo, preferencialmente nas estruturas da linha média e proximo aos ventriculos 1213,
Os tumores extracerebelares, particularmente os localizados nas vias dpticas, com frequéncia
estdo relacionados a ocorréncia de neurofibromatose do tipo 1 (Nf1) 2. Os APs esporadicos e
aqueles relacionados a Nfl (Nfl1-APs), apresentam curso clinico diferente e alteracdes
moleculares diversas 1>,

Em exames de neuroimagem o AP é geralmente observado como uma lesdo bem
delimitada, com varidveis proporgdes de componentes sélidos e cisticos caracteristicos.
Histologicamente, padrdo bifasico com células piloides e células arredondadas (semelhantes
a oligodendrdcitos), fibras de Rosenthal e glébulos hialinos sdo as caracteristicas que
frequentemente definem a neoplasia ¥%!3. Curiosamente, apesar de ser uma lesdo de baixo
grau, os APs podem apresentar algumas caracteristicas comuns aos GBMs, como por exemplo:
captacdo de contraste nos exames de ressonancia magnética (RM) e presenca de atipias
nucleares, proliferacdo microvascular e focos de necrose ao exame histopatolégico 1213,
Entretanto, diferente dos astrocitomas infiltrativos, tais caracteristicas histolégicas ndo sao
consideradas indicativas de malignidade, exceto se associadas a presenca de alta atividade
mitética &7,

Por seu carater circunscrito, os APs frequentemente sdo passiveis de resse¢ao total, com
sobrevida em 10 anos em mais de 90% dos pacientes 2. Entretanto, em cerca de 10 a 20%
dos casos ocorrem recidivas, crescimento de lesdes residuais ou, ainda, evolucdes
desfavordveis devido a morbidade cirdrgica 18 Apesar de vérios autores buscarem
caracteristicas morfoldgicas que possam predizer o comportamento dos APs, a extensao da
resseccdo continua sendo um importante fator progndstico 1929,

Do ponto de vista molecular, embora originado da mesma célula primordial dos
astrocitomas infltrativos, o AP apresenta vias de oncogénese diferentes 2?2, tanto na
expressao génica, quanto no padriao de heranca destas alteracdes. Dentre as principais
diferencas, citamos o gene Epidermal growth factor receptor (EGFR), relacionado a invasdo e
progressdo de neoplasias, que se encontra hipoexpresso em APs 23?% enquanto é
amplificado/superexpresso nos GBMs primarios 2°, e os genes TP53, PTEN e IDH1 %5?%, que
estdo frequentemente inativados (TP53 e PTEN) ou mutados (/IDH-1) nos astrocitomas difusos,
anapldsicos e GBMs secunddrios, mas ndo apresentam um papel de destaque na oncogénese

dos APs.



1.2 Neurofibromatose do tipo 1 e astrocitomas pilociticos
A Nfl é uma sindrome genética familiar de heranca autossOmica dominante, com

expressao fenotipica variada. Dentre as principais neoplasias relacionadas a Nfl estdo os
neurofibromas e os gliomas, principalmentes os localizados nas vias épticas 2°. Os APs
correspondem a grande maioria dos gliomas relacionados a Nfl 3931, Cerca de 15% dos
pacientes com Nf1 desenvolvem APs 3! e em torno de 10% dos APs sdo relacionados a Nf1 2%,

A relacdo dos APs com a Nfl é devida a uma mutacdo de linhagem germinativa no gene
NF1 %, diferente das mutacBes somaticas que ocorrem em cerca de 15% dos GBMs 2132 e das
delecdes do NF1 que ocorrem em gliomas de alto grau pediétricos 33.

As mutacdes do NF1 resultam em alteragGes da proteina neurofibromina, que faz parte
da familia de Proteinas Ativadoras de GTPase (GAPs), as quais tém a funcdo de inativar a
oncoproteina mitogénica RAS 2. A perda da funcdo da neurofibromina, com consequente
ativacdo constitucional da RAS, leva a ativacdo de vias de sinalizacdo intracelular que
promovem a mitogénese e facilitam o desenvolvimento de tumores, tais como mTOR/AKT e
MAPK (Mitogen-activated protein kinase) ?1. A via mTOR/AKT identifica um subgrupo mais
agressivo, porém seu papel ainda n3o é bem estabelecido na génese dos APs 3%, A via MAPK,
por outro lado, vem ganhando for¢a como um pilar central na oncogénese dos APs ?! e serd o

principal alvo deste estudo.

1.3 A via MAPK

As células neoplasicas apresentam caracteristicas fundamentais, que conferem a elas
vantagens de crescimento, nutricdo e invasdo em rela¢do as demais células 3°. A atividade
proliferativa sustentada é um dos principais mecanismos na oncogénese humana e é iniciada
e mantida através da ativacdo constitutiva das vias de sinalizagdo intracelulares, como as vias
MAPK.

As MAPKs sdo proteinas constitutivas de todos os tipos celulares, que regulam respostas
especificas a varios estimulos, como citocinas, fatores de crescimento, antigenos, toxinas,
drogas e agentes fisicos, através da ligacdo destes estimulos a um receptor tirosino-quinase
(RTK), seguida da fosforilacdo (ativacdo) em cascata de diferentes classes de proteinas
efetoras, permitindo uma organizacdo da resposta celular a estes estimulos 3°.

Dentre as diversas vias MAPK conhecidas, a via ERK1/2 (extracellular signal-regulated

kinase), constituida pelas proteinas RAS, RAF, MEK e ERK, é a mais estudada (Figura 3) 3’. Esta



via regula os processos de proliferacao, diferenciacdo, sobrevivéncia, migracdao, angiogénese

e remodela¢3o da cromatina 383,

Senescéncia
induzida Proliferacio

por Transformagdo
oncogenes Sobrevivéncia

Nucleo

Fonte: Modificado de Becker et al.X* (Anexo A)
Figura 3- Representacdo esquematica da via MAPK ERK1/2.

Cerca de 1/3 de todas as neoplasias malignas em humanos apresentam alteracdo da via
ERK, geralmente ocorrendo em fases precoces da via, ou seja, entre a ligacdo do estimulo com
o RTK e a ativacdo das RAFs %/, A proteina critica na transmissdo do sinal do RTK para ERK é a
proteina RAS, a qual interage com a familia RAF, constituida por trés membros (ARAF, BRAF e
CRAF), que sdo as principais quinases efetoras da cascata ERK 4%4! (Figura 3). As mutacdes das
proteinas constituintes da via MAPK podem ocorrer em qualquer nivel, geralmente de
maneira mutuamente exclusiva *2.

Nos APs a via MAPK é considerada a via principal de oncogénese 842, apresentando
mutagdes frequentes em varios niveis. Atualmente, as mutagdes mais estudadas sao as

ativacGes constitutivas dos RTKs e da familia RAF, no eixo principal da via.



1.3.1 Mutagdes do FGFR1

O Receptor do fator de crescimento fibroblastico-1 (Fibroblast-growth factor receptor-1
— FGFR1) é um RTK cujas mutacdes, representadas principalmente pela amplificacdo do gene,
iniciam a ativacdo da via MAPK em vdérios tumores sélidos. Nos carcinomas de mama 4344,
amplificagdes do FGFR1 ocorrem em cerca de 10% dos casos, porém aparentemente sem
implicacdes progndsticas #°. Em carcinomas de n3o-pequenas células de pulmio 4%, s3o
associadas a tumores mais agressivos ¢ e em osteossarcomas est3o associadas a pior resposta
a quimioterapia *°.

Em tumores do SNC, o principal mecanismo de alteracdo das proteinas da familia FGFR
descrito sdo as fusdes génicas envolvendo os genes FGFRI-TACC1 e FGFR3-TACC3, descritas
em um subgrupo de glioblastomas °°,

Recentemente, mutacdes pontuais do gene FGFR1 em astrocitomas pilociticos
ganharam destaque como gatilhos de ativacdo da via MAPK com os estudos de Jones et al. 42,
Tais mutacdes envolvem codons especificos do FGFR1 e representam substituicdo de
asparagina por lisina no codon 546 (Asn546Lys ou N546K) e substituicdao de lisina por acido
glutdmico no codon 656 (Lys656Glu ou K656E). As mesmas mutacdes do FGFR1 foram
posteriormente descritas também em um pequeno grupo de tumores glioneuronais
formadores de roseta do quarto ventriculo >1. O mesmo estudo relatou também a presenca
de mutacdo K656E em um astrocitoma pilomixoide da regido diencefdlica em um dos
pacientes analisados >!. N3o ha na literatura estudos com séries maiores confirmando a
presenca das mutacbes de FGFR1 em APs e seu papel progndstico ainda permanece

desconhecido 2.

1.3.2 Alteragdes do BRAF

O eixo RAS-RAF é considerado o centro regulatério da via MAPK. Mutagdes
primdrias da proteina RAS estdo presentes em cerca 30% das neoplasias humanas,
principalmente de pancreas, célon, tireoide, pulm3o e nos melanomas °2. Entretanto, a
alteracdo do eixo pode também estar associada a mutacGes das proteinas RAF e de outras
classes de moléculas efetoras >34,

As proteinas da familia RAF sdo os efetores diretos de RAS e mediam a

fosforilacdo e ativacdo das proteinas MEK1 e MEK2 >°. Ha trés isoformas descritas, que sdo



similares em estrutura e caracteristicas biolégicas. Dentre essas, a proteina BRAF é a que
apresenta maior atividade quinase °> e a Unica que pode ser ativada isoladamente pela RAS
37,56_

A hiperativagdo do gene BRAF foi descrita em cerca de 8% dos tumores humanos
5, atingindo até 60% dos melanomas °’ e sendo descritas também nos tumores de tireoide,
cblon e ovario ¥, As alteracdes do proto-oncogene BRAF foram recentemente descritas em
até 80% dos APs %2, Os mecanismos que explicam o aumento da atividade constitutiva de BRAF
sdo as fusdes génicas, a mutagdo pontual V60OE e a duplicacdo do gene 8, sendo estes
mecanismos, em geral, mutuamente exclusivos *°.

A fusdo génica é o mecanismo mais frequente de alteracdo do BRAF em APs,
ocorrendo em 50 a 100% dos pacientes investigados 8. Em 60 a 80% dos casos a fusdo se da
entre os proto-oncogenes KIAA1549 e BRAF (fus3o KIAA1549-BRAF)®%%1, ambos localizados no
cromossomo 718, Outras fusdes menos comuns envolvendo membros da familia RAF em APs
podem ser observadas, tais como CRAF-SRGAP3 ®2, FAM131B-BRAF 3 e RNF130-BRAF, CLCN6-
BRAF, MKRN1-BRAF e GNAI1-BRAF 2,

O segundo mecanismo de ativacdo de BRAF é a mutacdo pontual V600E, que
ocorre quando ha uma substituicao do acido glutamico por valina no cddon 600 do gene BRAF
%5, Esta mutagdo ocorre em menos de 10% dos casos de APs e além de rara, ndo é especifica,
podendo ser observada em outros tumores cerebrais, particularmente em mais de 60% dos
xantoastrocitomas pleomorficos e em 18% dos gangliogliomas®, podendo inclusive ser
identificada em até 6% dos glioblastomas®46>,

Finalmente, a duplicacdo da regidao 7q34 do BRAF, observada em estudos de
hibridizacdo genGmica comparativa em matriz (comparative genomic hybridization - aCGH) é
um mecanismo menos frequente de hiperexpressdao deste gene em APs esporadicos,
resultando em ativacdo da via ERK >*®¢, Embora este mecanismo de duplicagdo tenha sido
descrito inicialmente como especifico de APs, ele pode ocorrer como um evento anterior a
fusdo KIAA1549-BRAF *7.

Apesar de bem caracterizadas, ha poucos estudos sobre o papel progndstico das

mutacgdes do BRAF em APs.



1.3.3 Regulador negativo da MAPK: RKIP

A proteina inibidora da RAFkinase (RAFkinase inhibitor protein — RKIP) é uma proteina
reguladora negativa da via ERK (Figura 3), cuja perda da expressdo foi relacionada a maior
agressividade e possibilidade de metéstase de neoplasias de prostata %8, mama, célon, figado
e melanoma %2, tumores estromais gastrintestinais (gastrintestinal stromal tumors — GISTs) e
tumores do colo uterino %71 e 3 resisténcia aos tratamentos antineoplasicos 2. O mecanismo
da perda de expressdo nestes tumores n3o é bem esclarecido 22 e o mais provével é a
metilacdo do gene %972,

Por outro lado, a expressdao mantida ou aumentada de RKIP apresenta importancia
progndstica, identificando tumores de prdstata 73, mama 74, colorretal 7>7> e GISTs ® com
melhor evolugdo clinica. Além disso, varios trabalhos demonstram que a superexpressao de
RKIP em cancer de préstata e mama 777 e de linfoma ndo-Hodgkin 78 resulta em uma

22 ¢ em melhora da resposta a

ressensibilizacdo aos agentes quimioterdpicos utilizados
radioterapia em cancer de préstata 7°.

Em tumores do SNC, a perda de expressao de RKIP foi descrita em gliomas infltrativos
de alto grau 881, com impacto negativo na sobrevida dos pacientes com astrocitomas difusos,
anaplasicos e glioblastomas, oligodendrogliomas e oligoastrocitomas &8, Por outro lado, a
manutencado da expressao de RKIP foi considerada um marcador de bom progndstico nestes
gliomas infiltrativos, principalmente quando associada a perda de expressdao de STAT3,

molécula efetora da via PI3K/Akt/MTOR 8. N3o ha na literatura relatos da expressio de RKIP

em APs.

1.4  Astrocitomas pilociticos e senescéncia celular

A senescéncia fisioldgica é um fendmeno bioldgico caracterizado pela interrupgao do
ciclo celular 8. A senescéncia induzida por oncogenes (oncogene-induced senescence — OIS) é
um fenbmeno semelhante a senescéncia fisioldgica, que ocorre pela ativacdo de oncogenes,
como o gene BRAF 838 Com a frequente implicacdo das alteracdes do BRAF nos APs, a OIS foi
demonstrada nestes tumores pela expressao citoplasmatica da proteina p16, produto do gene
p16/NK4a 8 que é um marcador de senescéncia bem estabelecido 88, além de identificar um
grupo de pacientes com melhor prognéstico. A OIS é atribuido o fato dos APs serem neoplasias

geralmente indolentes, sem progressdo para maiores graus de malignidade 838>,
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1.4.1 Metiltioadenosina fosforilase (MTAP) e sua implicagdo na OIS

O gene MTAP é um gene supressor tumoral localizado na regidao 9p21, préximo ao gene
p16'N%4a com o qual é frequentemente coexpresso. A proteina MTAP, produto deste gene, é
uma enzima constitutiva de células de varios tecidos normais e tem participa¢ao fundamental
no metabolismo das purinas 888, Em células neoplasicas a inativacdo do MTAP estimula a
sintese de novo de purinas (SDNP), que esta relacionada a maior proliferacao celular. Embora
esta caracteristica seja observada em neoplasias mais agressivas, tal inativacdo garante
melhor respostas destes tumores aos inibidores da SDNP, tais como pemetrexed e
metotrexate, pelas células neoplasicas &7/,

MTAP encontra-se frequentemente hipoexpresso em neoplasias agressivas *° como
leucemias 8788°1 melanoma °? e carcinomas de pele %, figado °*°°, bexiga °® e pulm3o 7%,
resultando em pior progndstico. No SNC, a perda da expressdo do MTAP, relacionada a
delecdo do gene 33, foi relatada em GBMs °%10, inclusive pediatricos. Em todos os estudos
levantados, tal perda de expressdo foi avaliada por outros métodos, como western blot e
ELISA 3399102 N30 h3 na literatura estudos sobre a expressdo da proteina MTAP por imuno-

histoquimica em gliomas, principalmente em APs.
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2- JUSTIFICATIVA

Na ultima década, o conhecimento acerca da oncogénese dos APs foi bastante
ampliado, com o reconhecimento da MAPK como via molecular principal destes tumores,
apresentando como alteragdes mais frequentes a fusdao KIAA1549-BRAF e as mutagdes do
gene FGFR1. Entretanto, ainda hd muito a ser esclarecido em relacdo ao papel dos genes e das
proteinas constituintes desta via no progndstico destes pacientes. Além disso, é necessario
um maior entendimento sobre a relacdo da ativacdo constitutiva da via MAPK com o
fendmeno da OIS, que pode estar relacionado as proteinas RKIP e MTAP.

Nossa hipdtese é que o esclarecimento das vias oncogénicas dos APs pode auxiliar no
estabelecimento do diagnéstico diferencial em casos com caracteristicas histopatoldgicas
duvidosas, na definicdo de progndstico e até na selecao do tratamento para os pacientes que
apresentam este tumor. Potencialmente, este conhecimento possibilitaria a utilizacdo ou o
desenvolvimento de terapias-alvo para bloqueio do crescimento de lesGes residuais e/ou

recidivas, possibilitando um tratamento adjuvante de lesGes inacessiveis a ressecgao cirurgica.
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3- OBJETIVOS
3.1 Objetivo geral:

Elucidar o papel da via MAPK na oncogénese dos astrocitomas pilociticos.

3.2 Objetivos especificos:

a) Descrever os dados clinico-epidemiolégicos e a sobrevida na série de pacientes.

b) Descrever a expressdao imuno-histoquimica de dois genes ativadores (FGFR1 e BRAF)
e de um regulador negativo (RKIP) da via MAPK e de uma proteina potencialmente relacionada
a OIS (MTAP).

c) Descrever na série a frequéncia das alteracbes génicas mais relatadas na literatura
(mutacdo pontual do BRAF, fusdo KIAA1549-BRAF, amplificagbes e mutagdes pontuais do
FGFR1).

d) Comparar as caracteristicas moleculares dos astrocitomas pilociticos entre grupos
pediatrico e adulto, entre casos esporadicos e familiares (Nf1-APs) e entre tumores
cerebelares e extracerebelares.

e) Investigar a influéncia progndstica das alteracdes moleculares observadas nos

astrocitomas pilociticos.
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4- CASUISTICA E METODOS

4.1 Amostras disponiveis

O presente estudo constitui um estudo observacional descritivo de uma série de casos.

As amostras foram obtidas do arquivo dos Departamentos de Patologia do Hospital de Cancer

de Barretos (HCB) e do Hospital das Clinicas da Faculdade de Medicina de Ribeirdo Preto da

Universidade de S3do Paulo (HCRP), apds pesquisa nos arquivos nosoldgicos, englobando o

periodo de janeiro de 2005 a margo de 2013 para os casos do HCB e periodos anteriores, até

o limite de margo de 2013, para os casos do HCRP.

Foram incluidos no presente estudo:

a)

b)

Pacientes com diagndstico histopatoldgico de astrocitoma pilocitico em qualquer
localizacdo no neuroeixo.

Material obtido em cirurgias realizadas nas instituicdes participantes ou
provenientes de outros servicos de Patologia, encaminhados para complementacao
de tratamento nas mesmas, que tenham fornecido o(s) bloco(s) de parafina para

analise.

Os critérios de exclusdo do estudo foram:

a)

b)

Blocos de parafina ndo localizados nos arquivos dos Departamentos de Patologia
(devolvidos aos pacientes ou encaminhados a outros servicos).

Blocos de parafina com material escasso, que poderiam ser irreversivelmente
danificados ou completamente exauridos no processo do estudo.

Material com diagnéstico diferente de astrocitoma pilocitico apds revisdo

histolégica dos casos, com estudo imuno-histoquimico complementar.

4.2 Aprovagio nos Comités de Etica

O presente estudo recebeu aprovacdo nos Comités de Etica e Pesquisa de ambas

instituicdes. No HCB, foi aprovado sob o Parecer Consubstanciado numero 87362, de 31 de

agosto de 2012 (Anexo B). No HCRP, foi aprovado sob o parecer consubstanciado nimero

212.313, de 06 de marco de 2013 (Anexo C).
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4.3 Preparagao das amostras

4.3.1 Revisao clinica

Os prontuarios dos pacientes foram revisados para obtenc¢dao de dados clinicos. De
acordo com as variaveis observadas, classificamos os pacientes em varios grupos: quanto ao
género (masculino/feminino); idade (pediatricos — idade até 19 anos/adultos — maiores de 20
anos); localizagdo da lesdo (cerebelar/extracerebelar); progndstico (favordvel — pacientes sem
lesdo residual, com lesdo residual estavel e/ou indice de Karnofsky >80/desfavordvel — dbitos,
lesGes recidivadas, lesdo residual com crescimento progressivo e/ou indice de Karnofsky<70).
A ficha de coletas dos dados clinicos utilizados no estudo pode ser observada no anexo D.

Os exames radiolégicos e seus respectivos laudos foram revistos para correlagao
diagnéstica, avaliacdo da extensdo da resseccdo e seguimento clinico. Conforme previamente
estabelecido 1%, a extensdo da resseccdo foi classificada através da avaliacdo por tomografia
computadorizada (TC) no pds-operatdrio imediato em total (sem sinais de lesdo residual na
TC pds-cirurgica) ou parcial (ressec¢ao de menos de 90% do volume tumoral inicial ou bidpsias
incisionais).

As lesdes detectadas em exames de imagem apds ressec¢do total confirmada foram
classificadas como recidivas. As lesdes parcialmente excisadas foram subclassificadas como
estdveis ou progressivas, quando apresentaram aumento de volume no seguimento
radioldgico. Os pacientes com diagndstico clinico confirmado e/ou histérico familiar de Nfl

foram identificados, com base nos critérios clinicos estabelecidos.

4.3.2 Revisao histopatoldgica

Os espécimes cirurgicos foram fixados em formalina tamponada a 10% por um tempo
médio de 48h e processados segundo o protocolo padrdo de cada instituicio. De maneira
geral, o material foi embebido em dlcool absoluto por 48h, xilol por 6h, dois banhos de
parafina de 1h cada e incluidos em blocos e parafina, para realizacdo dos cortes histoldgicos
e coloragdo por hematoxilina e eosina (HE).

Os casos foram submetidos a rigorosa revisao histopatolégica, estabelecendo-se os

critérios da classificacdo da OMS 2007 para o diagndstico de astrocitoma pilocitico (Figura 4).
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Figura 4- Aspectos histopatolégicos dos astrocitomas pilociticos a coloragdo de HE. A) Neoplasia

bifasica — 40x. B) Area microcistica — 100x. C) Corpos granulares eosinofilicos — 400x. D) Proliferacdo
microvascular pode ser notada em alguns tumores — 400x. E) Area com fenétipo oligodendroglial-
simile —400x. F) Area piloide da neoplasia. Fibras de Rosenthal (seta estreita) e atividade mitdtica (seta

larga) podem ser observadas em alguns casos — 400x.
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Nos casos em que houve duvida, foi realizado procedimento de imuno-histoquimica
adicional para confirmagdao diagndstica, com os anticorpos anti-galectina 3 (Tabela 2),
conforme descrito por Neder et al.?%1%, e anti-IDH-1 (Tabela 2), para diagndstico diferencial

com astrocitomas difusos 291>, os quais apresentam expressido citoplasmatica de IDH-1.

Tabela 2- Anticorpos comerciais utilizados para estudo imuno-histoquimico dos astrocitomas
pilociticos.

Anticorpo Fabricante Clone Diluigao
Galectina-3 Diagnostic BioSystems 9C4 1:50
IDH-1 mutado DIANOVA HO9 1:50
FGFR1 Cell Signalling D8E4 1:200
BRAF V600E Spring Bioscience 1:200
RKIP Upstate 1:600
MTAP Proteintech 1:300

4.3.3 Construcao da plataforma do TMA

Apds analise inicial das laminas, foram selecionadas areas representativas da neoplasia
para realiza¢do do arranjo tecidual em matriz (tissue microarray — TMA) (Figura 5A). Levando-
se em consideracdo a heterogeneidade histolégica dos APs, as amostras escolhidas
representaram, sempre que possivel, vdarias dareas tumorais (microcistica, piloide,
oligodendroglial-simile etc) (Figura 4) e também fragmentos de cértex e substancia branca
cerebelar ndo infiltrados pela neoplasia. Foram obtidos de 1 a 8 cores de tumor e tecido
adjacente de cada caso, com média de 3,6 cores/caso. Os fragmentos de cortex e substancia

branca cerebelar adjacente foram obtidos de 9 casos.
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As amostras foram entdo retiradas do bloco de parafina doador com agulhas de calibre
1 mm (casos do HCB) e 1,5mm (casos do HC-FMRP-USP) e transferidas para o bloco de parafina
receptor com auxilio de plataforma de TMA (Beecher Instruments™, EUA) (Figura 5A), como
previamente descrito 1%, A diferenca no tamanho das agulhas se deveu ao fato de os materiais
provenientes do HC-FMRP-USP de um modo geral apresentarem maior volume para retirada,

sem desgaste excessivo do material.

Figura 5 — Método de preparacdo dos TMAs. A) Plataforma de TMA. B) Marcagéo das
areas de diferentes padrdes histopatoldgicos. C) Lamina de um dos TMAs corada por HE.

4.4 Estudo imuno-histoquimico da expressao das proteinas da via MAPK

Os blocos de parafina contendo os TMAs foram cortados na espessura de 4um e
dispostos sobre laminas silanizadas. As rea¢Ges imuno-histoquimicas foram realizadas
manualmente (para a proteina MTAP) e de maneira automatizada (Galectina-3, IDH-1 mutado,
FGFR1, BRAF V600E e RKIP).

Para a reacdao manual, as laminas foram desparafinizadas por incubag¢do em xilol em
estufa histolégica a 58°C durante 10 min, seguidos de dois banhos de xilol a temperatura
ambiente por 5 min, um banho em solucdo de alcool e xilol na propor¢ao de 1:1 por 3 min,
um banho de 3 min em dlcool absoluto e banhos sequenciais de 1 min em alcool 95%, 90%,
80%, 70% e 50% e em agua corrente para hidratagdo dos cortes histolégicos. Em seguida
procedemos a recuperac¢do antigénica, utilizando tampado misto (10mMol de citrato/1 mMol
de EDTA) em pH 6.0 por 4 minutos a 125°C e por 20 minutos a 90°C. Apds a recuperacdo

antigénica, as laminas foram incubadas com anticorpo policlonal MTAP (Tabela 2) a
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temperatura ambiente por 12 horas (overnight). Finalmente, realizamos a incubacdo com
anticorpo secundario e estreptavidina-peroxidase, coramos com 3,3’ Diaminobenzidina (DAB)
e contracoramos com hematoxilina.

As reacdes automatizadas foram executadas em equipamento Ventana BenchMark XT®
(Ventana Medical Systems), de acordo com as especificacdes do fabricante. A recuperacdo
antigénica foi realizada com tampao misto de citrato/EDTA, em pH 6.0 a 125°C por 4 minutos
e a 95°C por 25 minutos em panela de pressao.

As proteinas investigadas foram pesquisadas através de reagdo com os anticorpos
monoclonais comercialmente disponiveis e as respectivas diluicdes utilizadas estdo listados
na Tabela 2.

Para galectina-3, IDH-1 mutado e BRAF V600E foi considerada positiva a imunorreagao
citoplasmatica das células neoplasicas, classificando-se os resultados apenas como negativo e
positivo (positividade de pelo menos 10% das células neoplasicas).

A imunorreatividade para FGFR1, RKIP e MTAP foi analisada quanto a intensidade,
extensdo e localizagdo subcelular da marcacgdo (citoplasmatica ou nuclear). A intensidade de
marcacao foi graduada como O=negativo, 1=fraco, 2=moderado e 3=forte e a extensdo, como
O=negativo, 1=positivo em menos de 25% das células neoplasicas, 2=positivo em 25-50% das
células neoplasicas, 3=positivo em mais de 50% das células neoplasicas. Com a soma destes
fatores obtivemos um escore total que variou de 0 a 6. Para casos com mais de um core, foi
feita uma média aritmética dos escores e, por fim, agrupamos os casos de acordo com o
resultado final, utilizando valores de corte previamente estabelecidos, considerando
negativos os casos com escore final de 0 a 2 e positivos aqueles com escore 3 a 6 para os
anticorpos FGFR1 e RKIP 84197 para o anticorpo MTAP agrupamos os escores finais em 0-3=

expressdo reduzida e 4-6= expresséo mantida 1%,

4.5 Validagao do anticorpo anti-MTAP — técnica de Western blot

Uma vez que a reagdo imuno-histoquimica para MTAP nao foi previamente descrita em
tumores do SNC, antes de realizarmos a técnica nas amostras, procedemos a validacdo do
anticorpo através da técnica de Western Blotting, com posterior confirmacdo, por reacao

imuno-histoquimica em duas linhagens celulares de gliomas estabelecidas: as linhagens
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SNB19 e MDA-MB231, que, respectivamente apresentam e ndo apresentam expressdo de
MTAP 102,109.

As linhagens foram cultivadas em flasks de 25cm? (3x10° células), até uma confluéncia
de 80%, depois raspadas em tampao de lise e centrifugadas para extracao da proteina total.
Apos a eletroforese, os blots foram realizados e incubados com leite desnatado a 5% em TBS-
T por uma hora a temperatura ambiente e depois com os anticorpos policlonais MTAP (1:800)
e B-actina (Cell Signaling, Boston, EUA, 1:5000), usada como controle, por 1 hora a 4°C.
Finalmente, os blots foram lavados com TBS-T e incubados com IgG anti-MTAP de coelho e
IgG anti-B-actina de rato (Cell Signaling, 1:5000, para ambos anticorpos). A imunodeteccao foi
realizada com reagentes de deteccdo de Western Blotting Amersham ECL, em equipamento
automatizado ImageQuant LAS 4000 mini (GE Healthcare) (Anexo F).

A reacdo imuno-histoquimica das linhagens seguiu o protocolo descrito na subsecdo 4.4.

4.6 Analise mutacional dos genes BRAF e FGFR1

A andlise das mutagdes pontuais nos hotspots dos genes BRAF (exon 15; cdédon 600) e
FGFR1 (exons 12 e 14; cdodons 546 e 656) foi realizada através de PCR, seguida por
sequenciamento direto dos exons em sua totalidade, com énfase nos loci especificos, como
previamente descritos?%°.

Inicialmente, para a extragcao de DNA tumoral (DNA-t), foram realizados cortes seriados
de 10um dos blocos de parafina originais dos casos. As respectivas laminas foram marcadas
para realizacdo da macrodissecc¢do da regido tumoral e tecido ndo neoplasico adjacente. Apds
desparafinizacao dos cortes histoldgicos em xilol e alcool em concentragdes crescentes, foi
feita uma raspagem da area tumoral com agulha 18G (Figura 6) utilizando-se as laminas
previamente identificadas como guia. A extracao de DNA-t do material raspado foi realizada
com o kit de extracdo de DNA Qiagen DNA Micro Kit (Qiagen), como previamente descrito ©°,
seguida de avaliacdo quantitativa e qualitativa do DNA em Nanodrop 2000 (Thermo Scientific).
As amostras de DNA foram entdo diluidas a uma concentra¢do de 50ng/ml e estocadas a -20°C

para posterior andlise molecular.
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Figura 6 — Métodos utilizados para o sequenciamento dos genes BRAF e FGFR1 nas amostras.
A) Procedimento de macrodisseccdo dos cortes histolégicos. B) Procedimento de extracdo do
DNA. C) DNA extraido de duas amostras. D) Procedimento de quantificacdo do DNA extraido.
E) Equipamento utilizado no sequenciamento direto dos casos.
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A reacdo de PCR foi realizada em equipamento Veriti® 96-WIl Thermal Cycler (Applied
Biosystems), com um volume final de 15ul, sob as seguintes condi¢des: 1x tampado de PCR
(Invitrogen); 2mM MgClI2 (Invitrogen), 10mM dNTPs (Invitrogen); 0,3mM de primers sense e
antisense (Sigma-Aldrich), 1 unidade de Platinum Tag DNA polimerase (Invitrogen) e 50ng do
DNA extraido. Para o gene BRAF utilizamos a sequéncia de primers
TCATAATGCTTGCTCTGATAGGA (sense) e GGCCAAAAATTTAATCAGTGGA (antisense) ©°. Para
andlise do gene FGFR1 foram utilizados os primers TCAAGTCCCAGGGAAAAGCAG (sense) e
AGGCCTTGGGACTGATACCC (antisense) para o exon 12 e GACAAGTCGGCTAGTTGCAT (sense)
e CCCACTCCTTGCTTCTCAGAT (antisense) para o exon 14. Os produtos da PCR foram avaliados
por eletroforese em gel de agarose antes do sequenciamento.

Os produtos da PCR de cada exon analisado foram inicialmente purificados com EXOSAP-
IT (GE Technology) e depois submetidos a uma reacdo de sequenciamento, usando 1ul de
BigDye (Applied Biosystems), 1,5ul de tampdo para sequenciamento (Applied Biosystems) e
3,2uM do primer, seguida por purificacdo pds-sequenciamento com EDTA, alcool e citrato
sédico. Os produtos purificados foram eluidos em HiDi (formamida) e incubados a 90°C por 5
minutos e a 4°C por pelo menos 5 minutos. O sequenciamento direto foi realizado em
equipamento Genetic Analyzer ABI PRISM® 3500 (Applied Byosystems).

Finalmente, o eletroferograma de cada caso foi analisado para pesquisa da mutacgao
V600E do gene BRAF e das mutacdes do gene FGFR1, N546K e K656E, classificando-se os casos
como mutados ou wild type (sem mutacdo), apés comparagdao com o banco de dados Ensembl
GeneBank sequence (BRAF: ENSG00000157764 e FGFR1: ENSG0O0000077782).

Todos os casos mutados foram confirmados com nova reacdo de PCR e sequenciamento
direto, a partir do DNA extraido. Além disso, para controle de qualidade, uma nova extracao

de DNA e nova analise mutacional foram realizadas em 10% dos casos.

4.7 Andlise das fusdes do gene BRAF e da duplicacdao do FGFR1

A pesquisa de fusdes e/ou amplificacées envolvendo os oncogenes BRAF e FGFR1, foi
realizada através da técnica de hidridizacdo fluorescente in situ (fluorescence hybridization in

situ — FISH).
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4.7.1 Reagentes moleculares

4.7.1.1 Fusao KIAA1549-BRAF

As sondas de FISH foram criadas a partir de clones BAC contendo DNA humano de
regides homadlogas aos genes KIAA1549 e BRAF, no cromossomo 7, conforme identificado no
Ensembl Genome Browser (GRCh37). O DNA do gene BRAF foi validado por PCR utilizando
como primers as sequéncias 5-CAGAGTTTGTCAGATGGTCCCTTT-3’ (forward) e 5’-
ACCATATAATAGAAGCGCCTCCCA -3’ (reverse). Para o DNA do gene KIAA1549, as sequéncias
de validacdo foram  3’-AGGTATTGTTGGAACATTGAAGGCT-3’ (forward) e 5’-
CAGTCAAATGCTCGCAATGAATGAA-3'(reverse). Cada DNA foi extraido de miniculturas,
purificado e submetido a amplificacdo de todo o genoma utilizando o kit REPLI-g Midi (Qiagen-
Cat# 150045).

Uma aliquota de 1 pg do DNA purificado de BRAF e KIAA1549 foi marcada,
respectivamente, com SpectrumRed (SR) e SpectrumGreen (SG) conjugado dUTPs, utilizando
o kit Vysis Nick Translation (Cat# 32-801300, Abbott Molecular) de acordo com o protocolo do
fabricante!10,

Apds bloqueio das sequéncias repetitivas com DNA de esperma de arenque como
carreador (1:50) e Cot-1 DNA humano (1:10) e diluicdo com tampao de hibridizacdo t-DenHyb
(Insitus Biotechnologies), o mix de sondas de FISH marcado foi validado para mapeamento
cromossOmico e qualidade da hibridizacdo em células em fases de intérfase e metafase. A
representacdo esquematica deste processo pode ser observada na figura 7.

As laminas contendo os cortes embebidos em parafina foram desparafinizadas e
desidratadas, de acordo com protocolos previamente estabelecidos '*! e a sonda aplicada as
areas selecionadas. A hibridizacdo ocorreu a 37°C por 40-67 horas e finalmente, a cromatina
foi contracorada com DAPI/anti-fade (0,3ug/ml em meio de montagem Vectashield — Vector

Laboratoires).
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K:B Fusion Positive

Normal chromosome 7 C——————BRAF
133,516,126 138,666,064 140434279 140,524,564
~30kb ' ~120kb 17 Wb ~47ch‘ ~143kh
138,545,202 140,481 45
138 552 874 140,487,184
RP11-148L5

RP4-T28N20
138,587 837 18713856 140382038 140510282

K:B Fusion Negative

Figura 7- Esquema das sondas utilizadas para pesquisa da fusdao KIAA1549-BRAF pelo método de FISH.

4.7.1.2 Ensaio de quantificagdo FGFR1/CEP8
O ensaio de quantificacdo FGFR1/CEP8 mede dois alvos gendmicos utilizando duas

sondas comerciais de FISH (Abbott Molecular): Vysis LS| FGFR1 SpectrumRed, que contém o
gene FGFR1 integralmente marcado com fluoréforo SpectrumRed, e a sonda CEP 8, marcada

com fluordéforo SpectrumGreen. A técnica utilizada seguiu o protocolo padrao do fabricante.

4.7.2 Interpretacao dos ensaios FISH
A analise foi realizada em microscépio de epifluorescéncia utilizando conjuntos de filtros

de interferéncia simples para bandas verde (FITC), vermelha (Texas red) e azul (DAPI), assim
como filtros duplos (vermelho/verde) e triplos (azul, vermelho e verde). Para cada filtro de
interferéncia, imagens monocromaticas foram adquiridas e fundidas, utilizando CytoVision
(Leica Microsystems Inc). Um minimo de 50 nucleos de células tumorais foi analisado.

O espécime foi considerado positivo para a fusao KIAA1549-BRAF quando houve sinais
vermelho e verde muito préximos ou parcialmente sobrepostos. Sinais separados por mais de
dois diametros do sinal foram considerados negativos.

Para determinacdo da amplificacdo do gene FGFRI1, o valor de corte adotado foi o
proposto por Schultheis et al. %6. A determinacdo de amplificacdo do FGFR1 em baixo ou alto
nivel foi baseada na razdo FGFR1/ CEP 8 >2 ou no niumero médio de sinais FGFR1 =6 cdpias

por nucleo.
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4.8 Analise estatistica

Procedemos as estatisticas descritivas da série através de calculos de porcentagem,
média e mediana. O tempo de sobrevida e a sobrevida livre de eventos foi calculado pelo
método de Kaplan-Meier.

Para a andlise comparativa entre os diversos grupos, utilizamos os testes de qui-
quadrado e o teste exato de Fisher. A comparag¢ao entre os tempos de sobrevida e sobrevida
livre de evento foi feita através de testes log-rank. Os testes estatisticos foram realizados com

o programa SPSS for Windows, vers3o 20, SPSS®, Inc.
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5- RESULTADOS
5.1 Dados clinicoepidemiolégicos

Inicialmente, foram identificados 79 pacientes candidatos ao estudo. Apds a avaliacdo
dos casos e aplicagdo dos critérios de inclusdao e de exclusdao, um total de 10 casos foram
excluidos: trés casos ndo foram localizados nos arquivos dos departamentos de Patologia e
cinco foram excluidos por escassez do material incluido em parafina. Dois casos foram
excluidos por mudanca no diagnéstico apds avaliacdo complementar — um ganglioglioma,
cujos neurdnios neopldsicos estavam presentes apenas na lesao recidivada, excisada apds a
construcao do TMA, e um astrocitoma difuso (grau Il da OMS), que apresentou caracteristicas
infiltrativas nos exames de neuroimagem (obtidos apds a realizacdo do TMA) e positividade
para IDH-1 mutado. O caso de astrocitoma difuso grau Il serviu como controle positivo da
reacao de IDH-1 mutado na lamina do TMA.

Finalmente, obtivemos um total de 69 pacientes, sendo 23 do HCB e 46 do HCFMRP-
USP. Cinco pacientes apresentaram lesdes subsequentes representadas neste estudo: quatro
pacientes apresentaram uma recidiva e um paciente apresentou duas lesdes recidivadas
disponiveis para analise. Dessa maneira, obtivemos um total de 75 amostras.

A série foi constituida por 38 pacientes do sexo masculino e 31 do sexo feminino
(1,2M:1F), com idades entre 0,3 e 53,4 anos (mediana=9,1 anos), sendo 60 pacientes do grupo
etario pediatrico e 9 pacientes adultos. Cinco pacientes (7,2%) apresentaram diagndstico
clinico confirmado de Nf1 (5/69) (Tabela 3).

A principal localizacdo dos APs foi o cerebelo (36 casos — 52,2%). Dentre as lesGes
extracerebelares, 14 casos foram observados nos hemisférios cerebrais, 6 na regido
suprasselar, 5 medulares, 4 em vias épticas e 4 em tronco encefalico (Tabela 3). Ndo foram
incluidos na série casos de astrocitoma pilomixoide, grau Il da OMS, o qual é considerado uma
variante do AP.

A maioria dos pacientes (38 casos — 55,1%) foi submetida a ressecgdo parcial ou bidpsia
estereotaxica da lesdo. Para maioria dos pacientes (52 pacientes -75,4%) a cirurgia foi o Unico
tratamento utilizado. Além da cirurgia, dez pacientes (14,5%) foram submetidos a
quimioterapia, quatro pacientes (5,8%) a radioterapia e um paciente (1,4%) recebeu
guimioterapia e radioterapia associadas (Tabela 3).

Ao final do periodo do estudo, vinte e sete pacientes (39,1%) apresentavam-se sem

evidéncia clinica ou radiografica de doenca. Trinta e oito pacientes (55,1%) apresentavam-se
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vivos com lesdo sintomatica residual (Tabela 3). Destes, 19 pacientes apresentaram indice de
Karnofsky >80 e os demais apresentaram pior grau de sequelas, com indice de Karnofsky<70
(variando de 50 a 70). De um modo geral, 35 dos 69 pacientes da série (50,7%) apresentaram
critérios para definir a evolugdo como desfavoravel, inclusive com trés pacientes
(correspondendo a 4,6% dos pacientes que permaneceram vivos) com lesdes extra-
cerebelares que evoluiram com sequelas permanentes e necessidade de assisténcia
consideravel e frequentes cuidados médicos, definidos como indice de Karnofsky=50. Nao
houve correlagao estatisticamente significativa entre a localizacdao da lesdao e a evolugdo
clinica medida pelo indice de Karnofsky (p=0,101).

Ocorreram quatro dbitos na série (5,8%), todos em pacientes do grupo pediatrico e
relacionados a progressao da lesdo (Tabela 3). Uma das pacientes (P32) teve recidiva de lesao
cerebelar completamente ressecada, seguida por disseminacdo liqudrica da neoplasia. Os
outros 3 pacientes (P41, P52 e P55) apresentaram crescimento de lesdo residual. Um dos
pacientes (P41) apresentou extensa disseminacdo medular da neoplasia apds 10 anos da
primeira cirurgia e o material da lesao recidivada foi analisado neste estudo. O tempo de
sobrevida destes pacientes variou de 1,7 a 10,7 anos (média de 5,4 anos).

A sobrevida mediana da série foi de 4 anos (0,6-16,6 anos) e a sobrevida livre de doenga
mediana foi de 3,5 anos (0,1-16,3 anos). A sobrevida em cinco anos da série foi >95% e a

sobrevida em 10 anos foi de 80%.



Tabela 3- Dados clinico-epidemioldgicos da série de astrocitomas pilociticos.
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ID Origem Sexo (I;I:::) Local NF1 Ressecgdo cr:eszli::::/to T;:;zc‘a?:teo Status Se(gr::::;to
PO1 HCB M 4,8 C Total Recidiva N VCD 27
P02 HCB M 4,2 C Total Nao VSD 27,5
P03 HCB M 8,4 C Total Nao N VSD 36,2
4*%* P04 HCB M 8 C Parcial Crescimento N VCD 34,1
5* PO5 HCB F 15,8 C Parcial Crescimento N VSD 24,4
P06 HCB M 20,8 C Parcial Nao N VCD 16,8
P07 HCB F 354 MD Parcial Nao N VCD 22,9
P08 HCB M 4,8 C Parcial Crescimento RTX VCD 29,3
P10 HCB M 10,5 Total Nao N VSD 43
10 P12 HCB M 5,2 Total Nao N VSD 36,5
11 P13 HCB M 51 HC Parcial Nao Ign. VCD 53,5
12 P16 HCB M 53,4 C Parcial Crescimento RTX VCD 34,1
13 P17 HCB F 19,2 C Total Nao N VSD 60,3
14 P18 HCB F 17 HC Total Nao N VSD 65,3
15 P20 HCB M 9,2 TE Parcial Nao RTX VCD 63,3
16 P21 HCB M 3,5 C Total Nao RTX VSD 66,6
17 P23 HCB M 16,4 HC Sim Total Nao N VSD 58,2
18 P24 HCB M 21,9 HC Parcial Nao N VCD 12,9
19 P25 HCB F 2,1 C Parcial Nao N VCD 7,1
20 P26 HCB M 10,2 C Total Nao N VSD 39,2
21 P28 HCB F 7,5 C Total Nao N VSD 86,3
22 P29 HCB F 5,2 C Total Nao N VSD 8,8
23 P30 HCB M 15,3 C Parcial Crescimento N VCD 8
24 P31 HCRP F 11,3 C Total Nao N VSD 133,2
25 P32 HCRP F 18,1 C Total Recidiva QTX oC 20,6
26 P33 HCRP F 13,8 C Parcial Nao N VCD 196,8
27 P34 HCRP M 5,2 MD Parcial Crescimento QTX VCD 194,7
28 P35 HCRP M 12,7 C Total Nao N VSD 179,1
29 P36 HCRP F 3,8 Total Recidiva N VSD 168,6
30 P37 HCRP M 11,1 SS Parcial Nao VCD 170,6
31 P38 HCRP F 9 MD Parcial Crescimento VCD 155
32 P39 HCRP M 12,8 HC Parcial Crescimento QTXx VCD 144,5
33 P40 HCRP F 3,6 C Total Ndo N VSD 66,1
34*% P41 HCRP M 9,6 C Parcial Crescimento N ocC 128,8
35 P42 HCRP M 5,9 C Total Nao N VSD 51,7
36 P43 HCRP M 3,6 C Total Nao N VSD 116,5
37 P44 HCRP F 2 C Total Nao N VSD 115,7
38 P45 HCRP M 7,1 C Total Ndo N VSD 112,8

Continua na préxima pagina.
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Tabela 3- Dados clinico-epidemioldgicos da série de astrocitomas pilociticos (continuagdo)

39
40
41
42

43*
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

69*

P46
P47
P48
P49
P50
P51
P52
P53
P54
P55
P56
P57
P58
P59
P60
P61
P62
P63
P64
P65
P66
P67
P68
P69
P70
P71
P72
P73
P75
P76
P77

HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP
HCRP

M

9,9
17,4
2,2
5,8
5,3
27,7
16,2
11,7
4,5
0,3
4,1
5,7
3,1
14,7
21,9
32,2
14,4
16,7
24,8
9,1
15,3
7,2
28,2
4,1
4,9
5,7
17,4
6,9
11
8,5
12,5

TE
HC

TE

C

Sim

Sim

Sim

Sim

Parcial
Total
Total

Parcial

Parcial
Total

Parcial

Parcial

Parcial

Parcial

Parcial
Total

Parcial
Total

Parcial
Total
Total

Parcial

Parcial
Total
Total

Parcial

Parcial

Parcial

Parcial

Parcial
Total

Parcial

Parcial

Parcial

Parcial

Nao
Nao
Nao
Nao
Crescimento
Nao
Crescimento
Nao
Crescimento
Crescimento
Nao
Recidiva

Crescimento

Nao
Ndo
Nao
Ndo
Crescimento
Crescimento
Recidiva
Ndo
Nao
Ndo

Crescimento

2 2 2 2 2

N
QTX/RTX
N
QTX
Ign.
QTX
N
QTX

VCD
VSD
VSD
VCD
VSD
VSD
ocC
VCD
VCD
(o]6
VvCD
VCD
VvCD
VCD
VvCD
VSD
VSD
VCD
VvCD
VSD
VvCD
VCD
VCD
VCD
VCD
VCD
VCD
VCD
VCD
VCD
VCD

91,6
63,7
83,2
83,4
75,1
59,1
79,2
68,6
19,1
31,5
66,3
58,3
54,1
58,7
18,9
10,2
45,1
47
50,9
46,1
46,9
49
44,8
34,7
31
22,8
18,4
15,5
7,5
7,6
8,4

M- Masculino. F- Feminino. C- Cerebelo. HC- Hemisférios cerebrais. TE- Tronco encefalico. SS- Suprasselar. MD-
Medular. VO- Vias épticas. N- Nenhum. QTX- Quimioterapia. RTX- Radioterapia. Ign.- Ignorado. VCD- Vivo com
doenca. VSD- Vivo sem doenca. OC- Obito por cancer. *- Pacientes com uma les3o recidivada representada. **-

Paciente com duas lesdes recidivadas representadas.

5.2- Analises do genes e proteinas

5.2.1- Galectina-3 e IDH-1 mutado

A reacdo imuno-histoquimica para galectina-3 foi adequada em 68 lesdes primarias, das

guais 66 (95,7%) apresentaram imunorreatividade citoplasmatica (Figura 8A e B). Dentre as

lesdes recidivadas, houve perda de material de uma e positividade nas demais, em padrao
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semelhante ao da respectiva lesdo primaria. Dois tumores supratentoriais (2,9%) foram
negativos no estudo feito nas laminas do TMA, porém estes casos e o caso nao avaliado
apresentaram positividade citoplasmatica em rea¢cdes no momento do diagnéstico inicial.

A reagdo para IDH-1 mutado foi adequadamente obtida em todos os tumores primarios
estudados, os quais foram negativos. O caso diagnosticado como astrocitoma difuso e
posteriormente excluido do estudo foi fortemente positivo para este marcador, confirmando

a fidelidade da reacdo (Figura 8 C e D).

J o O 2 p L
Figura 8- Imunoexpressao de galectina-3 e IDH-1 mutado. Positividade citoplasmatica
moderada —100x (A) e forte — 200x (B) para galectina-3. Caso diagnosticado como astrocitoma
difuso, apresentando positividade citoplasmatica e nuclear forte e difusa para IDH-1 mutado
— 400x (C) e astrocitoma pilocitico negativo para IDH-1 mutado — 400x (D).
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5.2.2 FGFR1

No total, 74/75 amostras foram testadas para a expressdo imuno-histoquimica de
FGFR1. Utilizando o escore previamente descrito, 49 lesdes primarias (71%) e 5/6 lesGes
recidivadas (83,3%) exibiram positividade citoplasmatica para FGFR1 (Figura 9). Vinte lesdes
primdrias (29%) foram consideradas negativas. Ndo foram observados casos com positividade
nuclear na série. No cerebelo adjacente, houve positividade citoplasmatica forte nas células

de Purkinje e positividade fraca ou auséncia de expressdao nos astrécitos ndao neoplasicos

(Figura 9).
" .
o
-
v
B 4 ]
ks
. A . 4 i ’ ~ s ¥
)
-
h p - - ’
) . L
s Ed
® > * " :
N % - A s v
- ™ ¢
e
B 4 e (A » of
L4
o Fl @ d l. ¢
- 2 " 4 %
0 . v, ® A ¢ p
.
2 "™ a L » ¥
”
: ¢ < A ATy
i - s 3

Figura 9- Padrbes de expressdo do FGFR1. No cerebelo ndo neopldsico ha expressao
citoplasmatica forte nas células de Purkinje e auséncia de expressdo nos astrocitos — 20x (A).
Astrocitoma pilocitico com expressdo forte FGFR1, contrastando com a expressdo fraca
observada na substancia branca adjacente — 40x (B) Positividade citoplasmatica do FGFR1 em
areas oliodendrogliais-simile — 400x (C) e areas piloides — 400x (D).

Nao foram observadas diferencas estatisticamente significativas na expressao de FGFR1

entre os diversos grupos clinicos (Tabela 4).
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Tabela 4- Perfil molecular do FGFR1 em relacdo aos grupos clinicos.

Expressao de FGFR1 Mutagao FGFR1
Positivo Negativo p W.T. Mutado p
Género
Masculino 27 11 19 1
4 1
Feminino 22 9 0,99 23 2 0
Grupo etario
Pediatrico 43 17 0,758 37 3
1,0
Adulto 6 3 5 0
NF1
Sim 4 1 5 0
1,00 1,0
Nao 45 19 37 3
Localizagao
Cerebelar 27 9 24 3
0,446 0,264
Extracerebelar 22 11 18 0
Progndstico
Favoravel 27 14 21 2
0,253 1,0
Desfavoravel 22 6 21 1

Nfl- Neurofibromatose tipo 1.

O gene FGFRI1 foi sequenciado em 45 das 69 lesdes primarias (65,2%) e dentre estas,
identificamos 3 casos (6,7%) com mutagdo pontual K656E (Figura 10), previamente descrita
por Jones et al. 2. Os trés casos ocorreram em lesdes cerebelares e em pacientes do grupo
etario pediatrico (P21, P32 e P44 — Tabela 3). Dois casos mutados apresentaram positividade
forte para FGFR1 no ensaio imuno-histoquimico, apesar disso, a relagdao entre a mutagdo e
expressao imuno-histoquimica do gene nao foi estatisticamente significativa (p=0,086).

No ensaio FISH para pesquisa de amplificagdo do FGFR1, foram obtidos resultados
confidveis em 61/69 (88,4%) das lesGes primarias e em 5/6 (83,3%) das lesGes recidivadas,
porém nenhum caso exibiu amplificacdo do gene. Todas as lesGes recidivadas mantiveram
padrdo semelhante a respectiva lesdo primaria. Sete lesdes primarias (10,6%) apresentaram
baixo ganho de cépias do gene FGFR1 (Figura 10), que também ndo apresentou correlacdo

estatisticamente significativa com a expressao de FGFR1 (p=0,091).
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Figura 10- Alteracdes moleculares do gene FGFR1. Eletroferograma mostrando a mutacao
pontual do gene FGFR1 (A). Andlise por FISH FGFR1/CEPS8. Padrdo dissémico (normal) (B).
Baixo ganho no numero de cépias do FGFR1, porém com menos de 6 copias do sinal verde em

cada nucleo (C).

5.2.3 BRAF

Embora o estudo imuno-histoquimico tenha sido realizado segundo os padroes
previamente descritos, foi observada apenas uma marcacao citoplasmatica inespecifica focal,
em menos de 10% das células neoplasicas em dois casos (P16 e P68 — Tabela 3). Além de esta
marcacao ser considerada negativa para fins de cdlculos estatisticos, o sequenciamento do
gene BRAF na amostra do paciente P16 evidenciou gene wild type. O material do paciente P68
nao foi sequenciado.

O sequenciamento do gene BRAF foi realizado em 48 das 69 lesGes primarias (69,6%), e

em 5 das lesGes recidivadas, sem mudanca no status do gene nas amostras subsequentes.
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Dentre os casos estudados, identificamos dois casos (4,2%) que apresentaram mutacdes
pontuais do gene BRAF.

Um paciente masculino, de 11 anos, com tumor suprasselar (P37 — Tabela 3) que teve
recidiva tumoral (amostra ndo disponivel para analise) apresentou a mutagao V600E do gene
BRAF (Figura 11) e foi também positivo para a fusdo KIAA1549-BRAF no estudo por FISH. O
segundo espécime portador de mutagao do BRAF pertencia a uma paciente feminina, de 11
anos com lesdo cerebelar (P31 — Tabela 3) que apresentou mutacdo V600K (substituicdo de
valina por lisina no cédon 600 do gene BRAF). A paciente permanece viva e sem evidéncia de
doenca apds seguimento clinico de 11 anos. O estudo por FISH para pesquisa de fusao
KIAA1549-BRAF nao foi bem sucedido nesta amostra. Nenhum dos pacientes com tumores
apresentando BRAF mutado apresentou diagndstico de Nf1l. Devido ao pequeno nimero de
mutagOes pontuais identificadas, ndo houve correlagdo estatisticamente significativa com as
diversas caracteristicas clinicas da série (Tabela 5).

Na andlise por FISH obtivemos resultados confidveis para pesquisa da fusdo KIAA1549-
BRAF (Figura 11) em 64/69 lesdes primarias (92,8%) e em 4/6 lesGes recidivadas. Das lesdes
primarias, 37 casos (57,8%) apresentaram a fusdao KIAA1549-BRAF, que foi significantemente
relacionada com lesdes cerebelares (p<0,001) e negativamente com o diagndstico clinico de
Nfl (p=0,009) (Tabela 5). Ndo houve diferenca significativa entre os demais grupos clinicos
(Tabela 5), entretanto, houve uma tendéncia para esta alteracdo ser mais detectada no grupo

pediatrico (55% no grupo pediatrico e 44,4% no grupo adulto (dados ndo mostrados).



Tabela 5- Perfil molecular do BRAF em relagdo aos grupos clinicos.

Fusdo KIAA1549-

p Mutacao BRAF p
Positivo Negativo W.T. Mutado

Género Feminino 18 11 0.530 25 1 1.0
Masculino 19 16 21 1

Idade <19 anos 33 22 0.381 40 2 1.0
> 20 anos 4 5 6 0

Nfl Sim 0 5 0.011 5 0 1.0
N3o 37 22 41 2

Localizagao Cerebelar 27 6 <0.0001 27 1 1.0
Extracerebelar 10 21 19 1

Evolucao Favoravel 22 16 0.987 26 1 1.0
Desfavoravel 15 11 20 1

W.T.- Wild Type (sem mutacgdo). Destaque em negrito: correlagGes estatisticamente significativas.
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Figura 11- Alteracdes moleculares do gene BRAF. Analise por FISH, positivo (A) e negativo (B)
para fusdo KIAA1549-BRAF — a sobreposicdao dos sinais vermelho e verde gera um sinal
amarelo na reacdo. Eletroferograma mostrando as mutagdes pontuais V600E (C) e V600K (D)

do gene BRAF.

5.2.4 Relagao entre as alteracdes nos genes FGFR1 e BRAF

Alguns pacientes do estudo apresentaram alteragdes moleculares concomitantes
envolvendo os genes FGFR1 e BRAF. Dentre os tumores que apresentaram mutacado pontual
do BRAF, um (P37) exibiu também a fusdo KIAA1549-BRAF. Ja entre os tumores com mutacdo
do FGFR1, um (1/3) também foi positivo para a fusdo KIAA1549-BRAF. O resumo das

altera¢des moleculares dos genes FGFR1 e BRAF pode ser observado na Figura 12.
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Figura 12- Resumo das alteracbes moleculares dos genes FGFR1 e BRAF na série de

astrocitomas pilociticos, em relacdo aos grupos clinicos.
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5.2.5 RKIP

O estudo imuno-histoquimico para detec¢ao da RKIP obteve resultados confidveis em
68/69 das lesdes primarias (98,6%), apresentando positividade citoplasmatica (escore 3-6) em
97% destas (67 lesdes) (Figura 13). Em 1/69 lesdes primarias (P12 — Tabela 3) e em uma lesdo
recidivada (PO5 — Tabela 3) houve perda do material. As lesGes recidivadas mantiveram o
padrdo das respectivas lesdes originais. Apenas uma lesdo (1,4%) apresentou perda completa
da expressao de RKIP: um paciente do grupo pedidtrico com lesdo no tronco encefalico, que
foi posteriormente irradiada, permanecendo estavel até o final deste estudo. No cerebelo nao
neopldsico, houve positividade difusa, tanto de astrécitos como de células de Purkinje (Figura

13).

Figura 13- Padrdes de expressdo imuno-histoquimica da RKIP. Cerebelo ndo neoplasico
apresentando positividade difusa — 20x (A). Imunoexpressao fraca, com marcacao nuclear
focal — 400x (B), moderada — 400x (C) e forte — 400x (comparar com a expressao endotelial)
(D).
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Quando comparada a expressdao de RKIP nos diversos grupos, ndo observamos

diferencgas estatisticamente significativas (Tabela 6).

Tabela 6- Expressao de RKIP em relagdo aos grupos clinicos.

Expressao de RKIP
Positivo Negativo p

Género
Masculino 37 1 10
Feminino 31 0 ’
Grupo etario
Pediatrico 59 1 10
Adulto 9 0 ’
NF1
Sim 5 0
Nao 63 1 1.0
Localizacao
Cerebelar 36 0
Extracerebelar 32 1 0,478
Evolucao
Favoravel 40 1 10
Desfavoravel 28 0 ’

5.2.6 MTAP

A reagdo imuno-histoquimica mostrou resultados confidveis em 71/75 amostras (94%).
A marcacdo observada foi citoplasmatica, independente do padrao histolégico da neoplasia.
Trés casos (4,3%), todos de pacientes do grupo pedidtrico e localizados nos hemisférios
cerebrais apresentaram perda completa da expressao de MTAP, com reacdo endotelial
positiva. No cértex cerebelar ndo neopldsico, observamos positividade citoplasmatica forte
nas células de Purkinje e ausente (em 8 dos 9 casos) ou fraca (em 1 dos 9 casos) nos astrocitos

(Figura 14).
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Figura 14- Expressao imuno-histoquimica de MTAP. No cerebelo ndo neopldsico a marcagdo foi apenas
nas células de Purkinje — 20x (detalhe — 400x)(A). Transicdo cerebelo ndo neoplasico-tumor, com
reacdo positiva apenas nas células neopldsicas — 200x (B). Caso com perda da expressdo de MTAP
(células endoteliais positivas) — 400x (C). Positividade moderada (comparar com a positividade
endotelial) — 200x (D). Casos com expressdo forte de MTAP, tanto em areas piloides — 200x (E), quanto
em dreas de padrdo oligodendroglial-simile — 200x (F).
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As lesdes das vias Opticas apresentaram relativamente imunoexpressdao mais forte de
MTAP (4/4 lesGes com escore=6). Por outro lado, todos os tumores com perda total da
expressao de MTAP localizavam-se nos hemisférios cerebrais. A positividade para MTAP em

relacdo a localizagdo das lesOes pode ser observada na tabela 7.

Tabela 7- Intensidade de MTAP de acordo com a localizagdao da neoplasia.

Intensidade de MTAP

Negativo Fraco Moderado Forte Total

Cerebelo 0 6 21 9 36
Tronco encefélico 0 1 1 2 4
Medular 0 0 4 1 5
Suprasselar 0 0 2 4 6
Vias oOpticas 0 0 0 4 4
Hemisférios 3 2 4 5 14
cerebrais

Total 3 9 30 25 69

Entre as lesdes primarias, 82% foram positivas. As lesdes recidivadas mantiveram o
padrdo de positividade para MTAP (p=0,5 pelo teste de McNemar), exceto o paciente com trés
lesGes avaliadas (PO4 — Tabela 3), que apresentou intensidade decrescente ao longo da
evolucdo (escores 6, 5 e 4, respectivamente). Dos pacientes cujos tumores apresentaram
perda da expressdao de MTAP, um apresentava diagndstico clinico de Nfl (P23 — Tabela 3) e
um (P39 — Tabela 3) apresentou evolucdo desfavoravel, com multiplas recorréncias nao
analisadas neste estudo.

N3o observamos diferencas significativas na expressdo de MTAP entre os diversos

grupos clinicos, conforme se observa na tabela 8.
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Tabela 8- Expressdao de MTAP em relacdo aos grupos clinicos.

Expressao de MTAP

Total Positivo Negativo p
Género
I\/Iasc.ul.mo 38 35 3 0,247
Feminino 31 31
Grupo etario
Pediatrico 60 57 3 10
Adulto 9 9 0 ’
NF1
SIIT'I 5 4 1 0,205
N3o 64 2 62
Localizacao
Cerebelar 36 36 0 0,104
Extracerebelar 33 30 3
Evolucao
Favorav,el 34 2 32 0,614
Desfavoravel 35 1 34

5.2.7 Impacto das caracteristicas moleculares e expressao proteica na sobrevida
A comparacdo da sobrevida total entre os grupos etarios pode ser observada na figura
15, notando-se que em ambos a sobrevida em 5 anos foi >90% e a sobrevida em 10 anos foi

em torno de 80%.

Survival Functions
100—~BrHlgkct—+—+—+ Grupo etario
~I< 19 anos
~I71>=20 anos
~+-< 19 anos-censored
+->=20 anos-censored
801

60

Cum Survival

40+

24  p=0,664

0 T T T T
0 s 10 15 20

Tempo de seguimento em anos

Figura 15- Comparacdo das curvas de sobrevida total dos pacientes com astrocitomas

pilociticos, de acordo com os grupos etarios.



42

Também nao houve diferenga significativa na sobrevida total entre os géneros
(p=0,293), entre pacientes com APs esporadicos e Nf1-APs (p=0,726) e entre os portadores de
lesBes cerebelares e extracerebelares (p=0,826) (dados ndo mostrados).

A maioria das alteracbes pesquisadas neste estudo ndo afetou significativamente a
sobrevida dos pacientes. As informacgdes sobre o impacto destas alteragdes na sobrevida total
entre os grupos podem ser observadas na tabela 9. As mutacdes pontuais do FGFR1 e a fusao
KIAA1549-BRAF resultaram em impacto estatisticamente significativo e serdao apresentadas

detalhadamente.

Tabela 9- Impacto das alteragGes génicas na sobrevida total do grupo de pacientes com

astrocitomas pilociticos.

Gene/Parametro avaliado (método) Resultados possiveis P
FGFR1/Expressao proteica (imuno-histoquimica) Positivo/Negativo 0,923
FGFR1/Ganho no numero de cépias (FISH) Baixo/Moderado/Alto 0,904
BRAF/Mutacdo pontual (Sequenciamento) Wild type/Mutado 0,480
MTAP/Expressdo proteica (imuno-histoquimica) Positivo/Negativo 0,899
RKIP/Expressdo proteica (imuno-histoquimica) Positivo/Negativo 0,841

5.2.8 Importancia prognodstica dos genes FGFR1 e BRAF nos astrocitomas pilociticos
A presenca da mutacdo pontual K656E do gene FGFR1, embora rara, foi
significativamente relacionada a menor sobrevida total (p=0,047) e menor sobrevida livre de

eventos (p=0,025) de seus portadores (Figura 16).



43

Survival Functions Survival Functions

FTET TR I T Status FGFR1 Status FGFR1
100 =R 1001
—Twild type ~wild type
—Imutado ~Imutado
H + —+= wild type-censored —+= wild type-censored
= mutado-censored ~+= mutado-censored
80 804
. PR "
_ + + t _ t + +
[ [
2 60 2 60
> >
= =
3 3
w w
E E
3 3
© 404 © 4049
204 20
0 T T T T o T T T T
1] s 10 15 20 L] 5 10 15 20

Tempo de seguimento em anos Sobrevida livre de evento

Figura 16- Impacto da mutagdao K656E do FGFR1 na sobrevida total e sobrevida livre de evento

nos pacientes com astrocitomas pilociticos.

Por outro lado, a presenca da fusdo KIAA1549-BRAF identificou um grupo de pacientes

com sobrevida total e sobrevida livre de evento significativamente maiores (p=0,003 e

p=0,018, respectivamente) (Figura 17).
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Figura 17- Impacto da fusao génica KIAA1549-BRAF na sobrevida total e sobrevida livre de
doenca nos pacientes com astrocitomas pilociticos.
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Devido a presenca de alteracdes moleculares combinadas do FGFR1 e do BRAF em
alguns pacientes, investigamos a influéncia destas combinagdes na sobrevida total dos
pacientes.

Quando analisados em conjunto o status do gene FGFR1 e a presenca da fusdao
KIAA1549-BRAF, os pacientes com tumores negativos para a fusdo KIAA1549-BRAF
apresentaram sobrevida menor independente do status do FGFR1. A mutacdao K656E
determinou uma redug¢ao adicional na sobrevida. O pior resultado foi alcangado pelos dois
pacientes que apresentaram tumor com FGFR1I mutado e sem a fusdao KIAA1549-BRAF. A
diferenca na sobrevida entre os diversos grupos foi altamente significativa (p=0,002) (Figura

18).
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Figura 18- Analise combinada da curva de sobrevida total dos pacientes com astrocitomas
pilociticos em relacdo a alteracdes do FGFR1 (mutacdo e expressao imuno-histoquimica) e
fusdo KIAA1549-BRAF.

Finalmente, uma vez que a relacdo entre a mutacdo do FGFR1 e a expressdao imuno-
histoquimica do gene tendeu a significancia estatistica, avaliamos também a relacdo do perfil
imuno-histoquimico com a presenca da fusdo KIAA1549-BRAF na sobrevida total dos
pacientes da série. Os pacientes com expressao forte de FGFR1 e presenca da fusao KIAA1549-
BRAF apresentaram a sobrevida mais longa, enquanto a negatividade de ambos os
marcadores resultou em uma menor sobrevida total (Figura 18). A diferenca na sobrevida

entre os grupos avaliados foi estatisticamente significativa (p=0,032).
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6- DISCUSSAO
6.1 Dados clinicoepidemiolégicos

A presente série de casos apresenta caracteristicas clinicas semelhantes aos dados da
literatura mundial, em relagdo a distribuicdo da neoplasia por género (1,2M:1F) e proporg¢ao
entre pacientes pediatricos e adultos *2. A média etdria dos pacientes (11,6 anos) foi um
pouco mais alta que a média descrita em outros estudos %', porém em nossa série tivemos
nove pacientes adultos, o que colabora para o aumento da média etéria.

Embora na literatura os estudos sobre APs sejam em geral realizados apenas com
criangas, a decisdo de estudar em conjunto pacientes pediatricos e adultos teve o objetivo de
comparar possiveis diferencas entre tais grupos. Os APs em adultos apresentam alteracdes
moleculares diferentes daquelas observadas em tumores pediatricos %2 e a evolu¢do em
pacientes mais velhos tende a ser mais agressiva 1%, inclusive resultando em sobrevida em 5
anos significativamente menor !, Esta diferenca ndo foi observada nesta série e a sobrevida
de ambos os grupos etarios foi semelhante.

A sobrevida longa e a mortalidade baixa (5,8%) na série foram semelhantes aos dados
mundiais 2. Entretanto, quando analisados n3o apenas os pardmetros objetivos de tempo
de sobrevida e nimero de Obitos na série, notamos que a maioria (50,7%) dos pacientes
apresentou evolugcdo considerada desfavoravel dentro dos critérios estabelecidos para
definicdo dos grupos clinicos deste estudo. Apesar disso, a presenca de sequelas graves
descrita em cerca de 11% dos pacientes com astrocitomas pilociticos cerebelares 12, ¢é
superior ao aqui apresentado. Ha certa limitacdo na comparacdo com os dados da literatura,
pois a maioria dos estudos sobre a evolugao clinica subjetiva dos astrocitomas pilociticos
considera apenas as lesdes cerebelares 112114,

Cinco pacientes (7,2%) apresentaram diagnodstico clinico de Nf1, propor¢dao que também

é compativel com outras séries publicadas >22:30.115,

6.2 Galectina-3 e IDH-1

A positividade da maioria dos casos para galectina-3 e a negatividade de todo os casos
da série para IDH-1 confirmou o diagnéstico de AP nos casos da série e é compativel com
estudos prévios. A galectina-3 foi estabelecida como um marcador diagndstico auxiliar dos
astrocitomas pilociticos 17104116 pnermitindo mais seguranca no diagndstico diferencial com

astrocitoma difuso grau Il da OMS 194, embora a expressdo de galectina-3 ndo seja especifica
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dos APs, podendo ser observada em outros tumores de baixo grau, como os ependimomas e
0s PXAs 116117,

Ja a expressdo do IDH-1 é uma ferramenta util recentemente descrita para o diagndstico
diferencial principalmente dos APs com astrocitomas difusos grau Il da OMS e GBMs
secunddarios 2619, Um dos casos incluidos no TMA apresentou caracteristicas histopatolégicas
pouco definidas de astrocitoma pilocitico (por exemplo, auséncia do padrao bifasico classico
e de fibras de Rosenthal). Na pesquisa da expressdo de IDH-1 foi observada marcacao forte e
difusa das células neoplasicas, destoante dos demais casos do estudo. Os exames radiolégicos
s6 foram obtidos apds a inclusdo do caso no TMA e confirmaram aspecto infiltrativo da lesao
na RM. Este caso foi excluido das analises estatisticas, mas serviu como controle positivo da

reacao no TMA.

6.3 Gene FGFR1

A expressdo difusa de FGFR1 pelas células neopldsicas em contraste com a reduzida
expressao nos astrécitos nao neopldsicos observada nesta série confirmou os achados de
estudos prévios 18, Os estudos mais recentes vem se concentrando em descrever alteracdes
do gene FGFR1 através de métodos mais sofisticados e tiveram sucesso em identificar
alteracbes como as duplicacbes do gene em astrocitomas difusos de grau Il 119120 e 3s
mutacdes pontuais ocorrendo em APs e outras neoplasias 2°1. Apesar disso, a correlacdo com
aimunoexpressao de FGFR1 foi pouco explorada em tumores do SNC. Jones et al. descreveram
superexpressao da forma fosforilada da FGFR1, confirmando a ativacdo da via MAPK pela
mutacdo pontual do gene*? e que é compativel com a expressido da forma total de FGFR1 por
nods observada nesta série.

A presenca da mutacdo K656E foi um evento raro. A proporg¢ao dos casos com a forma
mutada do gene FGFR1 em nosso estudo foi semelhante a descrita por Jones et al. > em APs
extracerebelares. Até o momento, apenas um outro estudo relatou a presenca desta mutacao
em um paciente com astrocitoma pilomixoide da regido hipotalamica, que evoluiu com o
desenvolvimento de um tumor glioneuronal formador de rosetas do quarto ventriculo, o qual
também exibiu a mesma mutacdo >1. N3o hd outros estudos relatando a presenca e a
frequéncia de mutac¢ées do FGFR1 em APs na literatura atual.

Interessantemente todas as mutacbes desta série foram detectadas em lesdes

cerebelares, contrariando os estudos prévios #>°1, Apesar da localizac3o cerebelar ser mais
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relacionada a bom progndstico, uma das pacientes que exibiu a forma mutada do gene (P32)
era uma paciente de 18 anos com lesdao no vermis cerebelar totalmente excisada, que
recidivou em um curto tempo e apresentou disseminacao liqudrica, culminando no ébito da
paciente em menos de 2 anos apds a cirurgia. Os outros dois pacientes, que também foram
submetidos a resseccdo total da lesdo, permanecem vivos e sem evidéncia de doenca até o
momento.

Com relacdo ao estudo por FISH, a amplificacao génica, que é o mecanismo molecular e
alvo terapéutico mais comum de alteracdo do gene em outras neoplasias #3474%121 n3o foi
observada em nenhum dos casos da nossa série. Apesar disso, um pequeno numero de casos
apresentou um baixo ganho no numero de cdpias do gene, que ndo apresentou correlacdo
com a evolugdo dos pacientes. Nao encontramos na literatura estudos em gliomas ou outros
tumores que relatem a presenca desta alteracdo, embora as duplicacdes intragénicas do
FGFR1 tenham sido descritas em gliomas baixo grau 19129 portanto seu papel na histogénese
dos APs permanece a ser esclarecido.

A expressao citoplasmatica de FGFR1 na grande maioria dos casos apresentou relacdo
positiva, porém nao significativa do ponto de vista estatistico, com a presenca da mutacao
K656E e com o ganho no numero de cépias do FGFR1, sugerindo que ambos podem ser
mecanismos responsaveis pela superexpressao do FGFR1. Estudos com séries mais numerosas
poderdo confirmar esta hipdtese e apresentar implicacdes no tratamento dos APs, pois o
FGFR1 é atualmente um importante alvo terapéutico, principalmente no tratamento de
carcinomas pulmonares 22, H4 relatos que tumores pulmonares que apresentam
superexpressdao de FGFR1 (no caso de estudo, medida por imunoblot ou quantificacdo do
mRNA), independente do numero de cépias do gene, apresentam melhor resposta ao
ponatinib (AP 24534), um novo inibidor de FGFR1 22, Além destes, outros inibidores como o
lucitanib 12 e o CH5183284/Debio 1347 12* s3o potenciais alternativas futuras para o
tratamento nao-cirdrgico dos APs, porém sao necessarios estudos pré-clinicos e clinicos para

comprovacao desta hipdtese.
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6.4 Gene BRAF

A padronizagdo do anticorpo BRAF mutado para uso em APs apresentou dificuldades
técnicas, embora o mesmo esteja atualmente padronizado para uso em melanomas em nossa
instituicdo. Esta dificuldade foi discutida em sessao cientifica no XVIII Congresso Internacional
de Neuropatologia, realizado no Rio de Janeiro (Setembro, 2014) e, devido o anticorpo ndo
estar apresentando bons resultados, segundo os especialistas envolvidos na discussao, e
corrermos o risco de se obterem resultados falso-negativos optamos por suprimir estes dados
do presente estudo.

O sequenciamento de parte dos casos (48 no total) detectou dois tumores com
mutacdes pontuais no cédon de interesse do gene BRAF, correspondendo a 4,1% da amostra
estudada, propor¢do menor que a referida em estudos prévios 4. Devido a presenca da forma
mutada do gene ter sido observada em uma lesdo suprasselar e outra cerebelar, ndo
confirmamos neste estudo a ocorréncia preferencial desta mutagdio em tumores
extracerebelares previamente relatada®. O paciente com a lesdo suprasselar que apresentou
a mutacao cldssica V60O0E, evoluiu com multiplas recidivas tumorais, permanecendo vivo com
doenga.

Por outro lado, a lesdo cerebelar apresentou a mutac¢ao V600K, ao nosso ver, inédita em
APs Esta mutagdo ja foi descrita em 5-15% dos melanomas e relacionada a ocorréncia de

metastases e pior prognostico 12>127

, porém com melhor resposta aos inibidores de BRAF de
12 geracdo, como o vemurafenib 1?7, Semelhante ao que ocorreu com os melanomas, este
inibidor apresentou excelentes resultados contra astrocitomas de alto grau portadores da
mutacdo V600E 28129 porém com resultados ndo repetidos em APs 13, De fato, observou-se
aumento da resisténcia tumoral ao analogo do vemurafenib (PLX4720), relacionado a
presenca da fusdo KIAA1540-BRAF*3%, a qual é a alteragcdo mais comum nos APs. A presenca
de mutacdes alternativas a V600E pode potencialmente identificar um grupo de pacientes que
responderiam melhor a terapia com vemurafenib, entretanto, esta possibilidade é passivel de
confirmagdo com estudos mais abrangentes.

Por outro lado, a fusdo KIAA1549-BRAF foi confirmada como a alteracdo mais frequente
para ativacdo da via MAPK em APs, corroborando os relatos de vérios autores 86061 Do
mesmo modo, a relacdo negativa com o diagndstico de NF1 observada neste estudo foi

previamente descrita %! e pode sinalizar que a ativacdo da via MAPK se faz por mecanismos

alternativos em pacientes com NF1. Também confirmam os estudos prévios a predominancia
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da fusdo KIAA1549-BRAF em lesdes cerebelares 184263120131 o 5 g3 frequéncia discretamente
mais elevada em pacientes do grupo etario pediatrico ®°, embora sem significincia estatistica
nesta série. A confirmacgao da fusao KIAA1549-BRAF como caracteristica dos APs, além de ter
importancia diagndstica, abre a possibilidade da utilizagao de inibidores de BRAF de segunda
geracdo (PLX-PB3), que tém a fusdo KIAA1549-BRAF como alvo terapéutico, porém ainda nao

estdo disponiveis para uso clinico 3°.

6.5 Proteina RKIP

A proteina RKIP é descrita como um regulador negativo da via MAPK e a perda de sua
expressdo ja foi descrita em gliomas®, relacionada @ maior agressividade, em estudo que
avaliou apenas astrocitomas anaplasicos e GBMs. De fato, a manutencao da expressao de RKIP
foi comprovada como fator de bom prognéstico apenas em GBMs 8282, N3o h& na literatura
estudos que descrevam o comportamento nem a importancia da RKIP no progndstico nos APs,
jd que os estudos sobre a expressdao de RKIP em gliomas foram restritos aos gliomas
infiltrativos, tanto astrociticos, como oligodedrogliais, puros ou mistos 8931,

Nossos achados demonstraram expressao forte e difusa de RKIP em praticamente todos
os APs estudados, porém devido ao minimo ndmero de espécies com perda da expressado e a
homogeneidade da expressdao nos demais tumores e inclusive no cerebelo ndo neoplasico
adjacente, ndo houve diferencas estatisticas entre os grupos do estudo.

A expressao difusa de RKIP nos astrocitomas pilociticos sugere que esta proteina de fato
participa ativamente como um regulador negativo da via MAPK, gerando a hipdtese de que
poderia estar relacionada ao desvio da funcdao da MAPK para a indugdo de senescéncia celular
(Figura 3). Isto explicaria a melhor evolucdo geral dos APs e evolucdo agressiva dos gliomas
gue apresentam perda da expressao de RKIP, entretanto mais estudos sao necessarios para
confirmar esta hipdtese.

Além disso, ndo conseguimos estabelecer em nossa série uma relagao significativa entre
a expressao de RKIP e a presenca das alteracGes dos genes BRAF e FGFR1, que sdo os principais
fatores ativadores da via MAPK, e nem com a expressao de MTAP, que poderia justificar um

potencial vinculo da RKIP na indu¢do da OIS.
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6.6 Proteina MTAP

A imunoexpressdao de MTAP é descrita em todos os tecidos normais, porém sua
distribuicdo no SNC ndo é apropriadamente descrita, exceto nos astrdcitos do nervo dptico e
no epitélio da retina 32, Em nosso estudo, observamos uma forte positividade citoplasmatica
para MTAP nas células de Purkinje do cerebelo, porém os astrécitos ndo neoplasicos ndo
apresentaram reatividade para esta proteina ou exibiram apenas expressao fraca. Além disso,
a distribuicdo normal de MTAP explicaria a expressdao mais forte desta proteina nos tumores
do nervo éptico em nossa série.

A expressdao mantida de MTAP observada na quase totalidade dos casos é um dos
achados mais significativos deste estudo. Primeiro, porque ndo hd dados na literatura relativos
a expressao desta proteina em APs, embora varios relatos identifiquem a perda da expressao
em neoplasias agressivas. Em tumores do SNC encontramos apenas relatos delecdes 33 e de
perda da expressdo 1% do gene MTAP em GBMs, porém ndo ha relatos de estudos da
expressao imuno-histoquimica nestes tumores. Ao nosso ver, este é o primeiro trabalho a
descrever a expressao imuno-histoquimica do gene MTAP em um tumor primdrio do SNC.

A expressdo mantida de MTAP nos APs levantou a hipdtese de que este gene pode estar
relacionado ao fendmeno da senescéncia celular. Estudos experimentais observaram
superexpressao de MTAP em astrécitos senescentes de doengas neurogenerativas, resultando
em perda da funcdo neuroprotetora destas células no SNC normal 133134 Do ponto de vista
oncolégico, a ocorréncia de OIS através da via MAPK foi confirmada em astrocitomas
pilociticos através da expressdo de p16, induzida pela mutacdo V600E do gene BRAF 338, Os
genes p16Nk4 e MTAP, devido a sua proximidade no cromossomo 9, sdo frequentemente
codelatados em varias neoplasias malignas 4487889091 e apesar de uma relag3o positiva entre
pl6 e MTAP e da confirma¢ao do MTAP como fator progndstico independente em carcinomas
pulmonares 7, esta relacdo em astrocitomas pilociticos ainda permanece a ser esclarecida e
pode ser objeto de estudos futuros.

Finalmente, a expressdao mantida de MTAP nos APs descrita neste estudo pode ajudar
a explicar a resposta insatisfatéria dos gliomas pediatricos de alto grau e meduloblastomas
aos inibidores da SDNP, como metotrexate e pemetrexed '3>13¢, Uma vez que a melhor
resposta a estas drogas € alcancada por neoplasias agressivas com perda da expressao de

MTAP 87-8997,137 3bre-se a possibilidade de ampliacdo do estudo com avaliacdo da expressio
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de MTAP em outros tumores pedidtricos, de maneira a explicar a base celular dos resultados

pouco animadores dos estudos clinicos.

6.7 Importancia progndstica das alteragdes moleculares dos astrocitomas pilociticos

Ndo ha na literatura estudos que comprovem o papel progndstico das mutacdes
pontuais do gene FGFR1 nos APs, tanto pela raridade de sua ocorréncia, quanto pelo fato de
estas alteracdes terem sido muito recentemente descritas #2. Ao nosso ver, este é o primeiro
estudo que fortemente sugere um papel progndstico importante da mutagdo K656E do
FGFR1, ao identificar um grupo de pior progndstico entre os pacientes.

Além disso, confirmamos a importancia da fusdao KIAA1549-BRAF na identificagdao de
pacientes com melhor progndstico em ambos os grupos etdrios. Esta relagdo positiva foi
descrita por Hawkins et al.®® em um estudo englobando “astrocitomas de baixo grau”
pedidtricos, os quais incluiram astrocitomas de grau ll, que eventualmente apresentaram a
fusdao KIAA1549-BRAF. Nao encontramos na literatura estudos que confirmem o papel
progndstico da fusdo KIAA1549-BRAF exclusivamente em astrocitomas pilociticos, portanto
este estudo gerou dados inéditos e que podem ser citados em futuras pesquisas com séries
maiores e analises multivariadas.

Interessantemente, a presenca da fusao KIAA1549-BRAF determinou bom progndstico
mesmo nos casos que apresentaram mutagdes génicas simultaneas. Dentre os pacientes com
a mutacdo K656E do FGFR1, uma (P44) apresentou também a fusdo KIAA1549-BRAF e teve
evolucdo excelente apds resseccdo total de um tumor cerebelar — permanece viva e sem
doenca apds longo seguimento clinico (quase 10 anos). Os outros dois pacientes foram
negativos para a fusao KIAA1549-BRAF.

Entre os pacientes com mutagao do BRAF, a paciente que apresentou lesdo cerebelar
com mutacdo V600K associada a fusdo KIAA1549-BRAF, também teve uma excelente evolucao
em seguimento de mais de 11 anos. Ja o paciente com tumor suprasselar com muta¢ao V600E
gue apresentou multiplas recorréncias do tumor, ndo teve amostras disponiveis para andlise
por FISH.

A ocorréncia de alteragdes simultdneas em proteinas da via MAPK é um evento raro,
porém descrito por outros autores 186183 entretanto, nos dois estudos que descrevem as
mutag¢des do FGFR1 em astrocitomas pilociticos ou astrocitomas pilomixoides ndo foram

observados casos com altera¢des simultdneas de BRAF 421,
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Em resumo, embora o astrocitoma pilocitico seja, em geral, uma neoplasia de bom
progndstico e passivel de cura com resseccdo cirdrgica devido ao carater nao infiltrativo, é
necessario lembrar que uma parte consideravel dos pacientes apresentam evolugbes
desfavoraveis. Quer pela ocorréncia de multiplas recidivas, quer pela localizacdo da lesdo em
areas eloquentes do SNC, que impedem adequada ressecgao, é necessario que se busquem
alternativas terapéuticas que possibilitem um controle do crescimento dessas neoplasias.

A dificuldade na obtenc¢do de dados para comparagdo se deve ao carater inédito de
varios achados aqui descritos. Além disso, este estudo abre amplos campos de pesquisa em
potencial, ao identificar alteracdes moleculares relacionadas ao prognéstico dos astrocitomas
pilociticos e que podem ser alvo de terapéuticas especificas, com drogas como os inibidores
de FGFR1, inibidores de BRAF de segunda geracdo e inibidores da SDNP. Os dados aqui
apresentados também possibilitam a comparagao do perfil do astrocitomas pilociticos com
outros tumores cerebrais pedidtricos e adultos em futuros estudos que expliquem a resposta
inadequada aos medicamentos ja testados no tratamento de tumores cerebrais da infancia.
Por fim, o desenvolvimento de novas drogas-alvo pode futuramente tornar o astrocitoma
pilocitico, diferentemente de outras neoplasias cerebrais, uma doenga potencialmente

controldvel e com melhor qualidade de vida dos pacientes.
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7- CONCLUSOES

- O astrocitoma pilocitico é uma lesdao de bom progndstico, com sobrevida total longa,
independente de idade de aparecimento da neoplasia, género, localizacdo da lesdo ou
ocorréncia de Nf1.

- A expressdo imuno-histoquimica aumentada de FGFR1 nos APs pode estar relacionada
com a mutagao K656E e com o baixo ganho no nimero de cépias do FGFR1.

- As mutacdes do gene FGFR1 foram observadas em lesGes cerebelares e determinam
sobrevida mais curta.

- Amplificacdo génica do FGFR1 nao foi um evento observado nesta série de APs.

- As mutagbes do gene BRAF s3ao eventos raros nos astrocitomas pilociticos e nao
interferiram na sobrevida dos pacientes.

- A fusdo KIAA1549-BRAF é o evento molecular mais frequentemente observado nos
astrocitomas pilociticos, apresentando correlacdo positiva com localizacdo cerebelar e
negativa com a ocorréncia de Nf1.

- A presenca da fusdo KIAA1549-BRAF é um fator de bom progndstico nos APs,
identificando um grupo com maior sobrevida.

- A superexpressao de RKIP em astrocitomas pilociticos ocorre em praticamente todos
0s casos e sugere o bloqueio da via MAPK em sua fung¢do de inducdo de proliferagao celular,
explicando o comportamento indolente dos astrocitomas pilociticos.

- A superexpressao de MTAP em quase todos os casos sugere a importancia da
senescéncia induzida por oncogenes na génese dos astrocitomas pilociticos e a perda de
expressao de MTAP pode identificar um subgrupo de pacientes que responderiam a terapia

com inibidores da sintese de novo de purinas.
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Anexo A — Capitulo “Pilocytic Astrocytoma: Anatomic, pathological and molecular aspects.” —
Capitulo em Open access, disponivel em http://www.intechopen.com/books/clinical-
management-and-evolving-novel-therapeutic-strategies-for-patients-with-brain-
tumors/pilocytic-astrocytoma-anatomic-pathological-and-molecular-aspects

Chapter 6

Pilocytic Astrocytoma:
Anatomic, Pathological and Molecular Aspects
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Luciano Neder, Leila Chimelli and Rui M. Reis

Additional information is available atthe end of the chapter
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1. Introduction

1.1. Epidemiology

Brain tumors are rare neoplasms, however, they represent the second commonest cancer in
childhood (the first being hemato-lymphoid neoplasms) and correspond to the main solid
tumor in the pediatric context (ages 0-19 years) [1]. In this setting, gliomas, and particularly
astrocytomas are the leading group. Pilocytic astrocytoma (PA) is the commonest brain tumor
in the ages 5-14 years and the second in the age ranges 0-4 years and 15-19 years, although it
represents about only 6% of all gliomas, according to the last Central Brain Tumors Registry
(CBTRUS) Report [1]. PA affects males and females equally, and the main affected ages are 6
to 13 years-old, with 75% of cases occurring at this ages [2; 3].

PAs present a good prognosis in general, with 10-year survival >90% [4]. However, about
10-20% of patients suffer with recurrence of completely excised lesions or growing of residual
lesions [4]. Besides, 2-3% of the cases may disseminate through the spinal cord [2; 4]. These
aggressive tumors are particularly more frequent in adults and older patients, which explains
the difference in the 10-year survival [5].Overall, the prognosis between children and adults
is significantly different [5]. While in children and young adults the 5-year survival is >90%,
in the group of 60+ years patients, this value is about 52% [5]. Likewise, the mortality rates
related to PAs are higher in adults than in children. Despite this could be explained by
differences in the location of these tumors in adults many evidences suggest that PA is in fact
a more aggressive neoplasm in older age groups [5].
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2. Anatomical location and neurorradiological features

The main location of PA is the cerebellum, with more than 60% of the cases occurring in
cerebellar hemispheres, however, it can arise all through the neuraxis, induding hypothalamic
region, the optic-chiasmatic tract and spinal cord, with some cases involving the whole spinal
cord (“holocord pilocytic astrocytoma™) [2; 3; 6]- [9]. This wide distribution in the central
nervous system (CNS) may, in part, explain the differences in the prognosis of PA, since GTR
of a lesion located near or in eloquent areas of the (NS may be unachievable. In addition, some
locations present special features or are related to spedfic conditions. For example, multiple
tumors and tumors located in the optic-chiasmatic region are far more common in patients
with neurofibromatosis 1 (NF1), while supratentorial and spinal cord PAs are more frequent
in adults than in children [2; 5].

At neurorradiological exams, the typical finding is, generally, anon-infiltrative, well delimited
biphasic lesion, with a cystic, hipointense, area assodated with a mural nodule, which can be
contrast-enhanced at magnetic resonance image (MRI) and computed tomography (CT),
however, diverse patterns as solid nodule or complete cystic lesions canbe seen [2; 10] (Figure
1). In any case, perilesional edema is not commonly observed, as it is in high-grades primary
brain tumors [11]. Anecdotally, PA can be manifested as cerebral hemorrhage [12].

Figure 1. Neurorradiological features of Pilocytic Astrocytomas, after endovenous contragt injection. Note the absence
of perilesional edema, even in voluminous lesions. A- Cerebellar lesion - solid with cystic areas. This is the commonest
pattern of PA (MRI, coronal view). B- Cerebellar lesion, predominantly cystic with a mural nodule {CT, axial view). C-
solid, suprasselar lesion (MRI, coronal view).
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3. Clinical signs and symptoms

Due to its highly variable location in the neuraxis, the signs and symptoms of PA depend on
the affected area. As the most common location is the cerebellum, headache and neck pain,
vomiting, gait disturbance and visual abnormalities are usually referred [2; 3; 6; 13]. In
supratentorial tumors, the occurrence of seizures may be seen and is related to cortical
involvement [6]. In the hypothalamic area, PA may present with hormonal dysfunctions, for
example, diabetes insipidus, obesity [3; 11] and the diencephalic syndrome ~ emaciation,
hiperkinesis, irritability and accelerated growth [11]. The involvement of the optical pathway
is related to visual loss or visual-field deficits [6; 11]; proptosis presents only in large, intraor-
bital tumors [6].

Clinical signs of intracranial hypertension, as hydrocephalus, papilledema, nistagmus, nausea
and vomiting are common in virtually all locations, because of the mass effect impinged by
the neoplasm [2;3; 11]. On the other hand, smaller lesions may remain asymptomatic by some
variable time [11].

4. Histopathological aspects

Some histopathological features of PA are well-established, for instance, biphasic pattern, with
high- and low-cellularity areas; elongated (piloid) and rounded, oligodendroglial-like, cells
mixed in various proportions; microcystic areas; Rosenthal fibers, and eosinophilic granular
bodies are the commonest findings [2; 6] (Figure 2). In general, these findings support a
diagnosis of a low-grade astrocytoma (grade I), according to the World Health Organization
(WHO) criteria. However, features like microvascular proliferation, necrosis and degenerative
nudear atypia, more commonly present in infiltrative, high-grade gliomas, may be seen
(Figure 3B, C). Diverse frominfiltrative tumars, though, these features shall not be interpreted
as malignancy signs, unless they are associated to high mitotic activity [2; 3; 10]. Leptomenin-
geal dissemination is quite common, and apparently is not related to aggressive behavior [14].
Calcification, hemorrhage and perivasaular lymphocytic infiltration are less common (Figure
3A, D), but may be seen in some cases [10; 14]. Eventually, neuronal cells can be observed,
intermingled in the tumor, but they lack neoplastic features, and can be interpreted as
entrapped neurons [6; 10; 14].

Because of the great variation in histopathological appearance, the diagnosis of PA is usually
challenging, espedally in minute biopsies, and greatly dependent upon correlation with
neurorradiological aspects [2; 3]. This can be such a dilemma, that some authors refer huge
discordance between pathologists, with half of PAs misdiagnosed as higher-grade tumors at

primary diagnosis [15].
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Figure 2. Histopathological aspects of Pilocytic Astrocytoma. All microphotographs represent H&E stain. A- Biphasic
pattemn — high cellularity at left and lower cellularity at bottom right {100x). B- Round and piloid cells constitute this
tumor. Nate the vasculature, with typical endothelia (200x). C- Rosenthal fibers (black arrow) and eosinophilic granu-
lar body {white arrow) can be seen in higher cellular areas (200x). D- At battom, a microcystic area is seen (40x).
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Figure 3. Some other histopathological aspects of Pilogytic Astrocytoma at the H&E stain. A- Microvascular proliferas
tion (200x) B- Areas of necrosis may be seen in some tumaors - in this case, the necrosis is at right (40x). C- Calcification
foci near a microcystic area of tumor (40x). D- Lymphocytic cuffs may be present {200x).

4.1. Differential diagnosis

Differential diagnoses of PA include low- and high-grade gliomas and the identification of
different entities has great importance in the treatment choice and prognosis of patients.

Among low-grade tumors, the most important differential diagnoses include ganglioglioma;
pleomorphic xantoastrocytoma (PXA); grade II oligodendroglioma; and diffuse astrocitoma.
In these cases, tumor location, neurorradiological and immunohistochemical features can help
in the definition, and this will be better discussed later in next sections. Moreover, hypothala-
mic lesions, espedally in infants, must also be distinguished from pilomixoid astrocytoma, a
recently described tumor, stated as grade Il variant of PA in the last WHO dassification [2; 3].

On the other hand, anaplastic astrocytoma and anaplastic oligodendroglioma (WHO grade
II) are some of the high grade lesions that can be confounded with PA [2; 3] when there are
degenerative atypia and/or oligodendroglial-like areas in the tumor. Finally, glioblastoma
(GBM - WHO grade 1IV), the commonest and most aggressive astrocytoma, share various
histological and neurorradiological features with PA, which makes the diagnosis problematic
in some cases [16]- [18]. In these cases, clinical correlation and immunohistochemical markers
can be used for better defining the diagnosis.
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5. Inmunohistochemistry in the diagnosis of pylocitic astrocytoma

In order to reduce misdiagnoses, some immunohistochemical markers can be used to elucidate
complicated cases. There are no spedfic markers for PA, but differences between expressions
of standard antibodies can help in the task. Some of the main immunohistochemical markers
are described herein:

5.1. Glial Fibrillary Acidic Protein (GFAP)

GFAP is a cytoplasmatic intermediate filament, component of the cytoskeleton of normal and
neoplastic astrocytes [3]. Like in all astrocytomas, GFAP is persistently, diffusely expressed in
PAs, which does not permit the delineation between PA and diffuse astrocytomas. However,
it may be a useful tool to differentiate PA from other gliomas, such as ependymomas and
oligodendrogliomas.

As described earlier, some PAsmay present perivascular lymphocytic cuffs and neuronal cells
entrapped among the neoplastic astrocytes. These characteristics are also seen in ganglioglio-
mas [6]. To rule out this possibility, GFAP may help, as stated since 1970s by Eng and Rubin-
stein [19], since the neoplasticneuronal cells in this tumor are negative and may be highlighted
in contrast to the strongly positive neoplastic astrocytes with this marker - this pattern
corroborates the mixed nature of ganglioglioma. There are other immunohistochemical
markers that help in this differential diagnosis, in addition to GFAP, for example, (D34
(positive in gangliogliomas and negative in PAs) and Neu N (neuronal marker, useful in the
identification of neoplastic and entrapped neurons).

Secondly, since PAs may present oligodendroglial-like areas and calcifications, another utility
for the use of GFAP is to differentiate these areas (in a small sample, for example) from
oligodendrogliomas. Oligodendroglial tumors are mostly negative, however, a peculiar
pattern of perinuclear immunoreactivity was recognized after the description of the proto-
plasmatic oligodendrocytes, present in almost 80% of oligodendrogliomas [17; 20]. Even in
those positive cases, the pattern contrasts to the cytoplasmatic, diffuse positivity seen in the
PAs. Other immunohistochemical markers can be used in a panel in order to refine this
diagnosis, for instance, OLIG-2, a transcription factor involved in oligodendroglial differen-
tiation [21]. Although some weak immunnopaositivity may be seen in astrocytomas (low and
high grades) and more than 70% of PAs may be immunoreactive for OLIG-2 [22], according
to some authors, OLIG-2 can significantly distinguish oligodendroglial and astrocytic tumors
[20; 21]. As these both markers (GFAP and OLIG-2) can be simultaneously expressed by PAs
and oligodendrogliomas, the interpretation of these immunohistochemical tests must take in
account other histopathological findings and even neurorradiological features.

Finally, although GBM is a also a tumor of astrocytic lineage, it may present a different pattern
of GFAP immunopositivity. Opposed to the diffuse positivity in PA, GBM s heterogeneously
immunoreactive, predominant at the periphery of the tumor or only focal. This happens
because the immunoexpression of GFAP tends to decrease with the malignant progression of
astrocytomas [16; 17; 23].
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In summary, GFAP is an important marker of astrocytic differentiation and can help to
distinguish PA from other low- and high grade gliomas, both through the presence or absence
ofits immunoexpression and the different patterns (subcellular location and distribution over
the tumor areas) of immunopositivity.

5.2. Ki67

The non-histone nudear protein ki67 is a protein codified by genes present in the chromo-
some 10 [24; 25]. It is expressed in the nuclei of cells in all but GO and early G1 phases of
the cellular cycle [26], which allows a faithful estimative of the proliferative index of a
neoplasm. As PA is a grade I astrocytoma, low proliferative index is the rule in these
tumors [2; 3] (Figure 4A) with medium values about 2% [14; 27], however medium values
as high as 4,4% have been related [10; 28].

Figure 4. Immunnohistochemical aspects, with avidin-biotin-peraxidade technique. A- Ki67 - nuclear positivity in
about 2% of neoplastic cells(100x). B- Galectin-3 — this case showed veak, diffuse immunopasitivity and predominant
cytoplasmatic location (100x). C- Galectin-3 strong, diffuse positivity and the vascular endothelium showed no reac-
tion {100x). D- CD31 reaction in the endothelia - delicate vessels in the tumor (200x).
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Proliferative index by ki67 expression is a well established prognostic factor in diffuse
astrocytomas [29], yet, its role in the prognosis of PA is controversial. In 2002, Roessler et al
did not show significant differences between cerebellar PA when comparing groups according
to the proliferativeindex with a cut-off value of 5%[ 28] and this result was further corroborated
by other study with even lower cut-off value of 3% [10]. Shortly after, Bowers et al (2003)
described a subset of PA with worse prognosis, when the proliferative index determined by
Ki67 was >2% [27]. More recently higher medium values (>10%) were described in recurrent
and more aggressive PAs[10], and this exceptionally high value is similar to the medium value
of proliferative index for GBM (12,28%) described earlier by the same group [29].

Although the proliferative index is still a questionable independent prognostic factor of
PAs, it is well accepted that a strict follow up is needed in the cases with high prolifera-
tive activity [10; 27].

5.3. Galectin-3

Galectin-3 (gal-3) is a carbohydrate-binding protein that binds spedfically to p-galactosides
sugars. This protein is involved in various biological processes, such as cellular proliferation,
apoptosis, transcriptional regulation, intracellular signalization, adhesion and migration [30;
31]. The expression of gal-3 may be seen in both cytoplasm and nuclei of neoplastic cells
(particularly cardnomas) from various organs, such as thyroid, pancreas and prostate [32], but
the relation between hyper- or loss of expression and biologic behavior of the tumor varies
among the different organs [32].

In APs, gal-3 is expressed in the nudei and cytoplasm of neoplastic cells in all cases of PA
described by various authors [2; 10; 32; 33], but lacks the expression in the vascular endothe-
lia(Figure 4B, C), contrary to what it is seen in non-neoplastic brain parenchyma [10; 33] and
in astrocytomas grades Il and III and oligodendroglial tumors, which permits a faithful
delineation from PA when facing tough cases [17; 31].

Gal-3 is not specific of PA, since other low-grade tumors, suchasependymomas and PXA also
present dif fuse expression of gal-3 [10; 32; 33]. Interestingly, focal (heterogenous) expression
of gal-3 is also seenin GBM [2; 18; 32], and although the vast differences between the biological
behavior and molecular pathways of these tumors, this expression may be related to micro-
vascular proliferation and breaking of hematological barrier (and contrast-enhancement at
neurvimage) seen in these both entities [10; 18].

Although various studies have tried to relate the intensity and extension of gal-3 expression
to the clinical behavior of PA, no prognostic significance was proved until now. Still, as gal-3
expression is a conspicuous finding in PAs, in a pattern that can be differentiated from other
grades of astrocytoma, this marker may be very useful in the tumor diagnosis [10; 18; 32; 33].
Besides, recently a group of authors described a close relationship between expression of gal-3
and activation of the RAF-MEK-ERK pathway in pancreatic cancer [34] and, as we shall see
later in this chapter, that isan important molecular pathway in the genesis of PA, so gal-3 may
be soon proved as a potential target for future treatments.
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6. Molecular biology of pilocytic astrocytomas

Since no prognostic factors have been identified to differentiate regular from the more
aggressive Pas [5; 10; 14], the genetic characteristics of the PAs have recently been investigated
to better understand and try to predict the behavior of this tumor. Among these alterations,
chromossomal abnormalities (structural or numerical, as the aneuploidies), single-gene
mutations and epigenetic damage are mechanisms that could launch the molecular pathway
of oncogenesis.

The molecular pathways of oncogenesis differ in PAs and diffuse astrocytomas. For example,
two growth factor receptors, EGFR and PDGFR, related to invasion and malignant progres-
sion, which are frequently hyperexpressed in infiltrative diffuse astrocytomas had a lower
expressionin PAs observed by different groups [35;36]. Besides, other genes characteristically
altered in diffuse gliomas, as TP53 and PTEN are normally expressed in Pas [2; 35; 37].

No cytogenetic abnormalities were detected in PA at first, and the majority of PAs presented
normal karyotype, similar to fetal astrocytes [37], and the majority of the altered tumors were
from female and adult patients [2]. Since then, a lot of genes have been investigated. We shall
see the most studied genes in PAs in the subsequent sessions.

6.1. NF1 gene

The first genetic studies tried to establish some differences between sporadic PAs and NF1-
PA, which present amore aggressive behaviour. It was known that NF1-PAs present germline
mutations of NF1 (in contrast to somatic mutations in GBM of this gene) and this resultsin a
loss of expression of the gene and, at proteinlevel, resultsin a defective protein, neurofibromin
[3], which lastly permits a constitutive activation of the RAS-RAF-MERK-ERK molecular
pathway [4], or the mTOR/AKT pathway, activated in more aggressive Pas [4].

The detection of NF1 mutations can be achieved by molecular methods, by verifying the
expression of the gene or even at IHC, through the expression (or loss of expression) of
neurofibromin. [2; 3]

6.2. The RAS-RAF-MEK-ERK signaling pathway

The studies of NF1 gene were “the initial indication that Mitogen-activated protein kinase
(MAPK) signaling might play a role in the development of PAs”, as stated by Jones et al (2011)
[4]. Since then, various groups have investigated the participant proteins of these pathways.

The MAPK pathways regulate fundamental biologic processes. In mammalian, there are 4
well-described MAPK pathways [38; 39] (Figure 5) and the most studied is the extracellular
signal-requlated kinase (ERK)1/2 [39]. Alterations of this pathway are described in both low and
high-grade astrocytomas [4], but molecular mechanisms differ between them.

In summary, the ERK1/2 pathway is triggered by the binding of soluble peptides to a
Tyrosin-kinase receptor (TKR) at the cell surface, and initiates a cascade of events that
terminates in the appropriated cellular response [40]. This pathway is related to various
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Figure 5. Integration of the MAPK pathways in the cellular response to various environmental stimuli. The sequential
phospharilation of RAS-RAF-MEK ERK, after dimerization of TKR, and the role of negative regulation of NF1.

fundamental cellular processes, such as proliferation, cellular differentiation, survival,
migration, and angiogenesis [41; 42].

The ERK cascade is constituted by RAS, Raf, MEK and ERK proteins [39], which are subse-
quently activated during the process. After the binding of the extracellular peptide with the
TKR and its dimerization, it activates the RAS protein, which then activates the Raf family,
MEK and, finally, ERK protein [40; 43], that is present in the nudei, to effectuate the response
to the.initiator sign [43]. The RAS-Raf league is considered the regulatory center of the ERK
cascade and mutations of anyof this genes result in ERK pathway misregulation. Itisimportant
to note that the mutations of these proteins are mutually exdusive [39].

The proteins of Raf family are the main effectors of RAS and their action is in phosphorylating
MEK 1 and MEK2 [44]. This family is a cytoplasmatic group of proteins, constituted by A-Raf,
B-Rafand C-Raf [43], proteinsthatpresentsimilarstructureandbiologicalfeatures [44], although
they show different tissue distribution and capacity of activating the MEK proteins [45].

6.2.1. Oncogene BRAF

In humans, the most studied Raf protein is the B-Raf (BRAF), which is mutated in about 8% of
all human neoplasms [44], and in melanomas this rate can be as high as 60% of the cases, with
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the commonest mutation being point mutation V600E [46; 47].In the setting of PA, mutations
with constitutive activation of BRAF were demonstrated in up to 80% of cases, while they are
very rare in diffuse astrocytomas [48]. The mechanisms that explain a constitutive activation
of the BRAF are: i) point mutation V600E [44; 49; 50]; ii) duplication of a region in chromosome
7q [51; 52]; and iii) fusion between oncogenes BRAF and KIAA1549.

The point mutation V600E refers to a single glutamic add for valin substitution at codon 600
of BRAF gene [44], which is the commonest BRAF missense mutation in human cancer [44;
46]. This mutationis not specific for PA and can be detected in various brain tumors, including
PXAs, gangliogliomas, and in up to 6% of GBMs [49; 50] and other tumors, such as thyroid
cancers and melanomas [44].

The BRAF duplications are due to asomatic rearrangement of the gene insporadic PAs. It was
the first described genetic alteration of PAs [51;52]. They are more frequent in gliomasin non-
cerebellar [52] location, including that of the optical pathways [53], bothin NF1-related tumors
and in those sporadic ones. Nevertheless, other authors did not identify BRAF duplications in
NF1-related tumors, and suggested the activation of a different pathway (mTOR) in the genesis
of these frequently more aggressive tumors [54]

Finally, the fusion BRAF-KIAA1549 is present in 50-100% of the patients with PA [4; 55; 56].
This alterationis highly spedficfor PAs, and there isa growing tendency for using thismarker
as a powerful tool of molecular diagnosis in surgical pathology routine [57]. Although this
fusion has recently been described in some other low-grade tumors, such as pilomixoid
astrocytoma, glioneuronal tumors and unclassifiable low grade gliomas [57; 58], dinical and
pathological correlation permit the diagnosis of PA in cases where diffuse component is
predominant at histology [57]. Also, this fusion is significantly more frequent in infratentorial
and optical pathways-located tumors [57].

The importance of studying the genetic mutations in PAs has grown, since many target
therapies against the MAPKs pathway components are recently being developed. For
example, concerning tumors with the V600OE mutation, in 2012 two groups described the
use of Vemurafenib, a BRAF inhibitor, in melanoma [59] and in lung cancer [60], with good
results. In addition, other proteins of the ERK cascade can be targeted by novel drugs, as
Trametinib, a specific MEK inhibitor, that has also been used successfully in patients with
melanomas that present V60DE mutation [61]. It is still unknown whether tumors harbor-
ing the fusion BRAF-KIAA1549 are responsive to Vemurafenib and Trametinib. Concern-
ing the former, the distinct studies showed the lack of patient’s response in the wildtype
BRAF [62]

At last, it is important to note that the resultant protein of the fusion BRAF-KIAA1549 is
cancer-specific and it is potentially a target for future treatments. The most representa-
tive example of this possibility is the identification of the fusion BCR-ABL in chronic
myeloid leukemia (CML), in a similar molecular mechanism. The knowledge of this fusion
permitted the development of a target-drug, Imatinib, in the middle 2000's [63].This drug
has changed the treatment and prognosis of the CML patients by controlling the disease,
with excellent tolerability.
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The molecular pathways of PAs are beginning to be faithfully recognized and some of the
molecules of these pathways have already some kind of target drug available for inhibition,
with efficacy proved in other kinds of tumors. As there are no studies with these novel drugs
in PAs, this can become a good direction for future clinical research.

7. Conclusion

Pilocytic astrocytoma is usually a tumor with good prognosis; however some eloquent
locations do not permit the total resection of lesions. In these cases and in the ones that can
recur even after gross total resection, the patients can suffer with physical limitations and even
death. The study of the molecular pathways of PA's oncogenesis may represent a hope for
longer and better quality life for these patients. There is a wide field for research in order to
better understand thisintriguing tumor, since the understanding of these mechanisms can turn
a potentially fatal in a controllable disease.
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Abstract

Background/Objectives:Pilocytic astrocytomas (PAs) are the
most frequent astrocytomasin children and adolescents. Me-
thilthioadenosine phosphorylase (MTAP) is a tumor-suppres-
sor gene, the loss of expression of which is associated with a
poor prognosis and better response to specific chemothera-
py in leukemia and non-small-cell lung cancer. The expres-
sion of MTAP in brain tumors remains largely unknown and
its biological role in PA is still unexplored. Our aims were to
describe theimmunohistochemical MTAP expression in a se-
ries of PAs and relate it to the clinicopathological features of
the patients. Methods: We assessed MTAP expression on im-
munohistochemistry in 69 pediatric and adult patients with
PA in a tissue microarray platform. Results: Retained expres-
sion of MTAP was seen in >85% of the tumors compared to in
the nonneoplastic adjacent tissue. Only 3 supratentorial tu-
mors showed a complete loss of MTAP expression. No sig-
nificant association with clinicopathological features or over-

all survival of the patients was found. Conclusions: MTAP ex-
pression is retained in PAs and is not an outcome predictor
for these tumors. Nevertheless, a subset of patients with PAs
exhibiting alossof MTAP could potentially benefit fromtreat-
ment with specific chemotherapy, especially when lesions
are recurrent or surgical resection is not recommended.
©2015S. Karger AG, Basdl

Introduction

Pilocyticastrocytoma (PA) is the commonest brain tu-
mor in children and teenagers in the USA [1] and Brazil
[2, 3). PAs are considered benign, exhibiting an indolent
nature. PAs in adultsare rare and usually more aggressive
[4]. Although the majority of cases occur as sporadic dis-
ease, PAs can arise in the heredity context of type 1 neu-
rofibromatosis (Nf1) [5-7]. Nfl-PAs are usually less ag-
gressive and located at extracerebellar sites [8]. The over-
all prognosis for PAs is good, but in some cases they are
aggressive, leading to death [9-11]. Extension of resec-
tion and high mitotic activity are key factors related to a
poor prognosis in PAs [10, 11].

© 2015 S. Karger AG, Basel
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The molecular pathogenesis of PAs has been extensive-
ly studied, particularly the constitutive activation of the
mitogen-activated protein kinase (MAPK) pathway
through BRAF proto-oncogenealterations [9, 12-21], such
as KIAA1549-BRAF (K:B) fusion (in up to 80% of cases,
mainly in cerebellar lesions) and V600E BRAF point muta-
tion (in 10% of cases, more frequent in supratentorial le-
sions) [9, 22, 23]. Recently, point mutations in the fibro-
blast growth factor receptor 1 (FGFRI) gene, a MAPK up-
stream receptor, were described in extracerebellar tumors
asan alternative mechanism for MAPK activation [20).

Canonically, the MAPK pathway leads to increased
cell proliferation; however, it may also cause oncogene-
induced senescence in cells [9]. Oncogene-induced se-
nescence restricts the progression of benign tumors, such
as melanocytic nevi and PAs, in response to V600E BRAF
mutation [19, 24]. In PAs, the ectopic expression of the
V600E BRAF mutation results in induction of the INK4a/
ARF locus, at 9p21, with subsequent overexpression of
p16, a known senescence marker [19, 25], the loss of ex-
pression of which correlates with a shorter overall sur-
vival (OS) in sporadic PAs [19] and a more aggressive
course in some Nfl-PAs [26].

Additionally, the 9p21 locus harbors the tumor sup-
pressor gene methylthioadenosine phosphorylase (MTAP)
[27-29], which is coexpressed with p16™%# in various
malignant tumors [29-33]. Homozygous deletion of
MTAP upregulates de novo synthesis of purine (DNSP)
and increases the proliferation of cancer cells [29, 30]. In-
terestingly, MTAP deletion increases the sensitivity of
neoplastic cells to DNSP inhibitors such as methotrexate,
L-alanosine and pemetrexed [27, 30], particularly in leu-
kemia [29, 30] and other solid tumors, e.g. in the lung,
liver and breast [30, 33-35]. In tumors of the central ner-
vous system, deletion and gene copy-number breakpoints
of MTAP have been reported in glioblastomas [36, 37],
and in pediatric high-grade gliomas [38], respectively.
However, none of these studies assessed MTAP expres-
sion by immunohistochemistry.

The biological role of MTAP in PAs s still unexplored.
Our aims were to describe the immunohistochemical
MTAP expression in a series of PAs and relate it to the
clinicopathological features of the patients.

Materials and Methods

Patients

From 1993 to 2013, 69 patients with PA were retrieved from the
Pathology Department of the Barretos Cancer Hospital (HCB) and
the Hospital Clinics of the Ribeirao Preto School of Medicine, Uni-

2 Pathobiology
DOIL 10.1159/000430956

versity of Sao Paulo (HCRP), Brazil. Recurrent lesions from 5 pa-
tients, 1 with 2 relapsed lesions, were also analyzed, totalling 75
samples. The patients were grouped according to gender, age (pe-
diatric: <19 years old and adult: 220 years old) and tumor location,
i.e. cerebellar or extracerebellar. Patients with Nf1-PAs (n = 5) had
confirmed dlinical diagnosis of Nf1 by standardized criteria. Surgi-
cal resection was classified as gross total resection or partial resec-
tion, measured by immediate postsurgical CT scan [39]. The out-
come of patients was categorized as favorable (stable, partially re-
sected lesions and totally resected lesions) or unfavorable
(progressive or recurrent lesions, patients with a Karnofsky index
<70 and/or death). An event was defined as the growth of a resid-
ual lesion or the recurrence of a totally resected lesion, detected
clinically or by radiological exam. This study was approved by the
Ethics Committees of both institutions (HCB/87362 and
HCRP/212313).

Tissue Microarray Construction

After review of the cases by two independent neuropatholo-
gists, two blocks of tissue microarray (TMA) were constructed
from the formalin-fixed, paraffin-embedded samples, using the
Beecher Instruments™ TMA platform, with 1.0-mm (HCB cases)
and 1.5-mm (HCRP cases) needles. To represent the heterogeneity
of the tumors, we obtained 1-8 cores from each case (average: 3.6
cores/case). In 9 cases, adjacent nonneoplastic cerebellum was rep-
resented in the samples and included in the TMA.

Western Blot Analysis

Cells from the SNB19 and MDA-MB231 cell lines, known to,
respectively, express and notexpress MTAP [40, 41| were grown
in 25-cm? flasks (3 x 10° cells) to 80% cell confluence, scraped in
standardized lysis buffer and then centrifuged to extract total
protein. After electrophoresis, the blots were performed and in-
cubated with 5% nonfat dry milk in TBS-T for 1 h at room tem-
perature, with MTAP polyclonal antibody for 15 h at 4°C (Pro-
teintech, Chicago, IlL, USA; 1:800) and p-actin (Cell Signaling,
Boston, Mass., USA; 1:5,000) as a control for 1 h at 4°C. Ulti-
mately, the blots were washed with TBS-T and incubated with
anti-rabbit 1gG (for MTAP) or anti-mouse IgG (for p-actin)
HRP-linked antibody (Cell Signaling; 1:5,000 for both antibod-
ies). Immunodetection was done with Amersham ECL Western
blotting detection reagents in automatic ImageQuant LAS 4000
mini (GE Healthcare).

Immunohistochemical Analysis

To confirm the diagnosis of PA, we initially performed immu-
nohistochemical analysis of galectin-3 [42] and mutated IDH-1
[43] from the TMA slides. The reactions were accomplished using
the established protocols for Ventana Benchmark Ultra platform
(Ventana-Roche, Tucson, Ariz., USA) and the monoclonal anti-
bodies anti-galectin 3 (Diagnostic BioSystem, Pleasanton, Calif,,
USA; clone 9C4, dilution 1:50), and anti-mutated IDH-1 (R132H;
DIANOVA, Hamburg, Germany; clone H09, dilution 1:50). The
results were classified as negative or positive, when at least 10% of
the tumor cells exhibited cytoplasmic positivity for each marker.

For MTAP evaluation, we performed a manual immunohisto-
chemical assay on the TMA slides. Briefly, following sample dehy-
dration and antigen retrieval with a mixed buffer (citrate 10 mm/
EDTA 1 mM, pH 6.0) for 4 min at 125°C and 20 min at 90°C, the
slides were incubated with the MTAP polyclonal antibody (Pro-
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Fig. 1. a Immunohistochemical cytoplas-
mic expression of galectin-3. x100. b A
sample of PA, negative for mutated IDH-1
(400x). € Western blot assay showing ex-
pression of MTAP in the SNB19 cell cul-
ture and no expression in the MDA-
MB-231 cell culture. Inmunocytochemis-
try shows cytoplasmic expression of MTAP
in the SNB19 cell lineage (d) and a lack of
MTAP expression in the MDA-MB-231
cell line (e). x400.

MTAP
(31kDa)

B-Actin
(43 kDa)

SNB19

, i
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teintech; 1:300) at room temperature overnight. Then slides were

1

Table 1. Clinicopathological features of patients with PA

incubated with secondary antibody and streptavidin peroxidase,
stained with 3,3" diaminobenzidine chromogen and counter-
stained with hematoxylin.

The subcellular localization (cytoplasmic and/or nuclear), ex-
tension and intensity of the reaction were further evaluated and
scored. The extension of reaction was measured as: 0 (negative), 1
(=25% of positive cells), 2 (25-50% of positive cells) or 3 (250% of
positive cells). Intensity was measured as: 0 (negative), 1 (weak), 2
(moderate) or 3 (strong). The sum of these parameters resulted in
scores assumed as reduced expression (0-3) or retained expression
(4-6). Endothelial positivity was the internal positive control. Ex-
ternal controls for both TMAs were normal liver and prostate, in
addition to the cell-blocks of SNB19 and MDA-MB231 (fig. 1c-e).
Average values were considered in cases with >1 core onthe TMA.

Statistical Analysis

The statistical analysis was performed using SPSS version 20 for
Windows™ (IBM, Chicago, IlL, USA) with p < 0.05 considered
statistically significant for the Fisher exact test, Pearson x? test and
McNemar test. Event-free survival (EFS) and OS were calculated
by the Kaplan-Meier method.

Results

The clinicopathological features of the series are sum-
marized in table 1. Patients” age ranged from 0.3 to 53.4
years old (median: 9.1 years old). Four pediatric patients
died of disease (3 females and 1 male), 1 due toa recurrent
tumor and 3 due to the progressive growth of lesions,
within 1.7, 2.6, 6.5 and 10.7 years after the first surgery.

Expression of MTAP in PAs

Patients, n ~ MTAP expression

0 <3 =4 pvalue

Patients (total) 69

Male 38 3 2 33 0.127

Female 31 [ 26
Age group

Pediatric 60 3 6 51 1.0

Adult 9 0. il
Nfl

Yes 5 1 0 4 0271

No 64 2 7 55
Location

Cerebellar 36 0 5 31 0.163

Extracerebellar 33 3 2 28
Extension of resection

Total 31 1 3 27 1.0

Partial 38 2 4 32
Outcome

Favorable 41 2. 5 34  0.865

Unfavorable 28 ) (G 25
Recurrence

Yes 5 0 1 4 0525

No 26 452 23
Progression

Yes 17 1 0 16 0.145

No 21 1 4 16
Death

Yes 4 0 1 3 0474

No 65 3:7 .6 56
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Fig. 2. Patterns of immunohistochemical MT AP expression in ad-
jacent normal tissue and in PAs.a A PA with piloid and round cells
ina loose background with Rosenthal fibers. HE. x400. b Normal
cerebellum, depicting strong reaction in Purkinje cells and astro-
cytes lacking MTAP expression. x20. Inset: strong cytoplasmic re-

The median EFS and OS for the entire cohort was 3.5 (0.1-
16.3) and 4.0 (0.6-16.6) years, respectively. Patients with
relapsed tumors had a shorter EFS (0.1-10.7 years, median
0.9) and OS (0.7-16.2 years, median 2.7). All the relapsed
lesions maintained the histopathological criteria for PA.

Galectin-3 was expressed in 95.7% of the series and all
cases lacked mutated IDH-1 (R132H) expression (fig. 1a,
b), confirming the diagnosis of PA.

Following MTAP antibody validation by Western blot
and immunocytochemistry in the SNB19 and MDA-
MB231 tumor cell lines (fig. 1), we achieved adequate re-
sults in 67/69 of the primary lesions and in 5/6 of the re-
lapsed lesions. We observed cytoplasmic MTAP expres-
sion in 59/67 primary tumors (88.1%; fig. 2). Ten cases
(14.5%) presented reduced expression, including 3 that
lost MTAP expression completely (fig. 2d).

Inthenonneoplasticcerebellum, Purkinje cells showed
strong cytoplasmic positivity for MTAP, while the non-

4 Pathobiology
DOIL: 10.1159/000430956

action of Purkinje cells. x200. ¢ Normal cerebellum-tumor transi-
tion - the tumor showed a moderate reaction. x100.d Tumor with
loss of MTAP expression and positive endothelial reaction (ar-
rows). x400. e Moderate cytoplasmic MTAP staining., x100.
f Strong cytoplasmic MTAP reaction in piloid area of a PA. x100.

neoplastic astrocytes were negative (score: 0) in 8/9 cases
(fig. 2b, c) and faintly positive in 1 case (score: <3). The
difference between neoplastic and nonneoplastic astro-
cytes was statistically significant in the Wilcoxon test (p =
0.005). In contrast, there were no significant differences
in MTAP expression between groups (table 1).

PAs in the optic pathways showed strongest MTAP
expression (4/4 lesions, score: 6). The 3 tumors with a
complete loss of MTAP expression were located in the
cerebral hemispheres (table 2). Among these patients, 1
showed an Nf1-PA context and 1 had multiple recurrenc-
es (not analyzed in this study).

The relapsed lesions displayed similar expression to
their primary counterparts (p = 0.5, McNemar test). One
patient had stronger expression in the relapsed lesion
(score: 4 and 6) and the patient with 3 available samples
presented decreasing MTAP expression over time (score:
6, 5and 4, respectively).

Becker/Scapulatempo-Neto/ M /
Clara/Machado/Oliveira/Neder/Reis




Table 2. MT AP expression according to the location of the tumor

MTAP score

negative <3 =4 total

Cerebellum 0 5 31 36
Brain stem 0 1 3 4
Medullary 0 0 5 5
Suprasellar 0 0 6 6
Optic pathways 0 0 4 4
Cerebral hemispheres 3 1 10 14
Total 3 7 59 69

Finally, MT AP expression did not influenced the OS
or EFS, as seen in the Kaplan-Meier curves (p = 0.645,p =
0.736).

Discussion

To the best of our knowledge, this is the first study to
assess MTAP expression on immunohistochemistry in
central nervous system tumors. We report that MTAP
expression is retained in the majority of PAs. The few
studies that have analyzed MTAP in gliomas reported
MTAP deletions and reduced mRNA expression in pedi-
atric [38] and adult glioblastomas [36, 37,40, 44]. We also
observed reduced MTAP tumor expression in a small
number of infiltrative diffuse astrocytomas (i.e. WHO
grades II-1V), with a trend towards lower expression in
high-grade tumors (data not published), which suggests
that the loss of MTAP expression is associated with in-
creased glioma malignancy.

In this series of PAs, the loss of MTAP expression ob-
served in a few cases did not influence prognosis, and we
could not confirm that MTAP is a predictor of outcome.
In contrast, the loss of expression of the neighbor gene
pl6has aprognostic impact on PAs [19]. Recently, it was
described that the simultaneous loss of expression of pI6
and MTAP determines shorter survival of patients with
non-small-cell lung cancer [45].

The normal distribution of MT AP in the central ner-
vous system is not properly defined [46]. Wedescribe that
nonneoplastic astrocytes had virtually a complete loss of
MTAP expression as opposed to the adjacent neoplastic
astrocytes. In experimental studies on dementia, MTAP
overexpression has been related to senescence and loss of
neuroprotective function compared to normal astrocytes
[47,48]. Wetherefore hypothesized that theadjacent cells

Expression of MTAP in PAs

play an essential role in the establishment of boundaries
to the growth of PAs by avoiding these cells from senes-
cence, thereby maintaining their neuroprotective role.
This, associated with the oncogene-induced senescence
in the tumor cells, would help to explain the indolent be-
havior of PAs. Finally, the increased expression in spe-
cific cell subtypes, such as in the astrocytes of the optic
nerve and retina, suggested by previous investigations
[46], may explain why the tumors located in the optic
pathways displayed stronger expression of MTAP in our
series.

The great interest in assessing the expression of MTAP
in tumors arises from the therapeutic potential of DNSP
inhibitors, such as methotrexate, L-alanosine and peme-
trexed [27]. It has been reported that a loss of MT AP ex-
pression sensitizes cancer cells to DNSP inhibitors, as
shown in studies on leukemia and lung cell lines [30] and
various malignant neoplasms [27]. This is particularly
relevant for lymphomas, leukemias [27, 29] and non-
small-cell lung carcinoma [34, 45]. Nevertheless, chemo-
therapy regimens with pemetrexed were not effective for
pediatric patients with medulloblastomas, ependymomas
and high-grade gliomas [49], and the addition of metho-
trexate in the chemotherapeutic treatment of infratento-
rial ependymomas did not improve the response to these
drugs [50]. However, none of these studies assessed
MTAP expressionin the tumors. Inthe light of the knowl-
edge about MTAP expression, further clinical studies
could help to elucidate the poor results of DNSP inhibi-
tors in pediatric brain tumors. Although itis a small sub-
set, patients with PAs that exhibita loss of MT AP expres-
sion could potentially benefit from treatment with DNSP
inhibitors, especially when lesions are recurrent or un-
achievable to surgical resection.

To conclude, understanding the role of MTAP in an
indolent neoplasm, such as PA, may help to uncover the
mechanisms by which the activation of MAPK leads to
senescence, instead of stimulating cell proliferation in
these tumors. Additional studies, with larger cohorts,
comparisons with other glioma subtypes and correlations
with different molecular mechanisms of MAPK activa-
tion are needed to confirm and extend our findings and
to elucidate the role of MTAP in gliomagenesis.
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ORIGINAL ARTICLE

KIAA1549:BRAF Gene Fusion and FGFR1 Hotspot Mutations Are

Prognostic Factors in Pilocytic Astrocytomas

Aline Paixao Becker, MD, MSc, Cristovam Scapulatempo-Neto, MD, PhD, Adriana C. Carloni, MSc,
Alessandra Paulino, BSc, Jamie Sheren, PhD, Dara L. Aisner, MD, PhD, Evelyn Musselwhite, MSc,
Carlos Clara, MD, PhD, Hélio R. Machado, MD, PhD, Ricardo S. Oliveira, MD, PhD,
Luciano Neder, MD, PhD, Marileila Varella-Garcia, PhD, and Rui M. Reis, PhD

molecular alterations may constitute alternative targets for novel clini-
Abstract cal approaches, when radical surgical resection is unachievable.
Up to 20% of patients with pilocytic astrocytoma (PA) experience . . ] AR . :

a poor outcome. BRAF alterations and Fibroblast growth factor re- Kﬂ had prds: ,BR“”" Brain tumor, I'(',I'R 1, Glioma, Molecular diag-
ceptor 1 (FGFRI) point mutations are key molecular alterations in  10Sis: Pilocytic astrocytoma, Prognosis.
Pas, but their chinical implications are not established. We aimed to
determine the frequency and prognostic role of these alterations in a
cohort of 69 patients with PAs. We assessed KIAAI549:BRAF fusion INTRODUCTION
by fluorescence in situ hybridization and BRAF (exon 15) mutations
by capillary sequencing. In addition, FGFR1 expression was ana-
lyzed using immunohistochemistry, and this was compared with
gene amplification and hotspot mutations (exons 12 and 14) assessed
by fluorescence in situ hybridization and capillary sequencing.
KIAAI549:BRAF fusion was identified in almost 60% of cases. Two
tumors harbored mutated BRAF. Despite high FGFR1 expression
overall, no cases had FGFRI amplifications. Three cases harbored a
FGFRI p.K656E point mutation. No correlation was observed be-
tween BRAF and FGFRI alterations. The cases were predominantly

pediatric (87%). and no statistical differences were observed in mo- (WHO), PAs are grade I tumors because of their well-limited
Ieculzlu' all.erzmom relf)t?d patient agcs.‘ln summary, we cqnﬁrmed and usually indolent nature (1). The S-year survival rate is
the high frequency of KIAA1549:BRAF fusion in PAs and its asso- >90% in children (1, 7), and 52% in adults (8). Despite the
ciation with a better .oulcome. 0{\a)gcmc n)ulalmns of i~GI~I€I. al- overall good prognosis of PAs, up to 20% of patients will
though rare, occurred in a subset of patients with worse outcome. These havea r outcome, with recurrence, growth of incompletely
resected lesions, or dissemination through the cercbrospinal
fluid, and ultimately death due to disease (1, 7).
Y Y e 7 AP, ACC, AP RMR),2n Pilocytic astrocytomas can occur throughout the neu-
om the jccular cology Rescarc enter (A . . A , an AvIEe . of o ra s [ o = S 1Q .
Department of Pathology (CSN), Bamretos Cancer Hospital, Barretos, Sao lt":m;st;cbIUI the mofl Lm'f‘lm?bl’:: |(')(.dll0n 0'_ spf)n‘u.‘“i;umﬁ]m lb_ llh('
Paulo, Brazil; Cancer Center (JS, DLA), and School of Medicine (EM,  cerebellum (1). Extracerebellar wmors, particulardy those lo-
MVG), University of Colorado, Aurora Colorado; Department of  cated in the cerebral hemispheres and in the optic pathways,
Neurosurgery(CC), Bametos Cancer Haspital, Barretos, Sdo Paulo, Brazil; have a known association with neurofibromatosis 1 (NF1), a
Department of Surgery (RSO), and Department of Pathology and Farensic — ganiia] umor predisposition syndrome with autosomal domi-
Medicine (APB, LN), Faculty of Medicine of Ribeirio Preto, University ant inheritance (1, 9). A imately 10% of all PAs are re
of Sdo Paulo (FMRP-USP), Sio Paulo, Brazil: Life and Health Sciences ~ PAREINRCALANCE (1, ¥). Approximately 117 o S 1o
Research Institute (ICVS), Health Sciences School, University of Minho I?lu] to NI'! (NF1-PAs), and cc)r!vcrscly, P:As are the most
{RMR), Braga, Portugal; and ICVS/3B’s — PT Govemment Associate frequent bram tumor related to NF1 (49% of cases) (10, 11).
gmsﬂbommr)'(dl:MRL 2'“31;‘(;“*"'“5& "0;“_5'::- | Reie. PhD. Molecul When these PAs anise in locations where gross total resection 1s
S comrespondence and reprint requests to: Rui Manuel Res, , Molecular e Ak 3 Lo . e TSN . oA
Oncology Research Center, Barretos Cancer Hospital, Rua Antenor Duarte d}::itkl:]" l‘()d.l-i(:l‘;Jk\f,. :};Ly usually follow: 2. more enign course
Vilela, 1331, Baretwos-SP, Brazil; E-mail: ruireis.hebi@gmail. com than sporadic PAs ( ) . i

‘This stody was partially supported by CNPq/Universal (4753582011-2), and Molecular studies based on the relationship between
FAPESP (2012/19590-0) grants to RMR and to the NIH- P30CA046934  PAs and NF1 allowed the discovery of germline and somatic
(CCSG Molecular Pathology/Cytogenetics) to MVG and DLA. mutations with silencin Fthe . o0 sne NET i
o L B by, ¢ of the wmor suppressor gene NFI in
This is an open access article distibuted under the terms ofthe Creative Commons . % AR R SRR A BIERE
Attribution-NonCommercial-NoDerivatives 3 0 License, where it is permissi- W 1"PAS. These were recently defined as point mutations,
bl 1o download and share the work provided it is properly cited. The work  SPlice mutations or nonsense mutations (gemline mutations)
cannot be changed in any way or used commercially. and loss of heterozygosity and epigenetic changes, such as

Pilocytic astrocytomas (PAs) are the major solid neo-
plasms in children and teenagers (1, 2). According to data
from the Central Brain Tumor Registry of the United States, it
is the main neoplasm in the 5- to 14-year-old range in the
United States (3). Similarly in Brazil, PAs are the second most
common neoplasm in pediatric patients after leukemias (4),
accounting for almost 20% of pnmary brain tumors in chil-
dren (5). Pilocytic astrocytomas are less frequent in adults n
whom they are associated with more aggressive clinical
courses (1, 6). According to the World Health Organization
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methylation of the gene (somatic mutations) (9). These mu-
tations result in loss of expression of neurofibromin, which is
a negative signaling regulator of RAS proteins; this results in
an increase of activated RAS levels and further activation of
the mitogen-activated protem kinase (MAPK) pathway (12).
The constitutive activation of the MAPK pathway increases
survival and proliferation of cancer cells in various neo-
plasms (13, 14).

MAPK 1s a key signaling pathway in the development
of PAs; it 1s altered in up to 90% of cases (7, 15, 16). The
major alterations leading to constitutive activation of MAPK
in PAs are gene fusions and point mutations involving the
oncogene BRAF (7, 17-23). Gene fusions between KIAA 1549
and BRAF (KIAAI549:BRAF fusion) leading to the over-
expression of the fusion protein affects up to 80% of PAs.
There are decreasing rates with age, varymg from 79% m
children younger than 10 years to 7% in patients older than
40 years (16, 20); this is associated with a better prognosis n
low-grade gliomas, including PAs (21). Less frequent fusions,
such as SRGAP3-RAFI (24) and FAMI31B-BRAF (25, 26),
have also been described. Another mechanism of sustamed
BRAF activation in PAs is the point mutation V60OE, which
results in an amino acid substitution at codon 600 in BRAF,
from a valine (V) to a glutamic acid (E) m the majonty of
cases, leading to the activation of the kmase domain of this
oncogene (7, 18, 22, 27). Nevertheless, this finding 1s in-
frequent m PAs (approximately 6%) and may be detected
more frequently in other brain tumor types, such as glio-
blastomas (22, 28), gangliogliomas, and particularly, pleo-
morphic xanthoastrocytomas (>60%) (16, 22).

Recent studies have identified upstream alterations in
the MAPK pathway, mainly in the tyrosine-kinase receptor
Fibroblast growth factor receptor 1 (FGFRI), leading to
constitutive activation of the growth cascade in PAs (15,
29). In contrast to the FGFRI amplification frequently ob-
served in breast, ovary, and lung cancer (30, 31), gene fu-
sions and duplications are described at low frequencies in
brain tumors such as glioblastomas (32) and pediatric dif-
fuse astrocytomas (16), respectively. In PAs, the newly
descnbed alterations of FGFRI are point mutations in the
hotspot tyrosine kinase region, affecting mainly the codons
546 (p.N546K —asparagine-to-lysine substitution) and 656
(p.K656E —lysine-to-glutamate substitution) of the gene in
extracerebellar PAs (15).

Despite the great improvement in the knowledge on the
molecular oncogenesis of PAs i the last years, the main
established prognostic factors for PAs remain in the clinical
features, such as patient’s age, feasibility of radical resection
of lesion (33-35), exposure to radiation therapy (1), and the
sporadic or hereditary nature of the tumor (12). The prog-
nostic implications of BRAF and FGFR1 alterations have not
been fully explored, and advances in this field might identify
potential targets for clinical treatment of PA, particularly for
the tumors located in eloquent areas where radical resection is
rarely achieved.

In this study, we aimed to determine the frequency of
the molecular alterations in BRAF and FGFRI and to evaluate
the prognostic role of these oncogenes in a senes of Brazilian
patients with PAs.
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MATERIALS AND METHODS

Patients

Sixty-nine patients from the Barretos Cancer Hospital
(HCB) and the Hospital of Clinics of Faculty of Medicine of
Ribeirao Preto (HCRP), from 1993 to 2013, were included i this
study. The patients were clustered according to sex, age group
(=19 years old vs 220 years old), chinical diagnosis of NF1
(confimed by standardized clinical cniteria), and lesion location
(cerebellar vs extracercbellar). The outcome of patients was
classified as “*favorable™ (1e. patients without any cvents and/
or with Kamofsky ndex =80 at follow-up) and “‘unfavorable™
(re. occurrence of some event and‘or Kamofsky mdex <70 at
follow-up). We defined ““event™ as death, growth of a partially
resected lesion, or the recurrence of a completely resected lesion
confirmed by immediate postsurgical computed tomography
(36), detected either clinically and/or through neuroradiologic
exammations. The study was approved by both local Ethics
Committee (protocols HCB 87362 and HCRP 212.313).

The senes included 38 male and 31 female patients
(ratio, 1.2:1), with ages ranging from 0.3 to 534 years old
(median, 9.1 years old). The 5-year and 10-year survival of
the senies were > 95% and 80%, respectively. Overall, 35
cases (50.7%) had unfavorable outcomes according to our
criteria: 8 patients (11.5%) had relapsing or growing residual
tumors; 23 patients (33.3%) developed moderate to severe
clinical deficits (Karnofsky mdex, 50-70); and 4 patients
(5.8%) died of discase. The deaths occurred after 1.7, 2.6, 6.5,
and 10.7 years of the diagnosis, respectively. Two deceased
patients had cercbellar lesions with subsequent medullary
dissemination of the tumor, 1 patient had a suprasellar lesion,
and the other had an msular tumor. Table | summanzes
clinical data of the patients.

Of the 69 patients mcluded in this study, 5 had relapsed
lesions analyzed, and 1 of these had yet a second relapsed
lesion analyzed, totaling 75 samples. All cases were reviewed
by 2 neuropathologists, according to the 2007 WHO diag-
nostic critena (1); negative immunohistochemical reaction to
mutated IDHI was found n all cases (37, 38).

We constructed 2 blocks of tissue microarmay (TMA)
from the formalin-fixed, paraffin-embedded (FFPE) samples,
using the Beecher Instruments TMA platform, with tissue cores
at 1 mm diameter for the HCB cases and 1.5 mm for the HCRP
cases. Because of the histologic heterogeneity of the PAs, we
obtamed up to 8 cores of cach case (average, 3.6 cores/case),
representing the different histologic patterns of the tumors. In
9 cases, adjacent nonneoplastic cercbellar tissue was available
and ncluded in the TMA.

Immunohistochemistry

Automated immunohistochemistry using Ventana Bench-
Mark Ultra equipment (Ventana-Roche, Tucson, AZ) was
performed in the TMA slides with 4-pum-thick tissue sections,
according to the manufacturer’s protocols. First, the sections
were deparaffinized and dehydrated, then the antigen retrieval
process was done with a mixed atrate/EDTA buffer (pH 6.0, at
125 °C for 4 minutes and 95 °C for 25 mmutes in pressure
cooker). The monoclonal antibody used was anti-FGFR 1 (Cell
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Signaling, Danvers, MA, clone DSE4, dilution 1:50). As ex-
ternal controls for the immunohistochemical reaction, we used
prostate epithelium and liver; intemal control was the endothe-
lial cytoplasmic reaction.

The cytoplasmic expression of FGFR 1 was evaluated in
a double-blnd fashion following semiquantitative crtena
based on the intensity (0= negative, 1 = weak, 2 = moderate,
3 = strong) and extension of the reaction (0, 0% of positive
cells; 1, <25% of positive cells; 2, 25%—-50% of positive cells;
and 3, >50% of positive cells) (39). With the sum of these
analyses, we achieved scores rangmg from 0 to 6. Samples
with scores 0 to 2 were considered negative; those with scores
3 to 6 were considered positive (39). Tissues sections were
also evaluated for nuclear expression; >25% nuclear staining
was considered positive, and cases with <25% of nuclear
staming were considered negative. In the cases with more than
1 tissue core, we caleulated the average score.

KIAA1549-BRAF and FGFR1 Fluorescence In Situ
Hybridization Assay

For analysis of KI4A 1549-BRAF fusion, fluorescence in
situ hybndization (FISH) probes were created from BAC
clones containing human DNA from regions homologous to
the KIAA1549 and BRAF genes on chromosome 7, as identi-
fied through the Ensembl Genome Browser (GRCh37). The
BRAF DNA was validated by polymerase cham reaction
(PCR) using the following sequences as primers: 5-CAGA
GTTTGTCAGATGGTCCCTTT-3' (forward) and 5-ACCATA
TAATAGAAGCGCCTCCCA-3’ (reverse). For the KIAAI549
DNA, the validation sequences were 3-AGGTATTGTTGGA
ACATTGAAGGCT-3’ (forward) and 5-CAGTCAAATGCTC
GCAATGAATGAA-3 (reverse). DNA inserts were extracted
from clone mini-cultures, purified and subjected to whole ge-
nome amplification using the REPLI-g Midi Kit from Qiagen
(Cat# 150045, Qiagen, Diisseldort, Germany).

An aliquot of 1 pg of each punified BRAF and KIAA1549
DNA were labeled, respectively, with SpectrumRed and Spec-
trumGreen conjugated dUTPs using the Vysis Nick Translation
Kit (Cat# 32-801300, Abbott Molecular, Des Plaines, IL), as
previously reported (40). Labeled DNA was coprecipitated
with herring sperm DNA as carnier (1:50) and human Cot-1
DNA (1:10) for blocking of repetitive sequences then diluted
1:10 in t-DenHyb hybndization buffer (Insitus Biotechnologies,
Albuquerque, NM). The labeled FISH probe mix was validated
for chromosome mapping and quality of hybndzation in in-
terphase and metaphase cells prior to this study.

The FFPE slides were deparaffinized and dehydrated
according to previously established protocols (41). The probe
was applied to the selected areas and hybridization was allowed to
oceur at 37 °C for 40 to 67 hours and, finally, the chromatin was
counterstained with DAPLant-fade (0.3 pg/mL in Vectashield
mounting medium, Vector Laboratories, Burlingame, CA).

Analysis was performed on an epifluorescence microscope
using single interference filter sets for green (fluorescein isothio-
cyanate), red (Texas red), and blue (DAPI), as well as dual (red/
green) and trple (blue, red, and green) band pass filters. For cach
mterference filter, monochromatic images were acquired and
merged using CytoVision (Leica Microsystems Inc., Wetdar,
Germany). A minimum of 50 tumor nuclei was evaluated.
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The specimen was considered positive for the KIAA1549:
BRAF fusion when there were doublets of red and green signals
very close or partially overlapping observed, as opposed to
signals separated by >2 signal diameters, which characterize
alleles with native status.

FGFR1 Amplification

The FGFRI/CEP8 enumeration assay measured 2 ge-
nomic targets using 2 commercial FISH probes provided as
Analyte Specific Reagents (ASR) by Abbott Molecular (Ref. 08
N21-020 and Ref. 06 J37-018, respectively): Vysis LSI FGFR I
SpectrumRed FISH probe, which contains the entire FGFRI
gene, labeled with SpectrumRed fluorophore, and the CEP
8 (D8Z2) FISH probe, labeled with SpectrumGreen fluorophore.

The FFPE slides were processed and evaluated as pre-
viously described for the KIAA1549-BRAF fusion. The deter-
mination of low and high level of FGFRI gene amplification
followed the criteria proposed by Schulthes et al (42) based on
the ratio FGFRI/CEP 8 = 2.0, or the average number of
FGFR1 signals per nucleus =6 copies.

BRAF and FGFR1 Point Mutation Analyses

We first obtained senal 10-pm-unstained sections of
FFPE blocks. One adjacent hematoxylin and cosin—stained
section was used for identification and selection of tumor area
by the pathologist. DNA was isolated from 1 or 2 unstamed
section from each specimen, depending on the size of the
tissue fragment, as previously described (43). Briefly, tissues
were deparaffinized and dehydrated. Selected areas of tumor
were macrodissected using a sterile needle (18G x 11%) (Becton
Dickinson, Curitiba, Brazil), and carefully collected into a
microtube. DNA was 1solated using QIAamp DNA Micro Kit
(Quagen, Hilden, Germany), following the manufacturer’s in-
structions, followed by evaluation of DNA quantity and quality
by Nanodrop 2000 (Thermo Scientific, Wilmington, DE). DNA
samples were then diluted to a final concentration of 50 ng/pL
and stored at —20 °C for further molecular analysis.

The whole exons of BRAF (exon 15; codon 600) and
FGFRI (exons 12 and 14; codons 546 and 656) were ana-
lyzed by PCR, followed by direct sequencing, with emphasis
in the hotspot loci, as previously described (15, 28). Briefly,
the PCR reaction was performed in a final volume of 15 pL,
under the following conditions: 1x PCR buffer (Invitrogen,
Carlsbad, CA); 2 mmol/L MgCl, (Invitrogen); 10 mmol/L
dNTPs (Invitrogen); 0.3 mmol/L of both sense and antisense
pamers (Sigma Aldnch, St. Louis, MO); | unit of Platinum
Taq DNA polymerase (Invitrogen); and 50 ng of DNA. The
BRAF primers used were TCATAATGCTTGCTCTGATAG
GA (sense) and GGCCAAAAATTTAATCAGTGGA (antisense)
(28), for FGFR1 exon 12 TCAAGTCCCAGGGAAAAGCAG
(sense) and AGGCCTTGGGACTGATACCC (antisense), and
for FGFR1 exon 14 GACAAGTCGGCTAGTTGCAT (sense)
and CCCACTCCTTGCTTCTCAGAT (anusense). The PCR
was performed m Vent 96-WIl Thermal Cycler (Applied
Biosystems, Austin, TX). The PCR products were evaluated by
agarose gel electrophoresis prior to capillary sequencing.
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TABLE 1. Clinicoepidemiologic Data of the PA Series

1D Origin Sex Age (years) Location NF1 Extension of Ressection Event Status Folllow-Up (months)
1 POl HCB M 4.8 C Total Recumence AWD 27
2 P02 HCB M 42 C Total No AND 275
3 P03 HCB M 84 C Total No AND 36.2
%4 PO4 HCB M 8 C Partial Growth AWD 34.1
*5 POS HCB £ 158 C Partial Growth AND 244
6 P06 HCB M 20.8 C Partial No AWD 16.8
7 P07 HCB F 354 sC Partial No AWD 229
8 P08 HCB M 4.8 C Partial Growth AWD 293
9 P10 HCB M 10.5 C Total No AND 43
10 P12 HCB M 5.2 C Total No AND 365
11 P13 HCB M 5.1 CH Partial No AWD 535
12 Pl6 HCB M 534 C Partial Growth AWD 341
13 P17 HCB F 19.2 C Total No AND 60.3
14 P18 HCB F 17 CH Total No AND 653
15 P20 HCB M 92 BS Partial No AWD 633
16 P21 HCB M 35 C Total No AND 66.6
17 P23 HCB M 16.4 CH Yes Total No AND 582
18 P24 HCB M 219 CH Partial No AWD 129
19 P25 HCB F 21 C Partial No AWD 7.1
20 P26 HCB M 10.2 C Total No AND 392
21 P28 HCB F 7.5 C Total No AND 86.3
22 P29 HCB F 52 C Total No AND 88
23 P30 HCB M 153 C Partial Growth AWD 8
24 P31 HCRP F 1.3 C Total No AND 1332
25 P32 HCRP F 18.1 C Total Recumence D 20.6
26 P33 HCRP F 138 C Partial No AWD 196.8
27 P34 HCRP M 5.2 SC Partial Growth AWD 194.7
28 P35 HCRP M 127 C Total No AND 179.1
29 P36 HCRP F 38 C Total Recumence AND 168.6
30 P37 HCRP M 11 SS Partial No AWD 170.6
31 P38 HCRP F 9 sC Partial Growth AWD 155
32 P39 HCRP M 128 CH Partial Growth AWD 144.5
13 P40 HCRP F 16 C Total No AND 66.1
*34 P4l HCRP M 9.6 6] Partial Growth D 1288
s P42 HCRP M 59 c Total No AND 517
36 P43 HCRP M 36 C Total No AND 116.5
37 P44 HCRP F 2 C Total No AND 115.7
38 P45 HCRP M 7.1 C Total No AND 1128
39 P46 HCRP F 99 BS Partial No AWD 916
40 P47 HCRP M 174 CH Total No AND 63.7
41 P48 HCRP F 22 C Total No AND 832
42 P49 HCRP F 5.8 BS Partial No AWD 834
43 PS50 HCRP F 53 C Partial Growth AND 75.1
44 P51 HCRP M 217 c Total No AND 59.1
45 P52 HCRP F 16.2 sS Partial Growth D 792
46 P53 HCRP | £ 1.7 C Partial No AWD 68.6
47 Ps4 HCRP M 45 op Partial Growth AWD 19.1
48 P55 HCRP F 03 CH Partial Growth D 315
49 P56 HCRP F 4.1 SS Partial No AWD 66.3
50 Ps7 HCRP F 5.7 C Total Recumence AWD 583
51 P58 HCRP M 31 SS Partial Growth AWD 54.1
52 PS9  HCRP M 14.7 CH Yes Total No AWD 587
53 P60 HCRP M 219 op Partial No AWD 189
54 P61 HCRP M 322 CH Total No AND 10.2
55 P62 HCRP F 144 C Total No AND 45.1
(Continued on next page)
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TABLE 1. (Continued)

S6 P63 HCRP F 16.7 CH
57 P64 HCRP M 248 CH
58 P65 HCRP F 9.1 SC
59 P66 HCRP F 153 CH Yes
L] P67 HCRP M 72 BS
61 P68 HCRP M 282 SC
62 P69 HCRP M 4.1 SS
63 P70 HCRP F 49 SS
o4 P71 HCRP M 5.7 C
65 P72 HCRP M 174 CH
66 P73 HCRP F 6.9 op Yes
67 P75 HCRP F 1 CH Yes
68 P76 HCRP 13 85 op
*69 P77 HCRP M 125 C

Partial No AWD 47

Partial No AWD 0.9
Total No AND 46.1
Total No AWD 46.9
Partial No AWD 49

Partial No AWD H“8
Partial No AWD M7
Partial Growth AWD 3t

Partial Growth AWD 28
Total Recurrence AWD 184
Partial No AWD 15.5
Partial No AWD 7.5
Partial No AWD 7.6
Partial Growth AWD 8.4

AND, Alive, no evidence of disease; AWD, alive, with disease; BS, brainsiem; C, cerebellum; CH, cerebral hemspheres; D, desth; F, female; M, male; SC, spinal cord; SS,
suprasellar; OP, optic pathway. *Patients with 2 samphes in the TMA, **Patients with 3 samples in the TMA.

The PCR products of each analyzed exon were firstly
purified with EXOSAP-IT (GE Technology, Cleveland, OH),
then, PCR products were submitted to a sequencing reaction
using 1 pL of BigDye (Applied Biosystems), 1.5 pL of se-
quencing buffer (Applied Biosystems) and 3.2 pmol/L of
primer. The sequencing reaction was followed by post-
sequencing purification with EDTA, alcohol and sodium cit-
rate. The purified products were eluted in HiDi (formamide)
and mcubated at 90 °C for 5 minutes and at 4 °C for at least
5 minutes. Direct sequencing was carried out on a Genetic
Analyzer ABI PRISM® 3500 (Applied Biosystems). The
analysis of each sample was done by comparison of cletro-
pherogram with Ensembl GeneBank sequence (BRAF:
ENSGO0000157764 and FGFR I: ENSG00000077782).

All cases with mutations were confirmed twice with a
new PCR and direet sequencing starting from extracted DNA.
In additon, for quality controls, a new DNA isolation and
further mutation analyses were performed m 10% of cases.

Statistical Analysis

Statistical analyses were performed with SPSS version
20 for Windows™ (IBM, Chicago, IL) with statistically sig-
nificant values of p < 0.05. Differences in molecular alter-
ations of BRAF and FGFRI between groups were verified by
the Fisher exact and the Pearson chi-square tests. Overall
survival (OS) and event-free survival (EFS) curves were de-
termined by the Kaplan-Meier method.

RESULTS

Molecular Characterization of BRAF

The FISH assay for KIAA1549:BRAF fusion detection was
successful i 64 (92.8%) of 69 primary lesions and in 4 of 5
relapsing lesions, which maintained the expression pattem of
their pnmary counterparts (Fig. 1A, B). Thirty-seven primary
lesions (57.8 %) displayed KIAA1549:BRAF fusion, with strong
positive association with a cercbellar location (p < 0.001), and
negative association with clinical diagnosis of NF1 (p = 0.011)

© 2015 American Association of Neuropathologists, Inc.
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(Table 2). There was a tendency for this alteration to be detected
in the younger group, with 55.0% and 44.4% of patients posi-
tive for KIAAI549:BRAF fusion m the pediatnic and adult
group, respectively (Table 2). Nevertheless, this difference was
not statistically significant. In addition, there were no differ-
ences between groups for sex or outcome (Table 2).

Because of compromised DNA quality in some speci-
mens, we were able to obtam conclusive results of BRAF
point mutations in 48 (69.6%) of 69 primary lesions and in 5
of 5 recurrences. Two cases (4.2%) showed BRAF pomnt mu-
tations (Fig. 1C, D). One recurrent suprasellar (hypothalamic)
tumor of an 11-year-old male patient (P37, Table 1) had the
p.V60OE mutation, but the patient had only 1 sample avail-
able for molecular analysis, and this tumor was also positive
for the KIAA 1549:BRAF fusion in the FISH assay. In addition,
a point mutation p.V600K, with a valine-to-lysme substitution
at the codon 600 (Fig. 1D), was detected in a cerebellar PA of
an 11-year-old female patient (P31, Table 1), who remams
alive without evidence of discase after a long follow-up (11
years). None of these patients with tumors harboring mutated
BRAF had the clinical diagnosis of NF1. Despite the small
number of BRAF-mutated cases, we performed statistucal
analysis but did not identify significant associations between
BRAF status and patients clinical features (Table 2).

Molecular Characterization of FGFR1

The mmunohistochemical expression of FGFR1 was
tested in 74 of 75 samples. Nonneoplastic cerebellum showed
cytoplasmic staining only in Purkinje cells and was absent or
famtly expressed in the nonneoplastic astrocytes (Fig. 2A, B).
In tumor areas, cytoplasmic stainng was detected in 51
(73.9%) of 69 pnmary tumors, regardless of the histologic
pattern of the PA (Fig. 2C, D) and no nuclear staining was
observed. Forty-nine cases (71%) had scores =3, and 19 cases
(27.5%) were completely negative. No association was found
between FGFR1 immunchistochemical staining with the pres-
ence of the KIAA 1549:BRAF fusion (p=0.272), or with BRAF
pomt mutations (p = 0.456) (data not shown). No significant
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FIGURE 1. Molecular alterations in BRAF. (A, B) FISH assay for detection of KIAAT549:BRAF fusion showing a positive (A) and a
negative (B) case (white arrows). (€, D) Point mutations detected by Sanger sequencing for V600E (€) and V600K (D).

ion with BRAF e:
:BRAF Fusion BRAF Point Mutation

E 2. Clinical Features of Patients and Their Ass

KIAA TS

(Total No. in the Series) Positive Negative P Wild Type Mutated p

Sex Female (31) I8 11 0.530 25 I 10
Male (38) 19 16 21 1

Age <19 years (60) 33 22 0.381 40 2 10
=20 years (09) 4 5 6 0

NF1 Yes (05) 0 5 0011 5 0 10
No (64) 37 22 41 2

T'umor location Cerebellar (36) 27 6 0.0001 27 1 1o
Extmcerchellar (33) 10 21 19 |

Outeome Favomble (34) 22 16 0987 26 1 10
Unfavorable (35) 15 9 20 1
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FIGURE 2. Immunohistochemical expression of FGFR1. (A) In normal cerebellum, expression is limited to Purkinje cells. (B)

Neoplastic cells show overexpression when compared with nonneoplastic astrocytes (bottom). (€) Oligodendroglial pattern of PA,
showing moderate FGFR1 expression. (D) Piloid pattern of PA with similar FGFR1 expression.

associations were seen between expression and clinical features
of the patients (Table 3).

Sanger sequencing for FGFRI was performed in 45
(65.2%) of 69 primary lesions and in 5 of 5 relapsed lesions.
Among prnimary lesions, 3 (6.7%) of 45 carned the p.K656E
pomnt mutation (Fig. 3A): an 18-year-old female (P32), a 3-
year-old male (P21), and a 2-year-old female (P44) patient.
All of these patients had cerebellar lesions (Tables 1 and 3).
The older patient had recurrence of a completely resected le-
sion 8 months after the first surgery with cercbrospmal fluid
dissemination despite adjuvant chemotherapy, and she died
21 months after the original surgery. On the other hand, the
youngest patient had the best outcome of the subgroup (i.c. no
evidence of disease after 9 years of follow-up), had a tumor
that was also positive for the KIAAI549:BRAF fusion by
FISH assay. No association was observed between FGFRI
mutation and the patients’ climicopathologic characteristics

© 2015 American Association of Neuropathologists. Inc.

(Table 3) or FGFR protein expression (p = (.086, data not
shown), as 2 of the 3 mutated cases had positive scores and 1
had a negative immunohistochemical score.

The FISH assay for FGFRI was successful n 61 of the
69 primary lesions and i all 5 of the relapsed lesions; none
showed gene amplification (Fig. 3B), but 7 (10.6 %) of 66 cases
had a low level of copy number gain (Fig. 3C), which was not
statistically related to any clinical feature (Table 3). The patient
who had a poor outcome (P32) had a concomitant FGFRI pomnt
mutation and low copy number gain of FGFRI by FISH. The
association between low copy number gain of FGFR/ and the
immunohistochemical expression of FGFR1 was not significant
(p = 0.091. data not shown).

Prognostic Role of BRAF and FGFR1
The Kaplan-Meier survival curves showed that the pres-
ence of KIAAI549:BRAF fusion was significantly associated
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TABLE 3. Clinical Features of Patients and Their Association with FGFRT Changes

FGEFRI Expression

FGFRI leng

FGFRI Point Mutation

Positive Negative P Positive Negative p Wild Type Mutated P

Sex Female 22 9 09% 3 24 Lo 23 2 Lo
Male 27 I 4 30 19 1

Age <19 years 43 17 0.758 6 47 0.922 37 k) Lo
=20 years 6 3 1 7 5 0

NF1 Yes 4 1 10 0 5 1.0 5 ] L0
No 45 19 7 49 17 3

T'umor location Cerchellar 2 9 0446 s 26 0.425 24 3 0.264

Extracercbellar 22 I 2 28 I8 0

Outcome Favorable 22 12 0255 2 33 0.125 25 2 1.0
Unfavorable 27 8 5 21 17 1

Legn, low copy number gain
¥ T 8 B T 2 v a : 2 2

FIGURE 3. Molecular alterations of FGFR1. (A) Electropherogram showing the point mutation K656E. (B, €) FISH assay displaying
a normal pattern (B), and a case with low-copy number gain of the FGFRT signal (€). The amount of FGFR1 signals (green) did not
reach the cutoff value needed for the diagnosis of gene amplification.
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with patients’ longer OS (p = 0.009) and EFS (p = 0.018)
(Fig. 4A. B). BRAF point mutations were not associated with
differences in the OS (p = 0.527), nor in the EFS (p=0.317).

FGFRI1 immunohistochemical expression and low copy
number gan were not correlated with OS (p = 0.103) or EFS
(p = 0.923). On the other hand, patients with the FGFRI
p-K656E pomt mutation had significantly shorter OS (p =
0.047) and EFS (p = 0.025) when compared with patients with
wild-type tumors (Fig. 4C, D).

Fmally, we assessed the combmed impact of BRAF and
FGFRI alterations m patients OS and EFS. We found that pa-
tients with tumors positive for KIAA1549: BRAF fusion showed
longer survival regardless of FGFRI status and FGFR1 immu-
nohistochemical expression (Fig. SA, B). Distinctively, among
the tumors negative for KI4A1549:BRAF fusion, the ones with
the FGFRI pK656E point mutatton had significantly worse
prognosis (p = 0.002), whereas the overexpression of FGFRI
was related to a better prognosis (p = 0.03) (Fig. 5A, B).

DISCUSSION

We have shown in a series of 69 WHO grade 1 PAs that
KIAAI549: BRAF fusions are present in most of the cases and
that they are associated with better prognosis. In addition, we
found that FGFRI 1s altered by oncogenic mutations in a
small subset (~7%) of cases that were associated with an
adverse outcome.

Despite the emergent mterest in children’s brain tumors,
many studies have clustered PAs, diffuse astrocytomas (WHO
grade 1I), and other neoplasms m a set of “low-grade ghiomas™
(16,21, 23, 44-47). This has probably occurred because of the
ranity of these bram tumors compared with the much more fre-
quent adult wmors, such as glioblastoma (3). In addition, the
studies tend to wsolate adults from children (6, 8). As far as we
are aware, this is the first study with a cohort composed exclu-
sively of PAs, excluding the pilomyxoid astrocytoma vanant of
PA (WHO grade 1I), and comparing different age groups.
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FIGURE 4. (A-D) Kaplan-Meier curves showing the impact of KIAATS54 9:BRAF (K:B) fusion (A, B) and FGFRT p.K656E point mu-
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Herein, we were able to evaluate gene fusions and point
mutations n 67 of 69 cases and observed that nearly 60% of
them had alterations in BRAF and/or FGFRI, which are tng-
gers of the MAPK pathway, the dominant oncogenic pathway
of PAs (15, 19). The high incidence of KIAA1549:BRAF fu-
sion and its predominance in cerebellar lesions are n line with
previous studies (7, 15, 16, 24, 26), confimrming it as the most
frequent molecular change of PAs (7). In addition, 2 of 5 tumors
that harbored BRAF or FGFRI mutations had a coexisting
KIAAI549:BRAF gene fusion. The occurrence of a concomi-
tant KIAA1549:BRAF fusion and other changes in the same
pathway is a rare occurrence, but it has been previously
reported (7, 21, 26). Finally, the negative relationship between
KIAAI549: BRAF fusions and clinical diagnosis of NF1 (thus
with alterations in the NF1 gene) has been previously reported
(7). Further studies on NFI are necessary for a better under-
standing of this relationship.

The mcidence of BRAF point mutations in our study
(4.2%) 1s also similar to published data (22). The presence of
this alteration did not show a clinical impact on prognosis,
thereby confirming the previous findings of Bannykh et al,
who showed that the BRAF V6OOE mutation did not imply
higher aggressiveness to PAs (48). The usual p.V6OOE point
mutation was detected only m an 11-year-old male patient
who had an unstable hypothalamic lesion, which reinforces
the occurrence of this mutation in extracerebellar lesions (7).
Moreover, that patient also harbored the KIAA1549:BRAF
fusion. We also observed 1 unusual BRAF point mutation in
codon 600 of a cerebellar PA. The point mutation V600K was
found in an 11-year-old female patient who had an excellent
outcome after long follow-up (11.1 years). This mutation was
previously described m 5% to 15% of melanomas and was
related to metastatic discase and worse outcome (49-51);
however, it has also been assoctated with a response to first-
generation BRAF inhibitors (PLX4032, vemurafenib) (51).
Patents with PAs have experienced adverse results after
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treatment with vemurafenib (52), as opposed to the good re-
sponsc observed in patients with high-grade tumors (53, 54),
probably because of the overall low frequency of p.V60OE.
Nevertheless, the subset of patients with KIAAI549:BRAF
positive tumors could potentially benefit from treatment with
the second-generation BRAF inhibitors such as PLX-PB3,
which specifically target the fusion proten (52).

Most tumors in our series showed strong immunohis-
tochemical FGFR1 expression. These findings are in line with
a previous study in ghomas, in which FGFRI1 overexpression
was detected, although the underlying molecular mechanism
was not explained at the ime (55). Our FISH assays largely
climmated amplification as the underlying mechanism in the
PAs, contrary to what is seen in a subset of breast and lung
cancers (30, 31). FGFRI low copy number gain was rare and
showed a nonstatistically significant trend toward immuno-
histochemical overexpression (p = 0.094, data not shown).
The mutated form of FGFRI was also not associated with
protein overexpression (p = 1.0).

With respect to the FGFRI mutation, we observed
p.K656E point mutations at the tyrosine kinase domain in
6.7% of the PAs m this series, all of which were located in the
cerebellum. The oncogenic FGFRI mutations, p.K656E and
p.N456K. were recently described by Jones et al (15) as re-
current events in extracercbellar PAs. Those mutations were
further described in rosette-forming glioneuronal tumor of the
fourth ventricle, but 1 of the patients in that series had an
carlier extracerebellar (diencephalic) PA with pilomyxoid
features, which also harbored the p. K656E mutation (29).

FGFRI is currently an attractive therapeutic target, and
the immunohistochemical assessment of FGFR1 may repre-
sent a good indicator of the management of PAs. Recent
studies have related the efficacy of novel specific FGFRI in-
hibitors, such as ponatinib (AP 24534), i cases of lung cancer
with FGFR1 overexpression that were assessed by immuno-
blotting and mRNA quantification (56). Besides this drug, other
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FGFR1 mhibitors, such as lucitanib (57) and CH5183284/
Debio 1347 (58), may constitute future alternatives for the
treatment of moperable PAs. Nevertheless, further preclinical
and clinical studies are needed to determine whether FGFR1
expression and hotspot mutations will modulate and predict
patient response to these FGFR1-specific tyrosine inhibitors.

Concomitant KI4AA 1549:BRAF fusion and FGFRI mu-
tations were not referred events in the study of Jones et al
(15), but this was detected in 1 of the patients of our series.
We further evaluated the impact of both the aforementioned al-
terations in the prognosis of the patients. The KIAAI549:BRAF
fusion had a positive impact on patients’ OS and EFS and was
confirmed as a prognostic factor, corroborating the tendency to
better outcome of PAs, similar to what happens i the complex
group of low-grade gliomas described by Hawkins et al (21).

On the other hand, FGFRI mutations were significantly
related to PA patients” shorter OS and EFS when compared
with the wild-type group; however, the significance of this find-
mng needs to be confirmed in larger series. To our knowledge, this
the first study to indicate the prognostic role of FGFRI mutation
m PAs and their occurrence in cercbellar lesions.

In conclusion, we confirmed the pivotal role of
KIAAI549:BRAF fusion and, to a lesser extent, of FGFRI in
MAPK activation in PAs. More exactly, we showed the use-
fulness of evaluating the K/A4A41549:BRAF fusion as a prog-
nostic biomarker, while FGFRI mutation may be a relevant
prognostic marker in PAs. With further mvestigation, the
molecular changes of BRAF and FGFRI may constitute po-
tential therapeutic targets for inoperable or recurrent PAs.
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