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Resumo

Meduloblastoma (MB), um tumor cerebral prevalentemente infantil, compreende um grupo
de tumores com diferentes subtipos moleculares e progndsticos. Esses tumores apresentam
alteragdes em vias de sinalizacdo importantes para o desenvolvimento do cerebelo.
Recentemente, estudos gendmicos mostraram a importancia de fatores epigenéticos para a
formacdo e manutencdo de MB. Esses fatores, que regulam processos associados a
pluripoténcia, contribuem para a inducdo de um fendtipo mais indiferenciado e mais
agressivo. Essas células indiferenciadas, as células tronco tumorais (CSC), sdo
identificadas por marcadores como CDI/33, pela capacidade de formar esferas ndo
aderentes em culturas livres de soro fetal bovino e pela tumorigenicidade. CSC participam
nos processos iniciais do tumor, na progressdo, na metastase e na recidiva tumoral. Muitos
desses processos podem ser explicados pelo fendtipo indiferenciado, ou seja, pela
modulacdo de mecanismos associados a células tronco normais. A ativagdo de ERK, por
exemplo, importante durante o desenvolvimento do cerebelo, estd aumentada em bidpsias
de MB comparada ao tecido normal do cérebro e regula processos como crescimento e
migracdo nesse tumor. O objetivo dessa tese foi avaliar o impacto da modulagdo
epigenética no fenotipo indiferenciado e, consequentemente, na manutencdo de células de
MB humano. No capitulo I, destaca-se que a inibicdo de histonas deacetilases (HDACs)
por butirato de s6dio (NaB) e consequente aumento na acetilacdo de histonas ¢ capaz de
diminuir marcadores de pluripoténcia de células de MB-SHH e MB-nao-WNT/SHH. A
ativagdo da via de ERK contribui para esse efeito e a inibi¢cdo dessa via intensifica o efeito
antiproliferativo de NaB, provavelmente por também modulador a capacidade “tromco”.
No capitulo II, ressalta-se a importancia da ativagdo de ERK no MB-Grupo 4. Tumores
desse subgrupo com a assinatura génica especifica BMI"®/CHD7"" apresentam um
fenotipo de maior malignidade (alta proliferacdo e indiferenciados) que esta relacionado a
ativacao aumentada da sinalizagdo de ERK. Juntos, os dados dessa tese demonstram que o
fator epigenético BMII e a ativacdo da via de sinalizagdo de ERK estdo envolvidos na
manutencdo de um fenoétipo indiferenciado em células tumorais de MB, fortalecendo as

evidéncias de que eles devem ser considerados potenciais alvos terap€uticos nesse tumor.

Palavras-chave: meduloblastoma; epigenética; BMI1; sinalizagdo de ERK



Abstract

Medulloblastoma (MB), a prevalent type of childhood brain cancer, comprises a tumor
group with different molecular subtypes and outcomes. These tumors present
modifications in essential pathways in cerebellar development. Recently, integrative
genomics studies showed the importance of epigenetic factors to the formation and
maintenance of MB. These factors support the malignant and undifferentiated cellular
phenotype by regulation of pluripotency-associated process. These cells, named cancer
stem cells (CSC), are identified by expression of the marker CD/33, by their ability to
form non-adherent spheres in fetal bovine serum free medium and by their tumorigenicity.
CSCs participate in tumor initiation process, progression, metastasis and relapse. Most of
these processes are explained by stemness phenotype derived from modulation of
mechanisms associated to normal stem cell. ERK signaling, for example, wich is important
for cerebellar development, is upregulated in MB biopsies compare to normal brain. In
MB, ERK activation also modulates processes such as growth and migration. The aim of
this thesis was to evaluate the impact of epigenetic modulation on the stemness phenotype
and, consequently, on the maintenance of human MB cells. In chapter I, it is noteworthy
that the inhibition of histone deacetylases (HDACs) by sodium butyrate (NaB) and the
consequent increase in histone acetylation is able to decrease stem cell markers in MB-
SHH and MB-non-WNT / SHH cells. ERK pathway activation contributes to this effect
and the inhibition of this pathway enhances the antiproliferative effect of NaB, probably by
modulating stemness. In chapter II, we higlighted the importance of ERK activation in
MB-Group 4. Tumors in this subgroup harbouring the specific genetic signature
BMI"¢"/CHD7"" have a higher malignancy (high proliferation and undifferentiated status)
phenotype that is related to increased activation of ERK signaling. Together, data from this
thesis demonstrate that the epigenetic factor BMI1 and the activation of ERK signaling are
involved in maintaining an undifferentiated phenotype in MB tumor cells, supporting the

view they should be considered as potential therapeutic targets in this tumor type.

Keywords: medulloblastoma; epigenetics; BMI1; ERK signaling
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INTRODUCAO

““Children are not little adults.” [1]

Tumores pediatricos compreendem um conjunto de mais de 100 neoplasias que sao
biologicamente e geneticamente diferentes daquelas encontradas em adultos (ADAMSON
et al., 2014). Eles apresentam, em média, menos mutagdes somaticas que tumores adultos,
e essas alteracdes ocorrem com alta frequéncia em genes que codificam proteinas

envolvidas na regulacdo epigenética (DOWNIN et al., 2012; HUETHER et al., 2014).

Embora seja considerada uma doenga rara, o cancer pediatrico ¢ a principal causa
de morte em criangas no mundo. No Brasil, assim como em paises desenvolvidos, tumores
sdo a primeira causa de morte por doenga na populacdo de 0-19anos e, considerando
causas de morte gerais, ¢ superado apenas pelo nimero de mortes por causas externas
(INCA, 2016; STELIAROVA-FOUCHER, et al., 2017). Entre os tumores pediatricos,
tumores do sistema nervoso central (SNC) sdo o segundo tipo de cancer mais prevalente,
depois das leucemias, entretanto sdo os que possuem as maiores taxas de mortalidade e
morbidade (GROB & LEVY, 2017). No mundo, aproximadamente 20% dos tumores
infantis dessa classe sdo diagnosticados como meduloblastoma (MB) (LEECE et al., 2017;

SCHWALBE et al., 2017).

1.IMEDULOBLASTOMA

MB, um cancer embrionario maligno do cerebelo, ¢ um tumor do SNC
prevalentemente infantil, com uma incidéncia cerca de 10x maior em criangas do que em
adultos. A maioria dos casos, aproximadamente 70-80%, ocorrem em pacientes com faixa
etaria de 0-14anos (ROBLES et al., 2015; TULLA et al, 2015; FAIRLEY et al., 2016;
KHANNA et al., 2017).

O tratamento dessa doenga consiste em ressec¢do cirurgica, radioterapia (em
criancas maiores de 3 anos) e quimioterapia e apresenta uma taxa de cura varidvel de
acordo com caracteristicas clinicas do paciente como idade e status metastatico

(BARTLETT et al., 2013). Devido a adicdo de quimio- e radioterapia ao tratamento
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cirargico padrdo e a melhora nas técnicas cirtrgicas e de radioterapia, as taxas de
sobrevida tem aumentado consideravelmente ao longo das ultimas décadas, passando de
22% em 1950 para 50% na década de 80 e alcancando até 80% nos dias de hoje para a
maioria dos pacientes. Porém, uma parcela dos pacientes considerada de alto risco
(menores de 3 anos e/ou com doenca disseminada) apresenta taxa de sobrevida livre de
doenca em 5 anos de 60-65% e pacientes que apresentam recaidas possuem um
prognéstico ainda pior, com taxa de sobrevida livre de doengca menor que 10%

(RAMASWAMY & TAYLOR, 2017; BAUTISTA et al., 2017).

Apesar de eficaz para a maioria dos pacientes, o tratamento atual apresenta
inimeros efeitos colaterais de longo prazo. Perda auditiva, deficiéncias neuroldgicas,
neuroenddcrinas e psicologicas sdo alguns danos que impedem que muitos pacientes
tenham uma vida independente mesmo depois de curados (MILLARD et al., 2016). Além
disso, tumores secundarios como glioblastomas e leucemias acometem 3-5% dos
sobreviventes de MB (PACKER et al., 2013). Uma melhor classificagdo dos pacientes
considerando caracteristicas da biologia tumoral, além dos fatores utilizados na pratica
clinica, pode contribuir para a escolha de tratamento (como uso ou ndo de radioterapia e
dose administrada) e, consequentemente, para uma diminui¢do das morbidades associadas

a ele (HOLGADO et al., 2017).

De acordo com a ultima classificacdo para tumores do SNC da Organizagdo
Mundial da Satide, MB ¢ um tumor embriondrio altamente maligno (grau IV) que
compreende um grupo de diferentes neoplasias que podem ser classificadas de acordo com
sua histologia e/ou perfil molecular (LOUIS et al., 2016). Até 2016, o0 MB era categorizado
em 4 grupos histologicos (Classico, Desmopldsico/Nodular, MB com Extensa
Nodularidade e MB de Grande Células/Anaplésico), os quais ja refletiam a
heterogeneidade dessa doenga (LOUIS et al., 2007). A classificagdo mais recente mantém
a divisdo histopatoldgica e inclui uma divisdo baseada em caracteristicas moleculares,
subdividindo-os em: MB-WNT, MB-SHH/TP53wt, MB-SHH/TP53mut ¢ MB nao-
WNT/SHH (provisoriamente divididos em Grupo 3 e Grupo 4). Esses grupos moleculares
divergem nos perfis de expressdo gé€nica, nos padrdes histologicos e nas caracteristicas

clinicas. (NORTHCOTT et al., 2012a, LOUIS, et al,, 2016) (Figural).
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Figura 1. Caracteristicas dos subgrupos moleculares de meduloblastoma. O grafico apresenta
frequéncia, alteragdes genéticas e caracteristicas clinicas e demograficas dos quatro subtipos moleculares de
meduloblastoma. A borda externa do grafico representa a classificagdo da Organizagdo Mundial da Saude
para esse tumor com suas respectivas frequéncias. Abreviaturas: GCA, Grande Células/Anaplasico; MBEN,

meduloblastoma com Extensa Nodularidade; M+, metéstase positiva ao diagnéstico; SHH, sonic hedgehog.
Adaptado de Northcott et al., 2012a e Louis, et al., 2016.
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O MB-WNT ocorre em 10% dos pacientes, possui o melhor prognodstico (com
indice de cura superior a 90%) e raramente apresenta metastases (KOOL et al., 2012;
PICKLES et al.,, 2017). Esses tumores estdo associados a mutacdes no gene CTNNBI
(gene que codifica a proteina beta-catenina) ou, com menos frequéncia, em outros
componentes da via de sinalizagdo WNT, como APC, gene supressor tumoral envolvido na
Sindrome de Turcot, que predispde a MB. Essas alteracdes levam a uma ativacdo
constitutiva da sinalizagdo WNT, com o acumulo de beta-catenina no nucleo e ativacdo de
genes relacionados a progressao do ciclo celular, apoptose e diferenciagdo. Monossomia do
cromossomo 6 esta presente em cerca de 85% dos casos de MB-WNT e tem sido proposto
como marcador para diagndstico desse subgrupo juntamente com a avaliacdo de beta-
catenina nuclear por imunohistoquimica. Embora ja utilizado, 10-15% dos pacientes MB-
WNT nao sdo identificados por esse método de diagnostico (ELLISON et al., 2005; Taylor
et al., 2012; NORTHCOTT et al., 2012a, NORTHCOTT et al., 2012b; NORTHCOTT et
al., 2017).

O MB-SHH ocorre em 30% dos casos, possui prognoéstico varidvel e metastases ao
diagnostico sdo incomuns (KOOL et al, 2012; PICKLES et al., 2017). Esses tumores
contem mutagdes em diferentes fatores da via de sinalizacdo SHH, como PTCHI (gene
supressor tumoral envolvido na Sindrome de Gorlin, que predispde a MB), SUFU, SMO,
GLII e GLI2. A via SHH, constitutivamente ativa nesse subgrupo, ¢ importante no
desenvolvimento do cerebelo, onde controla a proliferagdo de células precursoras
granulares. Alteracdes somaticas em genes codificadores de proteinas envolvidas com
modulagado de acetilagdo de histonas (como CREBBP, KATB6B, EP300 ¢ BRPF1) tem uma
representacdo maior em MB-SHH do que nos outros subgrupos. Alteracdes estruturais
como delegdes no cromossomo 9q e 10q e amplificacdo em MYCN e GLI2 estdo presentes
nesse subgrupo. Aproximadamente 21% dos pacientes MB-SHH tem mutacdes em 7P53
(MB-SHH/TP53mut) o que confere a eles um pior prognostico. Taxa de sobrevida em 5
anos caem de 81% em pacientes MB-SHH/TP53wt para 50% em pacientes MB-
SHH/TP53mut (TAYLOR et al., 2012; NORTHCOTT et al., 2012a, NORTHCOTT et al.,
2012b; ZHUKOVA et al., 2013; NORTHCOTT et al., 2017).
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O MB nao-WNT/SHH sao provisoriamente divididos em Grupo 3 e Grupo 4, os
quais ainda ndo possuem uma composicdo molecular claramente demarcada como os
subgrupos MB-WNT e MB-SHH. Eles representam 20% e 40% dos casos de MB
respectivamente. O MB Grupo 3 apresenta o pior prognostico (sobrevida livre de doenga
em 5 anos menor que 50%) e frequentemente apresenta metastase ao diagnostico, enquanto
0 MB Grupo 4 tem um prognostico intermedidrio (sobrevida livre de doenga em 5 anos de
70%) e as metastases ocorrem em cerca de um terco dos pacientes (KOOL et al., 2012;
PICKLES et al, 2017). Esses grupos raramente apresentam mutagdes somaticas em
regides codificadoras e as poucas mutacdes identificadas sdo associadas com
remodeladores da cromatina e modificadores de histonas. O gene SMARCA4 ¢ o que se
apresenta mais mutado nos MB Grupo 3 (11%), enquanto mutagdes no gene KDM6A, que
codifica uma demetilase de histona, ocorrem em MB Grupo 4 (12%). MB nao-WNT/SHH
tem grande instabilidade cromossomal, com intimeras variagdes estruturais. Algumas
dessas variagdes sdo especificas, como amplificacdo de MYC ou OTX2 em Grupo 3 e
delecdes em KDM6A no Grupo 4, e outras sdo comuns aos dois grupos, como
isocromossomo 17q (i17q). MB nao-WNT/SHH apresentam alteragdes nas vias de
sinalizacdo associadas a manuten¢do de células tronco, diferenciagdo neuronal e
neurogénese, com o Grupo 3 superexpressando genes relacionados ao desenvolvimento da
retina e o Grupo 4 genes envolvidos na diferenciacdo e desenvolvimento neuronal. Apesar
de terem transcriptomas mais similares entre si do que os outros subtipos de MB, Grupo 3
e 4 apresentam perfis de metilagdo de DNA diferentes, confirmando que eles representam
entidades moleculares distintas (TAYLOR et al, 2012; NORTHCOTT et al., 2012a,
NORTHCOTT et al., 2012b; NORTHCOTT et al., 2017, CAVALLI et al., 2017).

Os recentes estudos genomicos em MB, além de confirmarem sua divisdao
molecular em no minimo quatro subtipos, evidenciaram a importancia de fatores
epigenéticos para a patogénese desse tumor (HUETHER et al.,2014, CAVALLI et al.,
2017).

1.2 EPIGENETICA E O CODIGO DE HISTONAS

Epigenética ¢ o estudo de mudangas na fungdo génica que podem ser herdaveis

mitdtica e/ou meioticamente e que ndo envolvem modificagcdes na sequéncia de DNA. Os
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mecanismos epigenéticos alteram a estrutura da cromatina e funcionam em conjunto com o
DNA para estabilizar programas transcricionais que definem a identidade de cada tipo

celular (BERGER et al., 2009; ALLIS & JENUWEIN, 2016).

A cromatina, a forma no qual o DNA ¢ empacotado dentro da célula eucariotica,
¢ formada por unidades funcionais denominadas nucleossomos. Esses sdo compostos por
um octamero de proteinas histonas (H2A, H2B, H3 e H4), que sdo envoltas por
aproximadamente 147 pares de bases do DNA. As variagdes nos componentes do
nucleossomo, nas proteinas que se ligam a ele (incluindo aquelas que reconhecem histonas
modificadas e chaperonas) e em remodeladores da cromatina dependentes de ATP afetam a
estrutura da cromatina, mantendo-a menos condensada e transcricionalmente ativa (a
eucromatina) ou altamente condensada e inativa (a heterocromatina). Esse grau de
compactacdo definido por mudangas no nucleossomo ¢ resultado de eventos epigenéticos,
como a metilagdo do DNA e as diferentes modificacdes pds-traducdo (PTM) que ocorrem

nas histonas (LUGER et al., 2012 BRIEN, et al., 2016).

As histonas sdo proteinas que apresentam uma estrutura globular e uma regidao N-
terminal mais flexivel (a “cauda” da histona), a qual ¢ exposta na superficie do
nucleossomo e esta sujeita a diversas modifica¢des covalentes. Essas PTM incluem, entre
outras, acetilacdo, fosforilacdo, metilacdo, ubiquitinagcdo e ADP-ribosilacdo, e agem
sequencialmente ou em combinacdo para formar o “cddigo de histonas”. Esse codigo
regula padrdes funcionais e distintos de transcri¢ao, reparo do DNA e replicag@o através de
proteinas que adicionam a marca epigenética as histonas (writers), proteinas que retiram a
marca (erasers) e proteinas que reconhecem as modificagdes (readers). Uma das PTM
mais estudadas ¢ a acetilagdo de residuos de lisina da cauda das histonas (STRAHL &
ALLIS, 2000; JENUWEIN & ALLIS, 2001; TURNER, 2002; KOUZARIDES, 2007
ALLIS & JENUWEIN, 2016) (Figura 2).
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Figura 2. Cédigo de histonas. Modificagdo pds-tradug@o de histonas ¢ um dos mecanismos de regulagdo
epigenética. Essas alteragdes pos-traducdo covalentes ocorrem na regido N-terminal das histonas H3, H4,
H2A, e H2B. Esse processo envolve enzimas que adicionam (writer), retiram (eraser) ou interpretam (reader)
as modificagdes. Adaptado de Sawan ef al. (2008) e Helin & Dhanak (2013).

A primeira modificagdo descrita para as histonas foi a acetilagdo (PHILLIPS,
1963), processo regulado por dois tipos de enzimas: as histonas acetiltransferases (HATs) e
as histonas deacetilases (HDACs). As HATs funcionam como writers e catalisam a
transferéncia de um grupo acetil, originado do cofator acetil-CoA, para residuos de lisina
da cauda das histonas. Esse processo altera a carga da proteina, o que resulta em uma
interagdo eletrostatica menor com o DNA, um maior relaxamento da estrutura de
empacotamento € um maior acesso de fatores de transcri¢do e da RNA polimerase. Além
de presentes no nucleo (HATs tipo A), onde estdo envolvidas com a regulacdo da
expressdo génica, HATs estdo presentes no citoplasma (HATs do tipo B) onde acetilam
diferentes proteinas, inclusive histonas sintetizadas que serdo direcionadas para o nicleo.

As HATs nucleares podem ser agrupadas ainda em varias familias de acordo com a
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homologia de sequéncia e as caracteristicas estruturais e funcionais. Essas familias
apresentam dominios diferentes que sdo reconhecidos por proteinas, as quais atuam como
cofatores e determinam a especificidade de substrato e de gene-alvo das HATs (ROTH et
al, 2001; KIMURA et al., 2005; LEE & WORKMAN, 2007; SCHENEIDER et al.,
2013).

Em oposi¢do ao efeito das HATs e atuando como erasers, as enzimas HDACs
removem o grupamento acetil das lisinas da cauda das histonas, restaurando sua carga
positiva, estabilizando a arquitetura da cromatina e dificultando a transcrigdo génica. Além
disso, promovem o estabelecimento e a disponibilidade de residuos de lisina que podem ser
alvos de diferentes PTM, como metilagdo e ubiquitinagdo. Em humanos, HDACs sdo
divididas em quatro classes de acordo com sua homologia com HDACs de leveduras,
localizag¢do celular e atividade enzimadtica e, assim como as HATs, HDACs podem ser
encontradas em complexos formados por proteinas que regulam sua atividade enzimatica

(BOLDEN et al., 2006; COHEN et al., 2011; SETO & YOSIDA, 2014).

O desequilibrio entre atividade de HATs e HDACsS, assim como alteragcdes em
fatores regulatorios ou complexos de remodeladores da cromatina que reconhecem
residuos acetilados (readers), resulta em uma mudanga no padrdo de acetilacdo das
histonas. Essa mudanga tem o potencial de afetar a estrutura e integridade do genoma,
interromper programas de expresssdo génica normais, e, assim, contribuir com o
surgimento de patologias como o cancer (Figura 3). A hipoacetilacio em genes
supressores tumorais, por exemplo, pode silencid-los ou reduzir seus niveis de expressao,
contribuindo para o processo tumoral (COHEN et al., 2001; DELCUVE et al., 2012;
CERBO & SCHENEIDER, 2013). Diferentes tipos de neoplasias apresentam alteracdo no
nivel global de acetilagdo de histonas, principalmente perda de acetilagdo na lisina 16 da
histona H4 (H4K16ac) (FRAGA et al., 2005). Essa hipoacetilagdo pode ser explicada pela
atividade aberrante de HDACs, dado que a superexpressao dessas enzimas ¢ observada em
diferentes neoplasias (WITT er al., 2009). Em MB, diversas isoformas especificas de
HDACs sao diferencialmente expressas, sendo a superexpressio de HDAC 5 e 9
correlacionadas com um pior progndstico clinico (MILDE et al., 2010). Apesar de
alteracdes em outros componentes envolvidos na acetilagdo também participarem em

eventos oncogénicos (como mutagcdes em componentes do complexo N-CoR em MB-
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SHH), a inibicdo de HDACs ¢ uma das estratégias terapéuticas estudadas para reverter

mudangas epigenéticas associadas ao cancer (JOHNSTONE, 2002).

Ativacao Transcricional

Acetilagédo (HATs)

Desacetilagdo (HDACs)

Repressao Transcricional

( Desequilibrio na atividade de HDAC e HAT

Proliferacéo Migragao

HATs

Apoptose

Alteragoes bioldgicas
no cancer

|
/ l \ Morte celular

Diferenciacédo  Ciclo celular

Figura 3. Acetilacio de histonas. O perfil de acetilacdo de histonas ¢ determinado pela agdo das enzimas
histonas acetiltransferases (HATs) e as histonas deacetilases (HDACs). Histonas acetiladas sdo
correlacionadas com a ativagdo da expressdo génica e histonas deacetiladas com a repressdo génica. O
desequilibrio na agdo das enzimas HATs e HDACs, como uma maior ativagdo de HDACs, promove
alteragdes em processos biologicos envolvidos em cancer. Adaptado de Shalome A. Bassett & Matthew P. G.
Barnett, (2014) e Katherine Ververis et al. (2013).

Inibidores de HDAC (HDAC:s) sdo compostos quimicos (naturais ou sintéticos)
que causam uma hiperacetilagdo de histonas no nucleossomo, resultando na expressdo de
um grupo especifico de genes que podem levar a parada do ciclo celular, apoptose e/ou

diferencia¢do. Eles s3o classificados de acordo com a estrutura quimica em &cidos
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hidroxamicos, acidos alifaticos de cadeia curta, benzamidas, tetrapeptideos ciclicos e
inibidores de sirtuinas. Eles podem atuar em apenas alguns tipos de HDACs (inibidores
seletivos para isoformas) ou contra todos os tipos (pan-inibidores) e os genes afetados sdo
dependentes do tipo celular, sendo as células tumorais muito mais sensiveis aos HDACis
do que as células normais. Apesar de, de forma geral, histonas acetiladas serem
correlacionadas com ativagdo da transcri¢do gé€nica, um numero similar de genes sdo
reprimidos e induzidos ap6s tratamento com HDACis. Essas mudancas na expressdo de
genes afetam diferentes processos correlacionados a carcinogénese, inclusive a
diferenciag¢do celular (Figura 4) (KRETSOVALI et al., 2012; BISWAS & RAO, 2017;
ECKSCHLAGER et al., 2017; WEST & JONSTONE, 2017).

Classe |
HDAC1 —_
HDAC?2
HDAC3 Genes ativados:
CDKN1A, GATA2, PKCD, MHC1,
HDACS8 MHC2, BAK, IL8, RARbeta, TG1,
I CPA3, CD86, ICAM1
Classe lla — Butirato
HDAC4
]
HDAC5S Genes inibidos:
CCND1, BCL2, IL2, BCLXL
HDAC7
I |
HDAC9
Classe llb
HDACG6
HDAC10 B Dominio catalitico classe |
Bl Dominio catalitico classe I
[ Dominio catalitico inativo classe I
] Dominio catalitico classe IV
Classe IV Bl Regigo "coiled-coil"
HDAC11 [] Motivo estrutural dedo de zinco

Figura 4. Classes de histonas deacetilases inibidas por butirato de sodio. Histonas deacetilases sdo
divididas em 4 classes, sendo as classes I e IIA alvos da ag¢do do Butirato de sodio. Esse inibidor ja foi
descrito regular genes envolvidos em diversos processos biologicos, como ciclo celular e apoptose. Adaptado
de Bolden et al. (2006) e Blank (2015).
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HDACis ja foram descritos como agentes indutores de diferenciacdio em
linhagens de célula tumorais como cancer de colon (WANG et al., 2014), de mama
(MUNSTER et al., 2001), neuroblastoma (FRUMM et al., 2013), sarcoma de Ewing
(SOUZA et al., 2018) entre outros, com a diferenciagdo sendo avaliada por pardmetros
como morfologia, parada do ciclo celular na fase Gl e marcadores de
desenvolvimento/diferenciagdo tecido-especifico (MARKS et al.,, 2000; GOTTLICER et
al., 2001). Em células de MB, o efeito antiproliferativo do HDACi fenilbutirato ¢
acompanhado por uma mudanc¢a morfologica das células, uma parada no ciclo celular em
G0/G1 e um aumento na expressao do marcador de diferenciagcdo glial GFAP e neuronal
SYN, sugerindo a inducdo de um fendtipo mais diferenciado. Experimentos in vivo
demonstraram que ap0s tratamento com 3 mM de fenilbutirato por 28 dias hd uma redugao
tumoral e um tempo de laténcia mais curto na formagdo de tumores em camundongos
SCID. A hiperacetilacdo da histona H4 ¢ importante para determinar a resposta a droga e
os genes associados com um fenotipo mais diferenciado, tais como GFAP, SYN, receptores
GABA¢érgicos e dopaminérgicos, sdo identificados em células tratadas (LI et al., 2004).
Nor e colaboradores demostraram que outro HDACI, butirato de s6dio (NaB), além de
induzir diferenciacdo ¢ capaz de diminuir a formagdo de esferas de células de MB, um
modelo de cultura para enriquecimento de células com fendtipo mais indiferenciado
(células tronco tumorais — CSC) (NOR et al., 2013). NaB ¢ um inibidor de HDAC classe |
e Ila que possui a capacidade de modular a expressdo de genes relacionados a pluripoténcia
em células tronco normais e pode ser usado para estudar a reprogramacao desses genes em

CSC (CANANTI et al., 2012).

A acetilagdo e outras PTM de histonas funcionam como um cddigo e assim, a
alteracdo promovida por HDACis podem levar a modificacdes em outros elementos
importantes para a interpretagdo do cddigo. Diferentes HDACis testados em células
tumorais € ndo tumorais induzem uma aumento na metilagio de H3K4 (NIGHTINGALE
et al., 2007) e NaB, em cancer de mama, reduz a expressdao de BMII, gene que codifica
uma proteina do complexo PRCI envolvida na auto-renovagdo e proliferagdo de células

tronco normais e tumorais (BOMMI et al., 2010).
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1.3 CELULAS TRONCO TUMORAIS

Células tronco tumorais (CSC) ¢ o termo que define uma populagdo tumoral
distinta de células com habilidade de auto renovagdo e capacidade de repopulagdo clonal,
ou seja, gerar os diferentes tipos celulares que constituem um tumor (REYA et al., 2001).
Essas células sdo nomeadas assim devido a suas propriedades ‘“tronco” (stemness)
similares as observadas em células tronco de tecidos normais, as quais incluem extensa
habilidade de auto renovagdo (simétrica e assimetricamente) e capacidade de
diferencia¢do. CSC sdo capazes de iniciar um tumor, caracteristica experimentalmente
demonstrada pela capacidade de um numero limitado dessas células, quando injetadas em
um ambiente ortotdpico in vivo, originarem um tumor composto por diferentes tipos
celulares (CSC e nao-CSC) e similar fenotipicamente ao tumor parental (KRESO &.DICK,
2014).

CSC foram inicialmente identificadas e caracterizadas em leucemia mieldide aguda
humana (LMA) utilizando o conhecimento sobre células-tronco hematopoiéticas. Nesse
tumor hematolégico foi possivel observar que a populacdo de células transplantadas em
camundongos NOD/SCID capaz de originar e recapitular a leucemia original era aquela
que apresentava um perfil de marcadores de superficie especifico de células imaturas da
medula (CD34+CD38-). Além disso, células com outros perfis (CD34- ou CD34+CD38+)
ndo apresentavam a mesma capacidade (LAPIDOT et al., 1994). Em tumores so6lidos, a
presenga de CSC sé foi observada quase dez anos depois, quando, utilizando estratégia
similar, elas foram identificadas em cancer de mama (AL HAJJ et al., 2003). Desde entao,
CSC, também conhecidas como células iniciadoras de tumores, foram identificadas em
tumores solidos de diversos orgaos, incluindo SNC (SINGH et al., 2003), figado (MA et
al., 2007), ovario (ZHANG et al., 2008), prostata (COLLINS et al., 2005), pulmao
(ERAMO et al., 2008), melanoma (FANG et al., 2005), pancreas (LI et al., 2007) e c6lon
(O’BRIEN et al., 2006), com cada tipo tumoral apresentando diferentes marcadores de
superficie. Em MB, CSC sdo identificadas pela expressdo de marcadores de células tronco
neurais como CD133, BMII e Nestina, pela capacidade de formar esferas ndo aderentes em
culturas livres de soro fetal bovino e pela tumorigenicidade (HEMMATI et al., 2003;
SINGH et al., 2004;).

Atualmente, ¢ amplamente aceito que CSC participam nos processos iniciais do

tumor, na progressdo, na metastase e na recidiva tumoral, produto de células resistentes a
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terapia (PEITZSCH et al., 2017). Alguns dos mecanismos moleculares presentes em CSC
e responsaveis por suas propriedades tem sido descritos em diferentes tipos tumorais. A
resisténcia de CSC a quimioterdpicos, por exemplo, ¢ resultado da alta expressdo de
transportadores de efluxo de drogas como membros da familia de transportadores ABC
(ATP-binding cassete), que incluem ABCG2, MDR1 ¢ MRP1 (BEGICEVI & FALASCA,
2017). A resisténcia de CSC a terapia convencional, principalmente a radioterapia, também
pode ser explicada por mecanismos que protegem as CSC do dano ao DNA induzido pelo
tratamento como: regulacdo do status do ciclo celular, aumento da capacidade de reparo ao
DNA e prevencao de dano ao DNA por uma eficiente redu¢do de espécies reativas de

oxigénio (COJOC et al., 2014).

Em meduloblastoma, observa-se uma rela¢ao entre resisténcia a terapia e o fenotipo
indiferenciado. Células de MB tolerantes a radioterapia, por exemplo, apresentam
propriedades de células tronco como a habilidade de iniciar e recapitular o tumor parental
e, comparada as células parentais, células radiorresistentes tem uma expressao aumentada
do transportador ABCG2, um dos mecanismos descritos para CSC (INGRAM et al., 2013).
Também células expressando altos niveis de marcadores de células tronco tumorais, como
CD133, Sox-2, Bmil e Nestin, sdo radioresistentes quando comparadas as células parentais

(YU et al., 2010).

Em relacdo a capacidade metastatica, CSC podem migrar do sitio primario e se
estabelecer em um novo nicho onde originam um tumor heterogéneo. Analises de células
unicas mostram que células metastaticas em estadios iniciais possuem padrdo de expressao
de células tronco (COJOC et al., 2014; LAWSON et al, 2015). Em diferentes tumores,
CSC estdo envolvidas no processo de transi¢do epitélio-mesenquima (EMT), no qual
células epiteliais aderentes adquirem o fendtipo de células mesenquimais migratorias
tumorais (MITRA et al., 2015). CSC expressam fatores de transcri¢do indutores de EMT
como TWIST, SNAIL e SLUG, assim como células em processo de EMT apresentam uma
similaridade com CSC quando comparadas com células que ndo estdio em EMT. Essas
observacdes indicam que CSC podem migrar e sdo provavelmente as responsaveis por
iniciar o processo de metastase (BACCELLI & TRUMPP, 2012; SHIOZAWA et al.,
2013). No modelo de formacao de esferas, CSC de MB apresentam elevada expressdo de

MMP-9 ¢ MTI- MMP, os quais estdo envolvidos nos processos de invasdo celular e
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metastase (ANNABI et al., 2008). Assim como para resisténcia, hd uma diminui¢ao
conjunta da capacidade invasiva de células e de marcadores de pluripoténcia em MB

(GONG et al., 2018).

Além dos mecanismo acima citados, a repopulagdo de CSC apds ou durante a
terapia antitumoral pode ser atribuida a ativagdo de vias de sinalizagdo essenciais na
homeostase do tecido adulto e desenvolvimento embrionario (COJOC et al., 2014). O
conjunto desses programas moleculares que governam e mantem o estado indiferenciado
das CSC define a caracteristica stemness dessas células (KRESO & DICK, 2014). Em
modelo mais recente da hipotese de CSC, o modelo de plasticidade de CSC, diferentes
células podem adquirir o fendtipo indiferenciado, com as CSC representando um estado
celular e ndo necessariamente uma populagdo estatica (Figura 5). Nesse modelo,
caracteristicas como stemness e plasticidade de CSC s3o determinados por fatores
intrinsicos e extrinsicos, como regulacao epigenética e, consequentemente, modulagdo em
vias de sinalizagdo associadas a auto-renovacao e diferenciagcdo (LI & LATERRA, 2012;
PRASETYANTI & MEDEMA, 2017). As Proteinas do Grupo Policombo, por exemplo,
sdo moduladores epigenéticos que participam da homeostase de células tronco normais e
que também atuam na atividade de stemness nas CSC (SAUVAGEAU & SAUVAGEAU,
2010).

\
Hierarquia Plasticidade CTT O
unidirecional
” 0

(
®... @O
t ‘ O '\ /O\‘

e
o, " %8

célula tronco progenitor ceIuIa tumoral célula tumoral diferenciada
tumoral comprometido dlferenciada que adquire propriedades CTT

Figura 5. Modelos de CSC. O modelo de CSC original (hierarquia unidirecional) define que apenas CSC
sdo capazes de recapitular o tumor parental. No modelo de platicidade de CSC, células tumorais tem a
habilidade dindmica bidirecional de converter seu fenétipo de um estado ndo-CSC para um estado de CSC e
vice e versa. Assim, stemness e a plasticidade de CSC sdo determinados por fatores intrinsecos e extrinsecos,
que podem ser estimulos do microambiente tumoral ou mudangas epigenéticas (representados como raios
vermelhos na figura). Assim, ndo-CSC podem servir como um reservatorio de CSC durante a tumorigénese.
Adaptado de PRASETYANTI & MEDEMA, 2017.
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1.4 BMI1

BMII1 (B-cell-specific Moloney murine leukemia virus insertion site 1) ¢ um
componente do complexo de regulacdo epigenética Polycomb Repressive Complex 1
(PRC1) (CAO et al, 2005). A proteina do Grupo Policombo codificada por BMII
apresenta um dominio “dedo de zinco” conservado na regido N-terminal e um motivo
“hélice-volta-hélice” central e, apesar de ser um componente regulatorio central do PRCI,
nenhuma atividade enzimatica intrinseca de BMI1 ¢é conhecida (CAO et al., 2005; LI et al.,
2006). Em conjunto com outras proteinas que formam PRC1, BMII modula a estrutura da
cromatina e regula a transcricdo de varios genes importantes envolvidos no
desenvolvimento, ciclo celular, resposta a dano do DNA, senescéncia, regulagdo de células
tronco e auto renovagao celular (SIMON & KINGSTON, 2009; BHATTACHARYA et al.,
2015).

Além de suas agdes fisiologicas, BMI1 atua em diversos processos associados a
tumorigénese e estd superexpresso em varios tipos de neoplasias como cancer de pulmao,
cancer de ovario, cancer de mama, leucemia mieloide aguda e cronica e gliomas (WANG
et al., 2015). Em neoplasias oriundas de diferentes tecidos, uma assinatura baseada em
genes regulados por BMII define um perfil de maior malignidade e pior prognostico
correlacionado com um menor intervalo para doenga recorrente, presenga de metastase e
menores taxas de respostas a terapia (GLINSKY et al., 2005; LI et al., 2010). Esse perfil
estd relacionado, em parte, a repressio do locus INK4a/ARF por BMII e,
consequentemente, inibicdo das vias supressoras tumorais pl6INK4A/RB e
pl4ARF/MDM2/p53 relacionadas a auto-renovacdo e controle do ciclo celular (JACOBS
et al., 1999; BRACKEN et al., 2007). BMI1, mesmo na auséncia do locus INK4a/ARF,
controla a proliferagdo, adesdo e diferenciacio em modelo animal de glioma,
demonstrando que ele atua em outros processos associados a genes diferentes de Ink4a/Arf

(BRUGGEMAN et al., 2007).

BMII interfere em processos associados ao fenotipo de CSC como na EMT
induzida por Twistl (YANG et al.,, 2010), na invasdo e metastase por alterar a expressao
de metaloproteinases MMP-2 e MMP-9 (LI et a/, 2013) e na quimioresisténcia por regular
a expressdo do tranportador ABC ABCG2 (SU et al.,, 2015) e prevenir dano de DNA
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causado por espécies reativas de oxigénio (WANG et al, 2011). Esses processos

corroboram com o papel funcional de BMI1 em CSC (BAKHSHINYAN et al., 2017).

Em MB, BMI-1 tem a expressao aumentada em todos os subgrupos moleculares,
com niveis mais altos detectados no MB-Grupo 4, seguido por MB-Grupo3, MB-SHH e
MB-WNT (BEHESTI efal., 2013). Assim como em outros tumores, maior expressao
génica de BMII estd associada com uma diminuicdo na sobrevida de pacientes
(ZAKRZEWSKA et al., 2011), provavelmente por sua acdo em induzir a auto renovagao
de células tronco neurais e a proliferagdo de progenitores granulares do cerebelo, possiveis

células de origem do MB (LEUNG et al., 2004; SUTTER et al., 2010).

Virios processos tumorais em MB sdo modulados por BMI1. A diminui¢do nos
niveis dessa proteina, por exemplo, reduz a proliferacdo de células de MB por dois
mecanismos distintos: inducdo de apoptose e mudanga no estado redox intracelular e
consequente inibicdo da senescéncia celular (WIEDERSCHAIN et al, 2007;
VENKATARAMAN et al., 2010). BMI-1 também altera a expressdo de genes envolvidos
nos processos de remodelamento da matrix extracelular, adesdo celular e nas vias de
sinalizacdo TGF, WNT, VEGF e AKT (WIEDERSCHAIN et al., 2007), importantes no
processo de migracdo. De fato, knockdown de BMII reduz a ativagdo da via de BMPs
(bone morphogenetics proteins), membros da via de sinalizacdo de TGFb, restringindo a

migracgdo celular (MERVE et al., 2014).

Um numero importante de reguladores do desenvolvimento e fatores de
diferenciagdo sdo modulados por BMI1 em MB, sugerindo a atuacdo dele na manutengao
de um fenoétipo indiferenciado e na inibicdo de indugdo de progamas de diferenciagdo
(WIEDERSCHAIN et al., 2007). Corroborando com essa hipdtese, CSC de MB
apresentam niveis mais elevados de BMII do que células tronco neurais e a sua redugdo
inibe a auto-renovagdo e a capacidade tumorigénica dessas células (WANG et al., 2012;
MANORANIJAN et al.,, 2013). Além disso, demonstrou-se que crescimento de MB-Grupo
4 e MB-SHH ¢ dependente de BMI1, uma vez que knockdown de seu transcrito resultou na
reducdo do crescimento e invasdo tumoral em modelo de xenotransplante (MERVE et al.,
2014) e camundongos duplo negativos para BMII ndo formavam tumores em modelo
animal para desenvolvimento de meduloblastoma dirigido por ativagdo da via Hedgehog

(MICHAEL et al., 2008).
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Apesar de essencial para a manutencao de diferentes subtipos moleculares de MB, a
expressdo aumentada de BMII em células tronco neurais ou progenitores granulares do
cerebelo ndo ¢ suficiente para induzir a forma¢do de MB (BEHESTI et al., 2013;
YADIRGI et al., 2011). Entretanto, em camundongos com delecdo em 7P53, a expressao
aumentada de BMI1 ¢ capaz de induzir tumores, embora com uma frequéncia muito baixa,

indicando a necessidade de eventos oncogénicos adicionais para que BMII induza a

forma¢ao de MB (BEHESTI et al., 2013).

1.5 SINALIZACAO DE ERK EM MB

Similar ao observado para a expressdao de BMI1, a ativacdo de ERK estd aumentada
em biopsias de MB comparada ao tecido normal do cérebro e contribui para a proliferagdo
das células desse tumor (WANG et al., 2001; WLODARSKI et al., 2006). A ativagdo
dessa via também contribui para o processo de migracao celular em MB, com inibi¢do de
ERK reduzindo a capacidade invasiva tumoral (YUAN et al., 2010). Essas observagdes
estdo de acordo com estudo prévio que demonstra um aumento nos niveis de membros da
cascata de ativagdo RAS/ERK em MB metastaticos (MACDONALD et al., 2001).

A atividade da via de ERK ¢ importante para a sobrevida de progenitores
cerebelares (KENNEY & ROWITCH, 2000), o que possibilita que essa sinalizacdo esteja
relacionada a manuten¢do de CSC em MB. Chow e colaboradores mostraram que a
ativacdo de ERK influencia na capacidade de células de MB formarem neuroesferas.
Tumores que formavam esferas independente de estimulo de fatores de crescimento (EGF
e bFGF) apresentavam alta ativagdo de ERK em comparagdo a tumores que dependiam de
fatores de crescimento ou tumores incapazes de formar esferas. Células provenientes de
tumores com alta ativacdo de ERK e, consequentemente, formadores de neuroesferas
independente de fatores de crescimento, apresentaram maior potencial tumorigénico e
letalidade (CHOW et al., 2014). Esses resultados sugerem uma relacdo entre a sinalizagdo

de ERK e CSC de MB.
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1.6 HIPOTESE GERAL
Visto que:

- A formacdo e manutencdo de MB tem sido associada a desregulacio em fatores

epigenéticos (ROUSSEL & STRIPAY, 2018);

- Esses fatores regulam a diferencia¢do neural e o desenvolvimento do cerebelo humano
(QURESHI & MEHLER, 2013) e, quando alterados, contribuem para a indu¢do de um
fenotipo indiferenciado de CSC e para MB mais agressivos (HUANG et al., 2016);

- CSC em MB tem expressao aumentade de BMI1, um potente regulador de células tronco
neurais, que apesar de ser essencial na formacdo e manutencdo de MB, ndo ¢ capaz de

sozinho formar tumores (BEHESTI et al., 2013);

- A sinalizagdo de ERK, envolvida no desenvolvimento do cerebelo, tem ativagdo
aumentada em MB mestastaticos (MACDONALD et al., 2001), caracteristica atribuida a

plasticidade de CSC, o que sugere sua participacao na propriedade stemness dessas células;

- Moduladores da cromatina sdo propostos como como indutores de diferenciacdo em

tumores (SHARMA et al., 2010).

A hipotese desse trabalho € que alteragdes epigenéticas sdo responsaveis pela
forma¢ao e manuten¢do de MB por induzirem um fendtipo stemness através da expressao

de BMI1 e ativacao da via de sinalizacdo de ERK.
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1.7 OBJETIVOS

Avaliar o impacto da modulagdo epigenética no fendtipo indiferenciado e,

consequentemente, na manuten¢do de células de MB humano.

Objetivos especificos:

CAPITULO 1

ii.

1il.

1v.

Determinar a expressdo de marcadores de stemness CD133 e BMII e a modulagao
da via de sinalizagdo de ERK ap0s a inibi¢do da acetilagdo de histonas em células
de MB;

Avaliar o efeito da inibicdo da acetilagdo de histonas e da sinalizagdo de ERK na
proliferacao de células de MB;

Determinar a expressao de marcadores de stemness CD133 e BMII apos a inibigao
da sinalizagdo de ERK;

Avaliar o efeito da inibi¢do de ERK na formacao de CSC de MB;

CAPITULO 11

ii.

1il.

iv.

Avaliar a proliferacdo in vitro de célula primaria de MB-Grupo 4 com alta
expressdo de BMIl apdés knockdown do gene modificador da cromatina
identificado em screening de mutagénese insercional (gene CHD?7);

Avaliar a proliferagdo de xenotransplantes de MB-Grupo 4 com alta expressao de
BMI1 apos knockdown de CHD7;

Determinar a expressao in vitro e in vivo de marcadores de diferenciacao;

Determinar mecanismo(s) molecular(es) responsaveis pelo fenotipo de células de

MB-Grupo 4 com o alta expressdo de BMII e expressdo reduzida de CHD?.
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Abstract

Medulloblastoma (MB), which originates from embryonic neural stem cells (NSCs) or
neural precursors in the developing cerebellum, is the most common malignant brain tumor
of childhood. Recurrent and metastatic disease is the principal cause of death and may be
related to resistance within cancer stem cells (CSCs). Chromatin state is involved in
maintaining signaling pathways related to stemness, and inhibition of histone deacetylase
enzymes (HDAC) has emerged as a therapeutic tool to target this specific cell population
across many tumors. Here, we observed changes in the stemness phenotype induced by
HDAC inhibition in MB cells. We treated two human MB cell lines with the HDAC
inhibitor (HDAC1) sodium butyrate (NaB). Increased acetylation mediated by NaB reduced
MB cell viability and expression of stemness markers BMI/ and CDI33. In addition,
activation of extracellular-regulated kinase (ERK) signaling was also decreased after
treatment with NaB. We went on to use the mitogen-activated protein kinase kinase (MEK)
inhibitor U0126 to explore the role of the mitogen-activated protein kinase (MAPK)/ERK
pathway in the stemness phenotype. MEK inhibition reduced the expression of the
stemness markers and, when combined with NaB, the antiproliferative effect was
enhanced. Inhibition of MAPK/ERK activity hindered MB neurosphere formation,
supporting the possibility that this pathway is involved in regulating stemness in MB.
These results suggest that combining HDAC and MAPK/ERK inhibitors may be more
effective in reducing MB proliferation than single-drug treatments, through modulation of

the stemness phenotype of MB cells.

Keywords Medulloblastoma e Histone deacetylase ® BMI1 e Stemness ® Cancer stem

cell e Brain tumor
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Introduction

Medulloblastoma (MB), the most common malignant pediatric brain tumor, likely
arises from genetic and epigenetics abnormalies during cerebellar development [1].
Integrative genomic, epigenomic and transcriptional analyses have shown that MB is not a
single tumor type. Instead, it is comprised of at least four molecular subgroups: Wingless
(WNT), Sonic hedgehog (SHH), Group 3 and Group 4, that also have distinct
demographic, clinical, and prognostic features [2]. The WHO 2016 classification of central
nervous system (CNS) tumors divides MB in WNT-MB, SHH-MB/TP53 wild type, SHH-
MB/TP53 mutated, Group 3 and Group 4 [3]. This molecular identification of MB
subgroups has resulted in several clinical trials of subgroup specific therapies, however,
except for de-escalation of therapy for WNT patients, there are a paucity of new treatment
options for most patients. Specifically, the long-term neurocognitive sequelae of therapy
affect the life quality of MB survivors while patients with recurrent and metastatic disease

usually succumb to their disease [4, 5].

According to the cancer stem cell (CSC) hypothesis, recurrence and metastasis in
some tumor types may arise from a specific tumor cell subpopulation, the CSC, a distinct
population of cells presenting stem cell-like properties such as clonal long-term
repopulation and self-renewal capacity [6, 7]. In some cancers, including CNS tumors,
CSCs drive tumor initiation and progression and are able to recapitulate the phenotype of
the tumor from which they were derived [8]. In MB, CSCs are identified by the expression
of neural stem cell (NSC) markers such as CDI33, BMII, Nestin and Sox2, by their

capacity to form neurospheres in vitro, and by tumorigenicity in animal xenograft models
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[8, 9]. These highly tumorigenic cells display features including stemness, therapeutic

resistance, and invasion [10-14].

Given that a failure in maturation of cerebellar progenitor cells is likely at the
origin of MB, and the resistance characteristics presented by CSCs may be responsible for
therapeutic failure, modulation of cellular differentiation may be seen as a relevant
strategy. In this context, epigenetic modulators have emerged as an exciting therapeutic
avenue, particularly histone deacetylase inhibitors (HDACis) [15, 16]. HDACs are
enzymes that control, in a balance with histone acetyltransferases (HATs), histone
acetylation regulating chromatin state. HDACis promote the acetylation of histones and
non-histone proteins, modify gene expression profiles, and regulate many biological
processes involved in tumor homeostasis, such as apoptosis, cell-cycle arrest, angiogenesis,
and differentiation [16]. HDACi play a role as differentiation inducers in several childhood
cancers including neuroblastoma [17], Ewing sarcoma [18] and MB [19]. In MB, the
antiproliferative effect of HDACi is accompanied by morphological changes, cell cycle
arrest, increased expression of glial and neuronal markers, and reduced tumorigenicity [20-
25]. We have previously shown that sodium butyrate (NaB), a class I and Ila HDAC;],
decreases neurosphere formation in MB cultures [23]. Using different HDACis, a recent
study found a similar effect on neurosphere survival, even in the absence of significant

changes in the expression of the stemness marker CD133 [24].

Given that the stemness phenotype is proposed as a poor prognostic marker in
many cancer types including MB [26, 27] and the effects of HDACI in regulating stemness
are still not fully understood, the aim of this study was to investigate how NaB influences

aspects of the stemness phenotype of MB cells. We examined the expression of BMI-1, a
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potent inducer of NSC self-renewal and neural progenitor proliferation during cerebellar
development [28], and activation of extracellular-regulated kinase (ERK), which plays a
role in maintenance of pluripotency in normal human stem cells [29], in MB cells after

treatment with NaB.

Materials and Methods

Cell Culture

Human Daoy (HTB186™) and D283 Med (HTB185™) MB cells were obtained from the
American Type Culture Collection (ATCC, Rockville, USA). Cells were maintained in
tissue culture flasks at 37 °C with humidified atmosphere and 5 % CO,. The culture
medium, which was changed every 2/3 days, was prepared with DMEM (Gibco, Grand
Island, USA), 1% penicillin and streptomycin (Gibco), supplemented with 10 % fetal

bovine serum (Gibco), with the pH adjusted to 7.4.

Treatments and Cell Viability

MB cells were seeded at 18.000 cells/well in 24 wells plates. After 24 h, cells were treated
with the HDAC inhibitor NaB (Sigma-Aldrich, St. Louis, USA) alone or in combination
with the MEK1/2 inhibitor U0126 (12.5 or 25 uM, Sigma-Aldrich). The NaB doses used in
Daoy (0.25, 1.0, or 2.5 mM) and D283 (0.5, 2.5, or 5.0 mM) cells were chosen in
agreement with a protocol previously described [23]. Forty-eight hours after treatment,
cells were trypsinized and counted in a Neubauer chamber with trypan blue (10 pul dye to

each 10 pl cell suspension) for viability measurement.
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Histone H3 Acetylation

Cells treated for 48 h with NaB were lysed with a lysis solution buffer and acetylation of
H3 was measured with PathScan® Acetylated Histone H3 Sandwich enzyme-linked
immunosorbent assay (ELISA) Kit (Cell Signaling Technology, Danvers, USA) according
to the manufacturer’s instructions. Colorimetric signals were measured by
spectrophotometric determination (OD450 nm) on Biochrom® Anthos Zenyth 200

Microplate Reader.

Gene Expression Correlation and Enrichment Analysis

We analyzed data from 763 MB samples [30] to detect genes significantly correlated (p <
0.05) with both CD133 or BMII expression and to perform enrichment analysis of the
correlated genes using the R2: Genomics Analysis and Visualization Platform
(http://r2.amc.nl). KEGG results and Gene Ontology Biological Process pathways were
checked again and plotted using the R software environment v.3.4.4 [31] and the R
package pathfindR v.1.2.1 [32] considering as significantly enriched pathways those with
FDR < 0.05 in the function run_pathfindR. This function requires as input a dataset
containing the gene identification (we used the HUGO symbol) the log fold change and
corrected p-value of their expression to perform the cut-off. Here, we replaced the fold
change for the r (correlation) value and the p-value for the p-value of this correlation.

Thus, we could indicate those up- or downcorrelated genes with either BMI1 or CD133.

Reverse Transcriptase Polymerase Chain Reaction (RT-qPCR)

The mRNA expression of stemness markers was analysed by RT-qPCR. Total RNA was
extracted from MB cells using SV Total RNA Isolation System kit (Promega, Madison,

USA), in accordance with the manufacturer’s instructions and quantified in NanoDrop
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(Thermo Fisher Scientific, Waltham, USA). The cDNA was obtained using GoScript
Reverse System (Promega) according to the manufacturer’s instructions. The mRNA
expression levels of target genes (BMIIl and CD133) were quantified using PowerUp
SYBR Green Master Mix (Thermo Fisher Scientific.) The primers used for RT-qPCR
amplification were designed according to the corresponding GenBank and are shown in

Table 1. Expression of B-actin was measured as an internal control.

Western Blot

Cells were lysed after NaB treatment with 1X Lysis Buffer (Cell Lysis Buffer 10X, Cell
Signaling Technology), and protein was quantified using the Bradford protein assay
(Thermo Scientific). For blotting, 20 pg of protein were separated by SDS-PAGE and
transferred to a PVDF membrane. After 1h with blocking solution (5%BSA in TTBS), the
membrane was incubated overnight at 4 °C with primary antibodies against BMI1 (1:1000;
Cell Signaling), Phospho-p44/42 MAPK (pErk1/2, 1:2000; Cell Signaling), p44/42 MAPK
(Erk1/2, 1:1000; Cell Signaling) and B-actin (1:2000; Santa Cruz Biotechnology) as
protein control. Incubation of primary antibodies was followed by incubation with the
secondary antibody (1:2000; Sigma Aldrich) for 2 h. Chemoluminescence was detected
using ECL Western Blotting substrate (Pierce, Thermo Scientific) and analyzed using
ImageQuant LAS 500 (GE Healthcare Life Sciences, Little Chalfont, UK).
Immunodetection signal were analyzed using ImageJ (National Institutes of Health,

Bethesda, USA).

Neurosphere Formation

Neurosphere formation was used as an established experimental assay to evaluate cancer

stem cell proliferation [23,33]. Daoy and D283 cells were dissociated with trypsin-EDTA
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into a single cell suspension and seeded at 500 cells/well in 24-well low-attachment plates.
The cells were cultured in serum-free sphere-induction medium, containing DMEM/F12
supplemented with 20 ng/ml epidermal growth factor (EGF, Sigma-Aldrich), 20 ng/ml
basic fibroblast growth factor (Sigma-Aldrich), B-27 supplement 1X (Gibco), N-2
supplement 0.5X (Gibco), 50 pg/ml bovine serum albumin (Sigma Aldrich), and
antibiotics during 7 days as previously described [23]. The ERK inhibitor U0126 was
added in the first day after plating cells with the sphere-induction medium. Spheres
photomicrographs were captured 7 days after treatment under an inverted phase

microscope (Leica Microsystems, Mannheim Germany) atx10 magnification.

Statistics

Data are shown as mean + standard deviation (SD). Statistical analysis was performed by
one-way analysis of variance (ANOVA) followed by Tukey post-hoc tests for multiple
comparisons. Experiments were replicated at least three times; P values under 0.05 were
considered to indicate statistical significance. The GraphPad Prism 6 software (GraphPad

Software, San Diego, USA) was used for analyses.

Table 1. Forward and reverse primers used for RT-qPCR amplification

Gene Primer sense Primer anti-sense
ACTB 5’- AAA CTG GAA CGG TGA AGG TG -3’ 5’- AGA GAA GTG GGG TGG CTT TT -3’
BMII 5'-TGC TTT GTG GAG GGT ACT TC -3’ 5’- GTC TGG TCT TGT GAA CTT GGA -3’

CDI133 5> GGC AAA TCA CCA GGT AAG AAC-3° 5’- AAC GCC TTG TCC TTG GTA G-3°
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Results

HDAC Inhibition Impairs MB Cell Viability

Direct cell quantification after 48-h treatment with escalating doses of NaB
confirmed a significant reduction in cell viability of both Daoy and D283 relative to
vehicle. Consistently with a previous report [23], Daoy cells presented a somewhat higher
sensibility to NaB than D283 cells. A dose of 2.5 mM reduced viability to 41.7% of control
levels in Daoy cells (P<0.0001), whereas the same dose decreased D283 cell viability to
71% of control levels (P<0.0001). Lower doses of NaB, namely 0.25 mM in Daoy and 0.5
mM in D283 cells, did not significantly change cell numbers (Fig. 1a).

In order to evaluate a biochemical indicator of efficacy, histone H3 acetylation
was measured by ELISA in cells treated for 48 h. The effective doses of NaB (1.0 and 2.5
mM in Daoy, and 2.5 and 5.0 mM in D283) induced 2.42-fold and 3.03-fold increases
(Daoy, P < 0.0001) and 2.5-fold and 5.7-fold increases (D283, P = 0.005 and P < 0.0001,
respectively) in the levels of acetylated H3 compare to controls (Fig. 1b). Notably, the

levels of acetylated H3 were inversely correlated to the effect on cell viability.
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Fig. 1. HDAC inhibition hinders the viability of MB cells. a Daoy and D283 cells were treated with different
concentrations of NaB, and the number of living cells was quantified using trypan blue exclusion assays. b
H3 acetylation was determined by ELISA. Results represent the mean + SD. of three independent
experiments. ** P < 0.01; **** P <(.0001 compared to controls (Ctr).

HDAC Inhibition Reduces the Expression of Stemness Markers and ERK Activation

in MB Cells

To elucidate whether NaB could suppress MB viability by modulating the stemness

phenotype, expression of BMII and CD133 was analyzed after 48 h of NaB treatment. The
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both marks are expressed in all molecular subgroups of MB as observed in Cavalli et al.
(2017) samples (Fig. 2a). Experiments using RT-qPCR showed a reduction in mRNA
levels of stemness markers BMII and CDI133. In Daoy cells, mRNA expression of BMI]
was reduced in cells treated with the higher dose of NaB (2.5 mM; P = 0.0007), whereas
all doses of NaB (0.25, 1.0, and 2.5 mM) reduced CD133 expression compared to controls
(025 mM, P =0.018; 1 mM, P =0.01; 2.5 mM, P = 0.0006). In D283 cells, both doses
that were effective when used in cell counting experiments (2.5 and 5 mM) reduced BMI]
expression (2.5 mM, p =0.0017; S mM, P < 0.0001), and CD133 expression was reduced

by all doses (0.5 mM, P =0.0198; 2.5 mM and 5 mM, P < 0.0001) (Fig. 2b).

The reduction in protein levels of BMI1 was confirmed after 24 h of NaB treatment
in both cell lines at any dose capable of significantly impairing cell viability. After a 48-h
treatment, Daoy cells maintained a consistent reduction in BMI1 protein levels compared
to controls, and a significant reduction was found in D283 cells treated with the highest

dose (5 mM) compared to controls (P = 0.0023) (Fig. 2c).
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expression in the medulloblastoma molecular subgroups from Cavalli et al. b Relative mRNA levels of
stemness markers were determined in control and NaB-treated Daoy and D283 MB cells by RT-qPCR using
primers specific for BMII and CDI133 as described in Materials and Methods. ¢ Daoy and D283 cells were
treated with different concentrations of NaB for 24 or 48h, cells were then harvested and the expression of
BMI1 and B-actin (loading control) was determined by Western blot analysis. The relative expression of
BMI1 (24 or 48 h), were determined by densitometric analysis of signals normalized for the corresponding B-
actin signal. The analysis was performed using Image J software (NIH, Bethesda, MD). Results represent the
mean £+ SD of three independent experiments; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < (0.0001
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MAPK/ERK signaling regulates normal CNS development. The enrichment
analysis of the genes significantly correlated with CDI33 or BMI1 expression showed
MAPK signaling or associated pathways (like Neurotrophin and Erb signaling) as the most
enriched process (Fig. 3a). To investigate the status of the MAPK/ERK pathway in the MB
cells after treatment with NaB, Western blotting was performed. NaB at any dose led to a
decrease in ERK pathway activation measured by ERK phosphorylation in both cell lines
after 48 h. Even in non-effective doses (0.25 mM in Daoy and 0.5 mM in D283 cells), a
reduction of about 20% was observed, whereas doses that significantly affect cell viability

reduced ERK activation in both cell lines Ps < 0.0001) (Fig. 3b, c).
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Fig. 3. HDAC inhibition reduces ERK activation in MB cells. a Balloon plot of the 10 most representative
KEGG pathways of CD133 or BMI1 correlated genes. # of CGs: number of correlated genes. Large circles
indicate higher number of correlated genes. A darker color indicates a more significant P value b Daoy and
D283 cells were treated with different concentrations of NaB for 24 or 48 h, cells were then harvested and the
expression ERK, pERK and B-actin (loading control) was determined by Western blot analysis. The relative
expression of ERK and p-ERK (48 h) were determined by densitometric analysis of signals normalized for
the corresponding B-actin signal. The analysis was performed using Image J software (NIH, Bethesda, MD).
Results represent the mean + SD of three independent experiments; * P < 0.05; ** P < 0.01; *** P <0.001;
**%% P <0.0001 compared to controls (Ctr).

HDAC and MAPK/ERK Inhibition Cooperate to Reduce MB Growth

To determine the effect of ERK inhibition on stemness markers in MB cells,
mRNA expression of BMII and CDI33 was measured after 48 h of treatment with the
MEK1/2 inhibitor U0126 (12.5, or 25 uM). CD133 expression decreased significantly after
treatment in both cell lines (Daoy, P = 0.0001 and P < 0.0001; D283, P = 0.02 and P <
0.0001). Reductions in BMI1 were observed in both cell lines (Daoy, 12.5 uM, P = 0.0094;

25 uM, P =0.0016; D283, 25 uM, P = 0.0436) (Fig. 4a).

Given that there is a possible relationship between the stemness phenotype and cell
viability, cell counting after treatment with U0126 with or without NaB was performed.
U0126 (25 uM) significantly reduced MB cell viability (Daoy, P = 0.0008; D283, P <
0.0001). Combined treatment of the highest dose of U0126 (25 uM) plus NaB (1.0 or 2.5
mM in Daoy and 2.5 or 5 mM in D283) produced more robust inhibition of cell

proliferation than either inhibitor alone at the same doses in both cell lines. (Fig. 4b).
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Fig. 4. Inhibition of HDAC and ERK impairs MB cell proliferation. a Relative mRNA levels of stemness
markers were determined in control and U0126 -treated Daoy and D283 MB cells by RT-qPCR, using
primers specific for BMII and CDI33. b Daoy and D283 cells were treated with different concentrations of
NaB alone or in combination with the ERK inhibitor U0126, and the number of living cells were quantified
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MAPK/ERK Inhibition Hinders the Expansion of Putative MB CSCs

A neurosphere assay was performed to investigate the formation of MB CSCs.
First, the mRNA expression of CD/33 and BMII was measured to confirm enrichment of
stemness after sphere formation. Expression of both markers was increased in
neurospheres compared to monolayer cultures. After 7 days of culturing cells in
appropriated medium for expansion of stem cells, BMI] expression was increased 1.68-

fold in Daoy (P = 0.0006) and to 2.0-fold in D283 (P = 0.0028) cells, while CD133
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expression increased 2.89-fold in Daoy (P = 0.0005) and to 2.36-fold in D283 (P < 0.0001)
cells in comparison to controls (Fig. 5a). After MAPK/ERK inhibition (12.5 or 25 uM),
cells were unable to form neurospheres (Fig. Sb). These results suggest an essential role of

ERK signalling in MB stem cell formation.
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Fig. 5. ERK inhibition avoid MB stem cell formation. a Daoy and D283 cells were cultured in medium
specific for stem cell expansion during 7 days for enrichment of neurospheres. Relative mRNA levels of
stemness markers were determined in monolayer (M) and sphere (S) cultures by RT-qPCR using primers
specific for BMII and CD133 as described in Materials and Methods. b Representative photomicrographs of
neurospheres after 7 days of induction in the absence (Ctr) or presence of the ERK inhibitor U0126 (12.5 or
25 uM) in the first day of induction. Results represent the mean + SD of three independent experiments; ** P
<0.01; ¥** P<0.001; **** P <(.0001 compared to controls.

Daoy

D283




48

Discussion

MB is a pediatric brain tumor featuring a high frequency of mutations in epigenetic
modifier genes [34,35]. Deregulation in epigenetic programming has been linked to
tumorigenesis, possibly through induction of a stemness phenotype [36]. Histone
acetylation status is related to cancer stemness regulation, and HDAC inhibition constitutes

an important therapeutic strategy to induce differentiation in CSCs [37].

We have previously shown responsiveness of human MB cells and putative MB
CSCs to NaB [23]. Here, we used the same compound to investigate the influence of
HDAC inhibition on maintenance of a stemness phenotype of MB. We confirmed that the
effect of NaB is associated with its capability to increase histone acetylation. We have also
shown a reduction in markers of stemness and inhibition of MAPK/ERK signalling.
Moreover, HDAC and MEK1/2 inhibitors cooperate to reduce viability in MB cells and, as

with HDACi, MAPK/ERK inhibition hinders neurosphere formation.

Expression of CD133 and BMII was significantly decreased after NaB treatment.
CD133, also called Prominin-1, is the most used marker to isolate and to identify brain
tumor CSCs [38]. BMII is a polycomb group protein overexpressed in MB [28] and
present in CSC [39]. Patients with metastatic MB show higher levels of CD/33 and a
worse prognostic when compared with non-metastatic patients [40]. In vitro
characterization of CD133-positive cells demonstrates that they present increased
migration and invasion capabilities and higher expression of stemness-associated genes
compared to the parental cell line. In addition, CD133-positive, but not CD133-negative
cells, are invasive in vivo [41, 42]. These functional features of CD133-positive cells are

associated with a stemness genetic signature. The volume of xenografted tumors is reduced
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by treatments that inhibit the expression of stemness-related genes such as SOX2, Nestin,
Nanog, Oct4 and BMI1 [42, 43]. BMI-1, another marker of poor outcomes in MB [43], is
also involved in tumor invasion, as indicated by evidence that BMI1 knockdown in MB

cells decreases infiltration of xenotransplants [44].

We observed a decrease in phosphorylated ERK (pERK) in MB cells after NaB
treatment. Components of the ERK pathway are up-regulated in metastatic MB, and
pharmacological inhibition of ERK decreases migration of MB cells [45]. In carcinoma
and sarcoma cell lines, ERK reduces the stem-like characteristics of tumor cells [46]. In
our study, ERK inhibition reduced the expression level of stemness markers and enhanced
the antiproliferative effect of NaB. In agreement with our results, Ozaki and colleagues
have shown an increase in HDACi-induced cell death after specific inhibition of the ERK
pathway by the generation of reactive oxygen species [47, 48]. Although our study has not
evaluated the mechanisms mediating functional interactions between HDAC and ERK
inhibitors, our findings suggest that both types of compounds are involved in stemness

modulation.

The influence of ERK activity in regulating the stemness phenotype was showed in
a neurosphere model [49]. Expansion of neurospheres resulted in an enrichment of the
stemness phenotype in cell cultures, as indicated by increased levels of CD133 and BMI1
content in comparison with a monolayer culture. We found that pharmacological inhibition
of ERK impairs MB neurosphere formation. The role of ERK signaling was already
described in other tumor stem-like cells [50,51]. In embryonal rhabdomyosarcoma stem-
like cells, the inhibition of ERK decrease sphere formation, induce myogenic
differentiation, and reduce tumorigenicity in vivo [50]. In glioblastoma CSCs, ERK

inhibition also limited the capacity to form tumors in nude mice and promote cell
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differentiation. Consistently with our results, ERK inhibition of glioblastoma CSCs

reduces the expression of stemness markers, including BMI1 [51].

In MB, Chow and collegues showed differential ERK signalling activation and
neurosphere formation capability in MB cells from spontaneous tumors obtained from
Patched (Ptch)+/- mice [52]. Tumors that were able to form neurospheres independently of
the presence of growth factors (EGF and basic fibroblast growth factor) had a higher
activation of the ERK pathway compared to those tumors dependent on growth factors or
not capable of forming spheres. Interestingly, tumors derived from growth factors
independent neurospheres cells presented higher tumorigenicity potential and lethality

[52].

In summary, our results provide evidence indicating that HDAC inhibition can
modulate the stemness phenotype, by reducing the expression of stemness markers CD133
and BMI1, and decreasing ERK activity, in MB. Combined inhibition of HDAC and ERK
signaling was more effective in reducing MB cell viability than single-drug treatments. To
our knowledge, this is the first report to indicate that ERK inhibition impairs MB CSC
formation/survival. We suggest the combination of HDAC and ERK inhibitors as an
experimental therapeutic approach in MB, which should be further investigated with the

use of additional experimental approaches such as in vivo models.
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Abstract

Purpose Medulloblastoma (MB) comprises four distinct mo-
lecular subgroups, and survival remains particularly poor in
patients with Group 3 tumors. Mutations and copy number
variations result in altered epigenetic regulation of gene ex-
pression in Group 3 MB. Histone deacetylase inhibitors
(HDAC:) reduce proliferation, promote cell death and neuro-
nal differentiation, and increase sensitivity to radiation and
chemotherapy in experimental MB. Bombesin receptor antag-
onists potentiate the antiproliferative effects of HDACi in lung
cancer cells and show promise as experimental therapies for
several human cancers. Here, we examined the viability of
D283 cells, which belong to Group 3 MB, treated with an
HDACI alone or combined with bombesin receptor
antagonists.

Methods D283 MB cells were treated with different doses of
the HDACi sodium butyrate (NaB), the neuromedin B recep-
tor (NMBR) antagonist BIM-23127, the gastrin releasing
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peptide receptor (GRPR) antagonist RC-3095, or combina-
tions of NaB with each receptor antagonist. Cell viability
was examined by cell counting.

Results NaB alone or combined with receptor antagonists re-
duced cell viability at all doses tested. BIM-23127 alone did
not affect cell viability, whereas RC-3095 at an intermediate
dose significantly increased cell number.

Conclusion Although HDAC:I are promising agents to inhibit
MB growth, the present results provide preliminary evidence
that combining HDACi with bombesin receptor antagonists is
not an effective strategy to improve the effects of HDACi
against MB cells.

Keywords Neuromedin B receptor - Gastrin-releasing peptide
receptor - Sodium butyrate - Brain tumor

Introduction

Medulloblastoma (MB) is the most common malignant pedi-
atric brain tumor [1] and comprises four distinct molecular
subgroups [2]. Group 3 MB, characterized by amplification
of MYC, is resistant to conventional therapy and has a partic-
ularly poor prognosis [3]. The rapidly dividing D283 MB cell
line [4] has been recently characterized as a model of Group
3 MB [5].

Histone deacetylase inhibitors (HDACI) increase histone
acetylation, a crucial epigenetic mechanism regulating chro-
matin remodeling [6]. Alterations in genes related to histone
acetylation and methylation have been implicated in MB [7].
In Group 3 MB, mutations and copy number variations result
in aberrant H3K27 and H3K4 histone lysine methylation pat-
terns [8], and the HDAC2 type of class I HDAC is
overexpressed [9]. HDACi reduce proliferation, promote cell
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death and neuronal differentiation, and increase sensitivity to
radiation and chemotherapy in MB cells in vitro [10, 11], in
addition to inhibiting the in vivo growth of D283 MB in nude
mice [12]. Inhibitors of class I HDACs reduce metabolic ac-
tivity, cell number, and viability, with MYC-amplified Group 3
cell lines being particularly sensitive [9].

Emerging therapeutic targets in MB also include growth
factor receptors [13]. Two types of bombesin-like pep-
tide receptors, the neuromedin B receptor (NMBR or BB1)
and the gastrin-releasing peptide receptor (GRPR or BB2), are
often overexpressed in human tumors and contribute to cancer
growth [14, 15]. However, the role of NMBR and GRPR in
MB remains unclear.

Bombesin receptor antagonists influence the effects of
HDAC: in some tumor types. GRPR antagonists potentiate
the inhibitory effects of HDACi on proliferation of human
lung cancer cells [16]. In contrast, a stimulatory effect of a
high dose of the GRPR antagonist RC-3095 on murine neu-
roblastoma cells is prevented by the HDACi sodium butyrate
(NaB), suggesting that GRPR might interact with epigenetic
mechanisms in regulating neuroblastoma cell growth [17].

The evidence reviewed above suggests that HDACi com-
bined with bombesin receptor antagonists might display anti-
tumor effects against Group 3 MB. Here, we report the effects
of the HDACi NaB alone or combined with NMBR and
GRPR antagonists on the viability of D283 MB cells in vitro.

Materials and methods
Cell culture

The D283 human MB cell line was originally obtained from
the American Type Culture Collection (Rockville, MD, USA)
and kindly donated by Dr. Michael D. Taylor (The Hospital
for Sick Children, Toronto, Canada). Cells were grown and
maintained in Dulbecco’s modified Eagle’s medium (DMEM,;
GibcoBRL, Carlsbad, USA) containing 2 % (w/v) H-
glutamine and 10 % (v/v) fetal bovine serum (FBS, Sorali,
Campo Grande, Brazil). Cells were kept at a temperature of
37 °C, a minimum relative humidity of 95 %, and an atmo-
sphere of 5 % CO; in air.

Cell viability and treatments

Cells were seeded at 3 x 10° cells per well in DMEM/10 %
FBS into 96-well plates and allowed to grow for 24 h. The
medium was replaced, and NaB (5 or 7.5 mM; Sigma-Aldrich,
St. Louis, USA), the NMBR antagonist BIM-23127 (0.1, 1, or
10 uM; Sigma-Aldrich, St. Louis, USA), the GRPR antago-
nist RC-3095 (0.01, 0.1, or 1 uM; Zentaris GmbH, Frankfurt,
Germany), or the combinations of NaB with each antagonist
were added to the culture. Cell counting was carried out 48 h

@ Springer

after treatment. The medium was removed, cells were washed
with Hank’s Balanced Salt Solution (HBSS, Invitrogen, Sao
Paulo, Brazil), and 50 uM of 0.25 % trypsin/EDTA solution
was added to detach cells. Cell suspension was homogenized
with 0.4 % Trypan blue 1:1 then immediately counted in a
hemocytometer [18, 19]. Experiments were performed three
times with four to six replicates for each drug concentration.

Statistics

Data are shown as mean =+ standard error of the mean (SEM)
number of cells. Differences between mean values were eval-
uated by one-way analysis of variance (ANOVA) followed by
LSD post hoc tests. In all comparisons, p < 0.05 indicates
statistical significance.

Results

NaB at 5 or 7.5 mM reduced cell counting by about 45 and
62 %, respectively, (both ps < 0.01). A similar pattern of
results was obtained when NaB was combined with BIM-
23127; at all dose combinations, a significant reduction (rang-
ing from about 35 to about 75 %) in cell viability was ob-
served. Treatment with BIM-23127 alone did not significantly
affect cell viability (Fig. 1).

The GRPR antagonist RC-3095 at the dose of 0.1 uM in-
duced a significant increase of about 36 % in cell number
(p < 0.05). Treatment with NaB at either dose, as well as
any combination of NaB with RC-3095, significantly
inhibited cell viability, ranging from about 51 to about 44 %
(all ps <0.01; Fig. 2).

-
o
=3

Hl NaB free
I NaB 5 mM

100 BN NaB 7.5mM

50

Cell number (% of control)

0 0.1 1 10

BIM-23127 (uM)

Fig. 1 Viability of D283 MB cells after treatment with an NMBR
antagonist, an HDACI, or an NMBR antagonist combined with an
HDACI. D283 cells were cultured and treated with BIM-23127 (0.1, 1,
or 10 uM), NaB (5 or 7.5 mM), or combinations of BIM-23127 and NaB
as described in Materials and Methods. Cell counting was carried out 48 h
after treatment. Cell number was significantly reduced by NaB or BIM-
23127 combined with NaB. Data represent the mean += SEM of three
different experiments. The mean value for control cells was taken as
100 %; *p < 0.05 and **p < 0.01 compared to control cells
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Fig. 2 Viability of D283 MB cells after treatment with a GRPR
antagonist, an HDACi, or a GRPR antagonist combined with an
HDACI. D283 cells were cultured and treated with RC-3095 (0.01, 0.1,
or 1 uM), NaB (5 or 7.5 mM), or combinations of RC-3095 and NaB as
described in Materials and Methods. Cell counting was carried out 48 h
after treatment. Cell number was significantly increased by RC-3095 at
0.1 puM and significantly reduced by NaB or RC-3095 combined with
NaB. Data represent the mean + SEM of three different experiments. The
mean value for control cells was taken as 100 %; *p <0.05 and **p <0.01
compared to control cells

Discussion

The present findings suggest that (1) the HDACi NaB reduced
the viability of D283 cells; (2) neither receptor antagonist
reduced cell viability; and (3) blocking NMBR or GRPR did
not influence the effect of NaB, given that the reduction in cell
number after treatment with combinations of NaB with recep-
tor antagonists was similar to those of NaB alone.

The lowest dose of NaB we used (5 mM) was previously
shown to be the minimal dose capable of affecting the viability
of D283 cells [11]. Another limitation of the present experi-
ments is that only one method was used to assess cell viability.
The expression of both NMBR and GRPR in D283 MB cells
was confirmed in previous reports [18, 19]. Although experi-
mental therapy with NMBR and GRPR antagonists may be
effective in several cancer models [14-16], its role in MB
remains unclear. Previous studies have not found effects of
bombesin, GRP, RC-3095, or BIM-23127 on the viability of
D283 cells [18, 19]. In fact, in the present experiments, RC-
3095 at an intermediate dose led to an increase in cell number.
It is not uncommon for GRPR antagonists to display dose-
response patterns in which intermediate doses are more effec-
tive than higher doses [17, 20]. Importantly, this finding sug-
gests that, under certain conditions, GRPR antagonism can
stimulate rather than inhibit MB growth.

Based on experiments using lung cancer cells [16], we
hypothesized that bombesin receptor antagonists could poten-
tiate the effects of NaB. However, all the effects we observed
could be attributed to NaB alone. The effects of NaB are likely
mediated by epigenetic mechanisms related to chromatin re-
laxation, in addition to many non-histone targets including
hormone receptors, cytoplasmic signaling proteins, and tran-
scription factors [6].

Conclusions

In summary, this report indicates that the HDACi NaB reduces
the viability of D283 cells. However, the findings also provide
preliminary evidence supporting the possibility that combina-
tions with NMBR or GRPR receptor antagonists are not likely
to improve the efficacy of HDACi.
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CAPITULO II: Convergence of BMI1 and CHD7 on ERK signalling in

medulloblastoma.

Os resultados apresentados nas figuras 3D, 3F, 4A, SA e 6B foram
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SUMMARY

We describe molecular convergence between BMI1
and CHD7 in the initiation of medulloblastoma.
Identified in a functional genomic screen in mouse
models, a BMI1"9";,CHD7-°" expression signature
within medulloblastoma characterizes patients with
poor overall survival. We show that BMI1-mediated
repression of the ERK1/2 pathway leads to increased
proliferation and tumor burden in primary human MB
cells and in a xenograft model, respectively. We pro-
vide evidence that repression of the ERK inhibitor
DUSP4 by BMI1 is dependent on a more accessible
chromatin configuration in G4 MB cells with low
CHD7 expression. These findings extend current
knowledge of the role of BMI1 and CHD7 in medullo-
blastoma pathogenesis, and they raise the possibility
that pharmacological targeting of BMI1 or ERK may
be particularly indicated in a subgroup of MB with
low expression levels of CHD7.

INTRODUCTION

Medulloblastomas (MBs) are the most common malignant brain
tumors of childhood. Current standard of care consists of multi-
modal therapy (surgery with radio- and/or chemotherapy) that
does not take into account the specific molecular mechanisms
driving tumor growth. Despite a good overall survival rate,
long-term survivors face significant treatment-related morbidity
and reduced quality of life. Risk stratification of patients based

2772 Cell Reports 21, 2772-2784, December 5, 2017 © 2017 The Author(s).
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

on molecular subtyping and targeted therapies are essential to
reduce secondary effects and improve overall prognosis.

Gene expression profiling of large cohorts of MBs has
dissected this historically monomorphous tumor entity into four
distinct molecular subgroups (WNT, SHH, group 3, and group 4)
with divergent prognoses and responses to therapy (Taylor et al.,
2012). Recently, heterogeneity within these subgroups has been
reduced by two independent studies that have defined addi-
tional subtypes (Cavalli et al., 2017; Schwalbe et al., 2017). While
WNT, SHH, and group (G)3 MBs are well characterized molecu-
larly and have been shown to arise from topographically distinct
neural progenitor cells (reviewed in Leto et al., 2016), little is
known about the molecular and cellular mechanisms underpin-
ning the formation of G4 MB, although it is the most frequent
(Ramaswamy et al., 2016).

Oncogenic events affecting chromatin-modifying genes have
been described across the subgroups (Dubuc et al., 2013),
although different modifications are found in the specific sub-
groups and their frequency varies (Jones et al., 2013). Inactivat-
ing mutations in the histone demethylase KDM6A and loss-of-
function mutations in the Trithorax gene MLL3 (Northcott et al.,
2012) as well as elevated expression of the Polycomb proteins
EZH2 (Robinson et al., 2012) and BMI1 (Behesti et al., 2013)
were identified particularly in G4 MBs, raising the possibility
that increased Polycomb repression is an important step in the
pathogenesis of MBs and in particular of G4 tumors.

The Polycomb group protein BMI1 is a potent inducer of neural
stem cell self-renewal and neural progenitor cell proliferation
during development and in adult tissue homeostasis (Leung
et al., 2004). Numerous studies have demonstrated that BMI1,
which is upregulated in a variety of cancers, has a positive cor-
relation with clinical grade/stage and poor prognosis (Glinsky
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et al., 2005). BMI1 is overexpressed across all MB subgroups,
with the highest levels of expression detected in G4 tumors, fol-
lowed by G8, SHH, and WNT (Behesti et al., 2013). The growth of
G4 MBs is dependent on BMI1 expression, as BMI1 knockdown
results in reduced tumor growth and invasion in a xenograft
model (Merve et al., 2014). Also SHH MB growth is dependent
on BMI1 expression, as demonstrated by experimental genetic
approaches where crossing a mouse model of SHH MB onto
a Bmi1~'~ background neutralized tumor formation (Michael
et al., 2008). Intriguingly, we recently found that overexpression
of Bmi1 alone in cerebellar granule cell progenitors (GCPs), a cell
of origin of MB, is not sufficient to induce MB formation (Behesti
etal., 2013). As overexpression of Bmi1 driven by the pan-neural
Cre line Nestin-Cre did not yield MB formation (Yadirgi et al.,
2011), it is conceivable that additional oncogenic events are
required to collaborate with BMI1 to induce MB formation.

Here we used a Sleeping Beauty forward genetic approach in
the mouse to identify oncogenic events collaborating with Bmi1
overexpression to induce MB formation. We identify a molecular
convergence between Bmi1 and Chd7, an ATP-dependent chro-
matin remodeler that fine-tunes developmental gene expression
through modulating chromatin structure (reviewed in Basson
and van Ravenswaaij-Arts, 2015). Importantly, somatic muta-
tions in CHD7 have been described in G4 MBs (Robinson
et al., 2012), although their tumorigenicity in vivo has not been
proven. Here we show that CHD7 controls the proliferation of
G4 MB cells and its silencing renders them susceptible to
BMI1-mediated ERK1/2-induced proliferation control, raising
the possibility that BMI1 and/or ERK may be promising drug-
gable targets in this MB subgroup.

RESULTS

A Forward Genetic Screen Identifies Chd7 as a Frequent
Insertion Site in MB Arising in Mice Overexpressing
Bmi1 in Cerebellar Progenitors

The Sleeping Beauty (SB) transposon-based mutagenesis sys-
tem, which uses a transposase and mutagenic transposon al-
leles to target mutagenesis to somatic cells of a given tissue in
mice, was used to identify random mutations capable of driving
tumor development. Mice overexpressing Bmi1 in glutamatergic
progenitors (Math1-Bmi1 transgenic line; Figures S1A and S1B)
were crossed to SB117;720nc2 (Copeland and Jenkins, 2010).
Triple-mutant mice as well as double-mutant controls were
generated and kept on tumor watch for 12 months. Ten of 53
Math1Bmi1;SB11;T20nc2 mice developed MBs (18.9% inci-
dence), while only 3 MBs were detected in 47 SB11,T20nc2
mice (6.4% incidence), in keeping with an increased tumorige-
nicity in the triple-mutant mice of 12.5% (Figure 1A). All tumors
had morphological and immunohistochemical characteristics
of MBs, as assessed by H&E stain and synaptophysin immuno-
staining (Figure 1B), and histological features were similar irre-
spective of their genotype.

Next, the tumors were analyzed for common transposon
insertion sites in genes (gCIS) to identify candidates that could
cooperate with Bmi1 in MB development (Data S1). A total of
41 recurrent clonal insertions were identified in MBs originating
in Math1Bmi1;SB11;720nc2, of which 7 were shared with a

published dataset of Sleeping Beauty-induced insertion sites
in MBs occurring in Ptch1*/~ mice (Morrissy et al., 2016; Wu
et al,, 2012) (Figure 1C). Among the 41 gCISs identified in
Math1Bmi1;SB11;,T20nc2, 27 were found to be significantly
(p < 0.05) enriched following Bmi1 overexpression and 3 of these
were shared between the two Sleeping Beauty-induced MB
models (Figure 1D). Sleeping Beauty insertions in Chromodomain
helicase DNA-binding factor 7 (Chd7) were inactivating insertions
and so were the majority of insertions in Ptprd, while the majority of
insertions in Zcchc7 were activating (Figure 1E). Chd7 is an ATP-
dependent chromatin remodeling factor (Bajpai et al., 2010); Ptprd
is @ member of the protein tyrosine phosphatase (PTP) family
(Pulido et al., 1995); and Zcchc? is a component of a nucleolar
TRAMP-like complex, an ATP-dependent exosome regulatory
complex (Lubas et al., 2011). Notably, inactivating insertions in
Chd7 were significantly enriched in the Math1Bmi1;SB11;T20nc2
MB model (3/6) as compared to the Ptch1*~;SB11;T20nc2 MB
model (1/36) (p < 0.023) (Figure 1F). Immunostaining for Bmi1
and Chd7 in the Sleeping Beauty-induced MBs with Chd7 inser-
tions as compared to those without revealed similar and reduced
expression, respectively (Figures S1C and S1D).

Taken together, our data suggest that Bmi1 and Chd7 coop-
erate to induce MB in a mouse model.

A BMI1"9";CHD7°" Molecular Signature Identifies a
Subgroup of G4 MBs with Reduced Overall Survival

Next, we screened primary human medulloblastoma samples for
CHD7 mutations. A collection of 830 primary human MBs pro-
filed on Affymetrix SNP6.0 copy number arrays and subgrouped
using Nanostring technology (Northcott et al., 2012) and 281 pri-
mary MBs subgrouped using next-generation sequencing (NGS)
across three independent cohorts (Jones et al., 2012; Pugh et al.,
2012; Robinson et al., 2012) were interrogated. Intriguingly, this
analysis identified a molecular convergence on single-copy loss
of CHD7 via hemizygous deletion (Figure 2A) or hemizygous
mutations (Figure 2B) in G4 MBs, while no significant enrichment
for CHD7 mutations was found in the SHH and WNT subgroups.
A graphical representation of the mutational inactivating events
that affect CHD?7 is shown in Figure 2C.

Next, we examined the subgroup-specific expression levels of
BMI1 and CHD? in a large transcriptomic dataset from primary
human MBs (n = 187, run on Affymetrix HT-HG-U133A arrays)
(Cho et al., 2011). While CHD7 was most highly expressed in
SHH MBs with relatively reduced expression in G3 and G4
MBs, the opposite patterns were observed for BMI1 (Figures
S2A and S2B). A Kaplan-Meier survival analysis demonstrated
that tumors with a BMITH9" CHD7-°" expression profile had a
significantly reduced overall survival as compared to MBs lack-
ing this profile (Figure 2D; p = 0.03028). When we examined this
relationship in a molecular subgroup-specific manner, a reduced
overall survival was observed, particularly in G4 MBs with this
signature (Figure 2E; p = 0.00154). No significant contribution
to patients’ survival was observed when the relative contribution
of BMI1HiS" or CHD7-°" was considered (Figure S2C).

These data support the notion that the Bmi1/Chd7 molecular
convergence identified in mouse models reflects a potentially
pathogenically relevant mechanism underpinning a subgroup
of G4 MBs.
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Figure 1. Identification of Oncogenic Events Cooperating with Bmi1 to Promote MB Development Using the Sleeping Beauty Transposon
System

(A) Kaplan-Meier survival analysis and summary of animal models used to assess the contributions of Bmi1 to MB development. The addition of Bmi1 over-
expression to SB11;T20nc2 led to increased MB formation.

(B) Histology shows morphological (H&E) and immunohistochemical (Synaptophysin) features of MB in Math1-Bmi1;SB11;T20nc2.

(C) Comparison of recurrent Sleeping Beauty insertions identified in Math1-Bmi1;SB11;T20nc2 with those identified in Ptch1*/~;SB11;T20nc2 mice
(Morrissy et al., 2016) highlighted Chd7 as a recurrent clonal insertion.

(D) Bar graph representation of recurrent Sleeping Beauty insertions in Math1-Bmi1;SB11;T20nc2 versus Ptch*/~;SB11;T20nc2 mice, highlighting events
significantly (p < 0.05) enriched following Bmi1 overexpression.

(E) Sleeping Beauty insertion maps for candidate genes identified in Math1-Bmi1;SB11;T20nc2 mice, including Zcchc? (activating and inactivating insertions),
Chd?7 (inactivating insertions), and Ptprd (inactivating and activating insertions).

(F) Statistically significant enrichment of Chd7 insertions identified in the Math1-Bmi1;SB11;T20nc2 MB model versus the Ptch1*~;SB11;T20nc2 MB model.
Scale bar represents 2 mm (B, left) and 125 um (B, center and right).

See also Figure S1.
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Follow Up Time (Mon)

100

T T T T T
120 140 160 180

Next, we compared the expression of
BMI1 and CHD? in these lines with human
cerebellum, and we found similar expres-
sion levels for both genes in all MB lines
and human cerebellum of early postnatal time points (newborn
and 2 months of age). In contrast, the expression of BMI71 was
higher in all lines compared to adult cerebellum, while it was
similar for CHD7 (Figure 3C). These findings verified that
ICb1299 and CHLA-01-Med are suitable models to test the
contribution of CHD7 to G4 MB pathogenesis in the context
of BMI1 overexpression. Line ICb1595 was also analyzed
further to dissect the specificity of the BMI1/CHD7 molecular
convergence to G4 MBs.

Lentivirus-mediated CHD7 knockdown (Figure S3B) resulted
in increased proliferation of all lines (Figure 3D), an effect that
was BMI1 dependent as it was neutralized by concomitant
BMI1 knockdown (Figure S3B; Figure 3D). Importantly, reconsti-
tution of CHD7 expression in ICb1299 after silencing (Fig-
ure S3D) brought proliferation back to basal level (Figures S3E
and S3F).

Together, these data indicate that CHD7 represses prolifera-
tion in G4 and G3 MB cells that overexpress BMI1.
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Figure 3. Increased Proliferation upon CHD7 Silencing Is BMI1-Dependent in Non-WNT, Non-SHH MB Patient-Derived Cell Models

(A) Scatterplots of the first 3 principal components of the Robinson dataset (Robinson et al., 2012). Points are shaded based on their subgroup. Ellipses represent
the 99% confidence intervals of each subgroup, computed using the covariance matrix of each subset. RNA-seq data of G4 (ICb1299 and CHLA-01-Med) and G3
primary MB cells were subjected to the same PCA transformation and are shown in cyan, magenta, and black respectively.

(B) Heatmap representation of relative expression of selected MB markers in patient-derived cells (ICb1299 and CHLA-01-Med, G4; ICb1595, G3; and ICb1338
and ICb984, SHH). OTX2, EOMEOS, LMX1A, and LHX2 are mainly expressed by G4 and G3 cells, while GAB1, GLI1, and MATH1 are specifically expressed by

SHH cells.

(C) Expression of BMIT and CHD7 in ICb1299, CHLA-01-Med, and ICb1595 patient-derived MB lines is comparable to their expression in the early postnatal
cerebellum (BMI1) and adult cerebellum (CHD?).
(D) Increased proliferation upon CHD?7 silencing is BMI1 dependent (n = 3).

(E) Pathway analysis reveals different processes and pathways affected by silencing CHD7 and BMI1 individually or concomitantly.
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Genome-wide Expression Analysis Identifies CHD7 and
BMI1 as Key Regulators of Neuronal Differentiation and
Proliferation of G4 MB Primary Cells

To clarify the molecular mechanism mediating the synergistic
effect between CHD7 and BMI1 in MB differentiation and prolif-
eration, we carried out a genome-wide analysis of gene expres-
sion in the ICb1299 MB line. In particular, we set out to assess
the impact of silencing CHD7 in a BMI1-overexpressing G4
MB primary cell line (shCHD7) compared with the same primary
cell line treated with scrambled small hairpin RNA (shRNA) as a
control (Ctr versus shCHD7). The impact of silencing BMI1 in
shCHD7 cultures compared to silencing only CHD7 was also
assessed (shCHD7 versus shCHD7;shBMI1), in addition to an
evaluation of the impact of silencing BMI1 in the context of
CHD?7 expression (Ctr versus shBMI1). 360 genes were differen-
tially expressed in Ctr versus shCHD7 (277 upregulated and
83 downregulated), 1,175 in shCHD7 versus shCHD7;shBMI1
(406 upregulated and 769 downregulated), and 584 in Ctr
versus shBMI1 (224 upregulated and 360 downregulated)
when thresholds of 0.05 for statistical significance and 0.6
for absolute log2 expression change were applied. First, we
confirmed that no changes in the subgroup-defining marker
expression were noted upon silencing CHD7 or BMI1 or both
(Figure S3C). Pathway analysis carried out on the MetaCore
platform highlighted different functions and pathways for these
three comparisons. Interestingly, different terms and path-
ways were impacted in the different conditions tested. In the
Ctr versus shCHD7 comparison, nervous system development,
synaptic transmission (gene ontology [GO] process), neuron
part, neuron projection (GO location), synaptic contact, trans-
mission of nerve impulse, neurogenesis, and chromatin conden-
sation in prometaphase (process networks) were significantly
enriched. Regulation of G1-S transition, regulation of angiogen-
esis (process networks), oxidative phosphorylation, and oxida-
tive stress (pathway maps) were highlighted for the comparison
shCHD7 versus shCHD7;shBMI1; and cell adhesion (pathways
maps) and cell cycle S phase and M phase as well as DNA
damage were impacted in the Ctr versus shBMI1 comparison
(Figure 3E).

Assessment of enrichment for Polycomb-group (PcG) targets
among the differentially expressed (DE) genes in CHD7-depleted
cells (using the statistical significant cutoff of p < 0.01) revealed
that 15 of the 68 DE genes were previously reported to possess
H3K27me3 on their promoters in mouse neural progenitor
cells (Mohn et al., 2008), representing a 2.62-fold enrichment
(p = 0.0035) (Figure 3F). Enrichments of 2.25-fold (p = 0.012)
and 4.8-fold (p value < 1e—04) were found when the data were
compared with the proportion of PcG target genes in human
fibroblasts (Bracken et al., 2006) and in an MB dataset (Hoves-
tadt et al., 2014), respectively (Figure 3F). These results support
the notion that CHD7 functionally relates to the Polycomb com-
plex in MB.

Taken together, these data suggest that the differentiation
potential of MB G4 is controlled by CHD7 via direct or indirect
interplay with genes repressed by the Polycomb complex in
neural progenitors.

Comparative Analysis with G4 MB Datasets Reveals
Activation of ERK Pathway upon CHD?7 Silencing via
BMI1-Mediated Repression of DUSP4

To identify the genes mediating the pro-proliferative effect of
CHD?7 silencing in a BMI1-overexpressing context and to ensure
we were focusing on those relevant for MB patients, a compar-
ative analysis with the expression data of the G4 MB subgroup
of patients with a BMI179":CHD7"°" signature (Figure 2E) was
carried out. Five genes that were upregulated upon BMI1 knock-
down in the shCHD7 cell model were also expressed at a lower
level in the BMI1H9";CHD7°" patient group compared to the
remaining patients, while 15 genes were downregulated in the
shCHD7;shBMI1 cell model and expressed at higher levels in
the BMI1H9":CHD7°" patient group (Figure 4A; Figure S4A).
Pathway analysis carried out on the MetaCore platform for all
20 genes indicated ERK signal transduction as the most signifi-
cant pathway affected (Figure S4B). A literature review identified
DUSP4, HIF-1a, and COL8A2 as being linked to ERK signaling,
and analysis of a published dataset of chromatin immunoprecip-
itation sequencing (ChIP-seq) data for Bmi1 in neural stem cells
and glioblastoma cells identified Dusp4 as a direct Bmi1 target
gene (Gargiulo et al., 2013). Moreover, several members of the
DUSP gene family were upregulated in an RNA-seq dataset
comparing neural stem cells lacking Bmi1 versus control in the
mouse (Gargiulo et al., 2013). Upregulation of DUSP4 was
confirmed in both G4 MB lines upon silencing of BMI1 (Fig-
ure 4B), and a lower expression level of DUSP4 was confirmed
in the G4 MB subgroup with a BMI1"9",CHD7-°" signature (Fig-
ure 4C). Interestingly, no upregulation of DUSP4 expression was
noted in the G3 MB line upon CHD?7 silencing (Figure S4C). Next,
we assessed chromatin accessibility in the vicinity of the DUSP4
transcription start site (TSS) using the assay for transposase-
accessible chromatin (ATAC) method (Buenrostro et al., 2013).
Silencing of CHD7 increased DNA accessibility around the
DUSP4 TSS and the DUSP4 promoter (Figures 4D and 4E), a
configuration that was lost upon concomitant silencing of BMI1
(Figure 4E).

Western blot analysis for pERK1/2 and ERK1/2 demonstrated
pathway activation under conditions where BMI1 was expressed
and in a more pronounced fashion when CHD7 was silenced
(Figures 5A and 5B), in keeping with DUSP4 gene repression
by BMI1. Indeed, knockdown of BMI1 significantly reduced
ERK1/2 pathway activation in G4 MB lines (Figures 5A and 5B),
as predicted and in line with the upregulation of DUSP4 observed
in the genome-wide comparative expression analysis. Impor-
tantly, no overactivity of ERK signaling was found in the G3
MB line (Figure S5A), in keeping with no evidence of DUSP4

(F) Diagram representing the fold enrichment of PcG target genes in the cohort of genes deregulated in CHD7-depleted cells, as compared to the expected values
in murine NPCs (Mohn et al., 2008), in human fibroblasts (Bracken et al., 2006), and in human MBs (Hovestadt et al., 2014), as previously reported. Data are

represented as mean + SEM.
See also Figure S3.
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(A) Comparative analysis with human MB datasets identified conserved DE genes in G4 MB cells upon BMI1 knockdown in a CHD7-silenced context and in G4
MB with a BMIMS";CHD7"°" signature. Venn diagram represents the analysis.

(B) Western blot analysis (top) and quantification (bottom) show CHD7 dependency of BMI1-mediated repression of DUSP4 in G4 MB cells. Histograms show
mean + SEM (n = 3).

(C) Boxplot showing lower expression of DUSP4 in BMI1H9";CHD7-*" G4 MB.

(D) Assessment of DNA accessibility in the vicinity of the DUSP4 TSS by assay for transposase-accessible chromatin (ATAC). Schematic representation of the
promoter region of DUSP4 with primer locations is shown.

(E) Increased accessibility in CHD7-silenced cells is lost upon concomitant silencing of BMI1. Data are represented as mean + SEM.

See also Figure S4.

upregulation (Figure S4C). These data suggest a model quent ERK pathway activation in G4 MB. Under conditions
where CHD7 silencing increases chromatin accessibility at the  where both BMI1 and CHD7 are silenced, ERK pathway activa-
DUSP4 locus to facilitate BMI1-mediated repression and conse-  tion is down to baseline levels, a finding that is unlikely to be
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mediated by DUSP4, as BMI1 and CHD?7 are silenced and the
chromatin configuration at the locus is closed (Figure 4E).

To determine whether this BMI1-CHD7 connection also
applied to freshly isolated cells and is not a feature of cells main-
tained through several in vitro passages, we obtained neural
progenitor cells (NPCs) from human fetal brains. These cells ex-
pressed high levels of BMI1 as compared to adult cerebellum,
albeit not as high as G4 MB cells (Figure 5C; Figure S5C). We
found that the ERK1/2 pathway activity was increased (Figures
5D and 5E) upon CHD7 silencing (Figure S5D), which led to
increased proliferation in a BMI1-dependent fashion also in
these cells (Figure 5F).

Next, we assessed whether activation of ERK signaling was an
essential mediator of the pro-proliferative phenotype observed
upon silencing of CHD7 in G4 MB cells. Treatment of ICb1299
cells with an ERK inhibitor effectively inhibited the pathway
(Figure S5E) and led to neutralization of the increased prolifera-
tion observed upon silencing of CHD7, an effect that was also
observed in control cells (Figures 5G and 5H). Re-expression
of CHD7 in ICb1299 rescued the pro-proliferative phenotype
induced by CHD7 knockdown (Figures S3D-S3F), and it neutral-
ized the ERK pathway overactivity in these cells (Figure S5B).

Finally lentiviral-mediated overexpression of mCherry-DUSP4
(Figure S5F) in ICb1299 abolished the ERK overactivation medi-
ated by CHD?7 silencing (Figures 51-5K).

In conclusion, these data highlight a mechanism mediating a
pro-proliferative role for BMI1/CHD7 in MB G4, which impacts
ERK and is regulated by DUSP4.

CHD7 Controls Tumor Volume in a BMI1/pERK-
Dependent Fashion in Xenograft Models

To evaluate the in vivo relevance of these findings, we injected
shCHD7 ICb1299 cells, as well as shCHD7;shBMI1 and shBMI1
cells, into the cerebellum of newborn mice. Xenografted mice
were kept on tumor watch until symptoms of increased intra-
cranial pressure developed, when they were culled. Histological
analysis of the tumors did not reveal morphological differences
between MBs originating from the different conditions, including
the expression of markers such as Synaptophysin (Figure 6A)
and OTX2 (Figure S6A) and the lack of expression of GAB1 (Fig-
ure S6B) and GL/1 (Figure S6C). Stereological assessment of tu-
mor volume revealed larger MBs in mice engrafted with shCHD7
cells, an effect that was lost upon concomitant silencing of BMI1
in the engrafted cells (Figure 6B). Increased proliferation in
shCHD7 tumors was confirmed with immunohistochemical
detection of Ki67 (Figures 6C and 6D). Silencing of CHD7 did

not affect intraparenchymal invasion, while silencing of BMI1
alone significantly hampered tumor cell invasion (Figure S6D),
in keeping with previous reports (Merve et al., 2014). Overactivity
of the ERK pathway was confirmed in the shCHD7 xenografts
(Figure 6E).

Together, these data support the conclusion that CHD7 deple-
tion enhances proliferation of G4 MB cells via a BMI1/pERK
mechanism.

DISCUSSION

The PcG gene BMI1 is upregulated in a variety of cancers, where
it correlates with clinical grade/stage and a poor prognosis.
Importantly, it is a highly druggable molecule; hence, under-
standing its mechanism of action in tumorigenesis will be essen-
tial to guide the further development and clinical testing of BMI1
pharmacological inhibitors.

Here we show that genome-wide in vivo insertional mutagen-
esis (T20nc?2) driven by the Sleeping Beauty (SB11) transposase
in glutamatergic progenitor cells engineered to overexpress
Bmi1 results in MB formation. In a Bmi1-overexpressing back-
ground, we observe frequent T20nc2-inactivating insertions in
the chromatin remodeling factor Chd7 (Bajpai et al., 2010; Whit-
taker et al., 2017), suggesting that Bmi1 overexpression and
Chd7 loss of function cooperate to induce MB. Importantly, we
show the relevance of this molecular convergence for human
MB. In fact, high expression of BMI1 in combination with low
expression of CHD7 was found to be associated with a poor
prognosis in human MBs, particularly those of the G4 subgroup,
and loss-of-function mutations of CHD7 are significantly en-
riched for in this subgroup.

The Sleeping Beauty transposon mutagenesis is a powerful
in vivo screening tool for cancer gene discovery. In the context
of MB, this tool has been successfully used to identify candidate
genes, particularly in the context of SHH MB as expected when
using Math1 drivers; however, many of the candidate genes
identified with this tool are known to be overexpressed or
silenced in non-SHH models of the human disease (Dey et al.,
2013; Genovesi et al., 2013; Mumert et al., 2012; Wu et al.,
2012). We have studied the molecular convergence of BMI1/
CHD7 in G4 MB because of the results of mutation analysis in hu-
man tumors indicating that genetic lesions leading to reduced
CHD7 expression are found almost exclusively in G4 MB—and
never in SHH MB—and because of the negative prognostic cor-
relation of the BMI1'9";CHD7°" signature found exclusively in
G4 MB. Thus, while we initially sought to model the effects and

(C) BMI1 expression in G4 MB cells and in NSC197 is higher than adult cerebellum, as shown by western blot analysis.

(D and E) Silencing of CHD7 in NPCs leads to ERK1/2 pathway overactivation, as shown by western blot analysis (D) and quantification (E) (n = 2).

(F) Increased proliferation is seen upon CHD7 silencing in NPCs, a finding that is neutralized by incubation with a BMI1 inhibitor (n = 3).

(G) Increased proliferation as assessed by EdU pulse/chase is dependent on ERK1/2 overactivity, as demonstrated by its reduction upon pharmacological

inhibition of ERK in ICb1299.
(H) Quantification of the findings.

(Iand J) Overexpression of exogenous mCherry-DUSP4 abolishes ERK signaling overactivation mediated by CHD7 silencing. Western blot analysis (I) of ICb1299
transduced with empty LeGO control or LeGO-mCherry-DUSP4 and quantification (J) (n = 3).

(K) Immunofluorescence of ICb1299 transduced as described in (). Green arrows indicate CHD7-silenced cells with ERK overactivation, while red arrow indicates
a cell overexpressing DUSP4 and devoid of ERK phosphorylation. Scale bar represents 25 um. Data are represented as mean + SEM.

See also Figure S5.
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Figure 6. Increased Tumor Volume in CHD7-Silenced Xenografts of G4 MB Is BMI1 Dependent

(A) Orthotopic xenografts of G4 MB cells silenced for CHD7 or CHD7;BMI1 or BMI1 show similar morphology, and they express Synaptophysin.
(B) Increased tumor volume upon injection of sShCHD7 G4 MB cells, which is neutralized by concomitant silencing of BMI1.

(C) Increased proliferation, as assessed by Ki67 staining, in shCHD7 xenografts is shown together with its BMI1 dependency.

(D) Quantification of the findings.

(E) Overactivation of the ERK pathway is seen in shCHD7 xenografts. Scale bar represents 2 mm (A) and 125 um (C and E).

Data are represented as mean + SEM. See also Figure S6.

consequences of BMI1 overexpression in an SHH model of MB,
this forward genetic screen uncovered a molecular axis whose
signaling modulates the pathogenesis of a proportion of human
G4 MBs instead. Interestingly, there is mounting evidence of a
glutamatergic cell of origin for at least a proportion of G4 MBs,
as recently suggested by a computational reconstruction of
core regulatory circuitry that identified subgroup-specific tran-
scription factors (Lin et al., 2016), hence highlighting a potential
ontogeny link between the discovery tool we used and the mo-

lecular signature we have identified. Further studies in geneti-
cally engineered mouse models will confirm or dispute this
hypothesis.

We have used primary G4 MB cells to dissect the contribution
of CHD7 to tumorigenesis, both in vitro and in vivo in a xenograft
model. We show deregulated expression of neural differentiation
markers upon silencing of CHD7, an effect that is in keeping with
a pro-neurogenic role of CHD7 as previously described (Feng
et al., 2013; Jones et al., 2015). Genome-wide analysis of gene
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expression upon CHD?7 silencing reveals many more upregu-
lated genes as compared to downregulated genes, in keeping
with CHD?7 functioning as a repressor in our experimental setting.
This is in agreement with a reported role of CHD7 as a repressive
modulator of embryonic stem cell (ESC)-specific gene expres-
sion via targeting enhancer regions (Schnetz et al., 2010). In
keeping with CHD7 functioning as a repressor in our experi-
mental setup, no synergism between CHD7 and SOX2 was
observed, an interaction known to lead to gene activation (Enge-
len et al., 2011). SOX4 and 11 are also unlikely to mediate CHD7
function in our setting, because CHD7 promotes an open chro-
matin configuration at their promoters (Feng et al., 2013).

We show increased proliferation of G4 MB cells upon CHD7
silencing in vitro as well as increased tumor volume upon ortho-
topic xenografting of these cells into NOD/SCID mice, an effect
that is dependent on BMI1 expression. Bioinformatic analysis of
the deregulated genes identified in a comparative gene expres-
sion analysis with human MB datasets revealed a BMI1-depen-
dent convergence on modulation of ERK signaling via repression
of DUSP4 in CHD7-depleted cells. Meta-analysis of publicly
available ChlP-seq and RNA-seq datasets (Gargiulo et al.,
2013) confirmed that DUSP family members are direct target
genes of Bmi1. We provide evidence of altered chromatin acces-
sibility at the promoter of DUSP4 upon CHD?7 silencing. This is in
keeping with the recently reported ability of CHD7 to alter chro-
matin accessibility in primary cerebellar granule neuron progen-
itors (Feng et al., 2017; Whittaker et al., 2017), and it provides
support to the notion that PcG-mediated gene repression is
counteracted by a compacted chromatin configuration induced
by CHD7 in G4 MB cells. Our findings are in good agreement with
a previously reported role for DUSP4 in promoting neuronal dif-
ferentiation and repressing proliferation via repression of the
ERK pathway (Kim et al., 2015). Furthermore, activation of ERK
signaling has been shown to control a proneural genetic program
during cortical development and to activate an Ascl1-controlled
neuronal differentiation program (Li et al., 2014). Overactivity of
the pathway was found to exert a pro-proliferative role in SHH
MBs (Brechbiel et al., 2014; Sengupta et al., 2012) and in other
brain tumors, pilocytic astrocytomas, and glioneuronal tumors
(Li et al., 2014). We show that activation of ERK signaling via
the repression of DUSP4 by BMI1 is not found in a G3 MB line,
lending additional support to the conclusion that this molecular
convergence is functionally relevant only in a subset of G4
MBs. Pharmacological inhibition of ERK signaling confirmed
the functional relevance of this regulatory loop in the G4 MB lines
analyzed. Finally, silencing CHD7 in human neural progenitor
cells expressing high levels of BMI1 induced overactivation of
the ERK pathway and increased proliferation of these cells
in vitro. These data raise the possibility that a BMI1H9";,CHD7-°"
signature is oncogenic in human progenitor cells; genetically en-
gineered models recapitulating this signature in a spatiotempo-
rally controlled fashion will be essential to test this hypothesis.

The reversible nature of epigenetic modifications makes them
attractive therapeutic targets, and pharmacological agents that
can potentially reverse altered chromatin states are undergoing
trials. Our findings extend the current knowledge of the role of
two essential chromatin modifiers, BMI1 and CHD7, in MB path-
ogenesis, and they raise the possibility that pharmacological tar-
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geting of BMI1 may be particularly indicated in a subgroup of MB
with low expression level of CHD7. Alternatively, the use of ERK
inhibitors could also be further explored for MB treatment, and
we provide here essential preclinical evidence that BMI1 and
CHD7 could be useful biomarkers to define the patient subgroup
that could benefit from this approach.

EXPERIMENTAL PROCEDURES

Detailed methods are available in the Supplemental Experimental Procedures.
SI Beauty

Male and female Math1-Bmi1, Math1-Bmi1;SB11;T20nc2, or T20nc2 mice
(12 to 20 weeks of age; at the time they developed signs of MB) were used.
We did not perform a formal sample size estimate for the study but based
our experimental plan on our previous experience with Sleeping Beauty muta-
genesis screening. When mice showed clinical signs of increased intracranial
pressure, they were culled, the brains were removed, and they were either
fixed in formalin for histological assessment or used for genomic DNA extrac-
tion. All the procedures involving animals have been approved by the institu-
tional Animal Care Committee and in no case were tumor-bearing animals
allowed to reach a tumor burden compromising normal behavior, food and
water intake, or exceeding the approved volume of 1,700 mm?®.

Culture Conditions for Patient-Derived MB Lines

Patient-derived MB lines were obtained from Dr Xiao-Nan Li, Baylor College of
Medicine, Texas Children Cancer Centre, USA (Shu et al., 2008; Zhao et al.,
2012). ICb1299 was cultured in DMEM (high glucose, GlutaMAX, Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum and 1% peni-
cillin-streptomycin. ICb1595, ICb984, and ICb1338 were cultured in NeuroCult
NS-A Basal Medium (human) (STEMCELL Technologies) supplemented
with NeuroCult Proliferation Supplement (human) (STEMCELL Technologies),
1% penicillin-streptomycin, 2 pg/mL heparin (STEMCELL Technologies),
20 ng/mL epidermal growth factor (EGF) (recombinant mouse, PeproTech),
and 10 ng/mL basic fibroblast growth factor (bFGF) (human recombinant,
PeproTech). ICb1595, ICb984, and ICb1338 were cultured on plates coated
with Poly-L-ornithine and Laminin (Sigma). CHLA-01-Med was purchased
from ATCC (CRL3021) and grown in DMEM-F12 (Gibco) supplemented with
B27 (Gibco), 20 ng/mL EGF, and 10 ng/mL bFGF. Cells were maintained at
37°C and were sub-cultured every 3 days once they reached confluence.

Proliferation Assay

Patient-derived cells infected with lentiviral constructs coding for shBMI1 and/
or shCHD7 were analyzed with cell growth curve and EdU staining to assess
their proliferation potential compared to scramble control.

In Vivo Orthotopic Xenografts

All procedures had Home Office approval (Animals Scientific Procedures
Act 1986, PPL 70/7275) and were carried out as previously reported (Merve
et al., 2014). Mice were killed when developing neurological signs and brains
were removed and placed in 10% formalin for 24 hr and then transferred to PBS.

Inhibition of MEK/ERK Activity

Patient-derived cells were treated with the MEK inhibitors PD98059 (Cell
Signaling Technology) or U0126 (Cell Guidance Systems) at different concen-
trations. After 1 hr of treatment, cells were harvested and lysed for protein
analysis. Alternatively, to assess proliferation potential, cells were treated
twice with U0126 (50 uM) before pulsing with EdU or collecting them for west-
ern blot analysis.

Western Blot Analysis

Total protein extracts were prepared with radioimmunoprecipitation assay
(RIPA) buffer supplemented with protease inhibitors. Nuclear protein extracts
were obtained as previously described (Badodi et al., 2015). Equal amounts of
protein extracts were separated by SDS-PAGE and analyzed by western blot
analysis.
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Statistical Analysis

Differences between groups were determined by one-way ANOVA, followed
by Dunnett’s post hoc test (ATAC experiments) or Tukey’s multiple compari-
son test (all other experiments) to determine which groups differed significantly
from control. Any p values < 0.05 were considered significant (*p < 0.05,
*p < 0.01, **p < 0.001, and ***p < 0.0001).
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CAPITULO II: Resultados Adicionais

Mathl, an early marker of cerebellar granule cell progenitors, is upregulated in
BMI"®/CHD7"" cells compare to control (BMI1"#/CHD7"¢"). Importantly, silencing of
BMI1 together with CHD7 prevented Matchl upregulation, in keeping with the dramatic
reduction in cell proliferation of shCHD7 cell upon concomitant BMI1 silencing (Fig.
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Fig. 1. Growth Curve and Mathl expression in Icb1299 cells. Cell counting (A) and Mathl expression
(B) after puromicyn selection of silenced Icb1299 cells. *p<0.05; **p<0.01; ***p<0.001.



The protein level analysis of cells by immunocytochemistry confirmed the
upregulation of Math1 (Fig.2).
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puromicyn selection of silenced Icb1299 cells
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Expression analysis on RNA extracted from the xenografts tumors confirmed
upregulation of Mathl (Fig.3B), a finding also validated at protein level (Fig.3A).

Together, these data raise the possibility that CHD7 depletion shifts the
differentiation state of G4 MB cells towards an undifferentiated pro-proliferative state,
which is dependent on BMI1 overexpression.
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shCHD7;shBMI
1 (T26)
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Fig. 3. Mathl1 levels in xenograft tumors. Protein (A) and mRNA (B) expression of Math! in xenografts
tumors of silenced Icb1299 cells *p<0.05; **p<0.01.
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Additional Material & Methods

RNA extraction and qRT-PCR analysis

Cell pellets were lysed in RLT buffer from the RNeasy Micro purification kit (Qiagen).
Total RNA was isolated using the same kit and the extra On-column DNase. 8-12 frozen
sections of xenografts were used to extract RNA by proteinase K/acid phenol method
(Khodosevich et al., 2007). Digestion was carried out to remove genomic DNA. The
cDNA synthesis was carried out with SuperScript III Reverse Transcriptase Kit
(Invitrogen). Analysis of gene expression was performed with the Applied Biosystems
7500 Real-Time PCR System using TagMan gene expression assay (Thermo Fisher
Scientific) according to standard protocols. Technical duplicates for each samples and >3
independently derived cultures were analyzed. The Ct values of all the genes analyzed

were normalized to GAPDH and fold changes were calculated.

The primers used are listed as below:

Bmil Hs00180411 m1
CHD7 Hs00215010 m1
GAPDH (as housekeeping gene) Hs02758991 gl
MATHI1 (ATOH1) Hs00245453 sl

Immunofluorescence analyses
Immunofluorescence analyses were conducted on Icb1299 cells and frozen tissue sections
from xenograft tumours. Icb1299 cells, cultured on Poly-lysine (PLL) coated coverslips,

were fixed using 4% PFA. Cells and freshly frozen tissue sections (xenografts fixed with
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4% PFA and embedded in OCT) were treated with 10% Normal Goat Serum, followed by
incubation with Math1 primary antibodies overnight at 4°C (Millipore AB5692 to cells and
Abcam Ab85513 to cryosections). Appropriate secondary antibody labeled with Alexa
Fluor® 546 (Invitrogen) was used. The samples were counterstained with DAPI. At least 5
representative images (high power field, 40x) of each sample were captured using Leica

DFC350 microscope and analyzed using Image J software.
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DISCUSSAO GERAL

Stemness ¢ definido como o conjunto de programas moleculares que governam e
mantem as propriedades de células tronco, incluindo seu estado indiferencido e capacidade
de auto-renovagdo, e tem sido associado a uma populagdo especifica de células de cancer
com potencial altamente tumorigénico, as CSC (KRESO & DICK, 2014). A manuteng¢ao
do fendtipo agressivo de muitos tumores depende desses mecanismos que definem o estado
celular mais indiferenciado caracteristico de células tronco. Mecanismos epigenéticos
modulam a expressdo e a ativagdo de vias de sinalizagdo de células tronco e podem
promover stemness em células de cancer que sdo responsaveis pela formacao, propagacao,
resisténcia e maior malignidade tumoral. (Lytle et al., 2018; Bao et al., 2013). Nesse
trabalho, n6s demostramos que a modulacdo epigenética altera o fenotipo stemness de
células de MB humano, contribuindo ndo s6 para a manutengdo, mas também para a

formacao desse tumor.

No capitulo I, mostramos que o aumento da acetilagdo de histona induzida pelo
inibidor de HDAC butirato de s6dio altera dois mecanismos reguladores do fendtipo
stemness: o regulador epigenético BMI1 e a via de sinalizagdo de ERK. A redug¢do nos
niveis de BMII e da ativagdo de ERK impedem a formagdo de CSC e diminuem a
proliferacdo celular em MB. No capitulo II, esses dois mecanismos aparecem envolvidos
na formacdo de MB-Grupo 4; a alta expresssdo de BMI1 combinada com um aumento na
ativagdo da via de ERK (devida ao background genético BMI"€"/CHD7"") forma tumores
com maiores taxas proliferativas e que apresentam manutencdo de um estado mais

indiferenciado.

A alta expressdo de BMII e a ativacdo de ERK s3o componentes envolvidos no
desenvolvimento cerebelar e na patogénese de MB. Durante o desenvolvimento cerebelar
normal, BMII apresenta alta expressdo em cé¢lulas indiferenciadas (Zhang et al, 2011).
Como citado anteriormente nessa tese, BMI1 integra o complexo repressor PRCI1
envolvido na regulacdo da transcricdo de diferentes genes associados a células tronco
neurais (BHATTACHARYA et al., 2015). Devido a essa regulacdo e sua influencia em
diferentes processos relacionados a CSC, BMI1 pode ser importante para a modulagdo de

stemness em células de cancer, particularmente MB (XU et al., 2018). De fato, CSC de
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MB definidas pela expressdao de marcadores de células tronco neurais como CD133 ou pela
habilidade de formarem esferas quando cultivadas em meio especifico para células tronco
apresentam expressdo aumentada de BMI1 (SINGH et al., 2004; YU et al., 2010; WANG
et al., 2012; MANORANJAN et al., 2013). Além disso, inibicdo de BMII em células de
MB impede processos relacionados a CSC como crescimento, radioresisténcia e invasao

(CHEN et al., 2010; VENKATARAMAN et al., 2010; MERVE et al., 2014).

Apesar de essencial para a manutengdo de MB, BMI1 ¢é capaz de induzir a
formacgao desse tumor apenas quando eventos oncogénicos adicionais ocorrem (BEHESTI
et al., 2013). A inativagdo de CHD7 pode ser um desses eventos por aumentar a ativagao
de ERK. CHD7 ¢ um remodelador da cromatina altamente expresso durante o processo de
diferencia¢do de células granulares do cerebelo que mantem a cromatina aberta para a
ativacdo de genes envolvidos na diferenciagdo de neurdnios, incluindo DUSP4, um
repressor da via de ERK (FENG et al., 2017; KIM et al., 2014). Mutagdes sem sentido ou
de mudanca de fase de leitura em CHD?7 foram descritas em MB do Grupo 3 e Grupo 4
(ROBINSON et al., 2012). Esses dois subgrupos de MB apresentam alta frequéncia de
metastase (Northcott et al., 2012a), capacidade associada ao aumento de expressdo de
membros da sinalizacdo de ERK (MACDONALD et al., 2001). Similar aos resultados
desta tese, um estudo recente mostrou que inibicdo da sinalizagdo de ERK diminui a
proliferacdo de células e a formagao de esferas de células de MB-SHH (Liang et al., 2018).
Apesar desse trabalho ndo avaliar expressdo de BMI1 ou CD133, amplamente descritos na
literatura como marcadores de stemness, o bloqueio de ERK reduziu a expressdo de
CD271, identificado pelos autores como marcador de CSC de MB-SHH. Inibi¢ao de ERK
foi ainda capaz de reduzir invasao celular in vitro e aumentar sobrevida em modelo in vivo

de MB (Liang et al., 2018).

Mecanismos epigenéticos podem influenciar a expressdo e ativacdo de vias de
sinalizagdo associadas ao status stemness e, assim, colaborar com o crescimento e
manuten¢do tumoral (TOH et al., 2017). Nessa tese, mostramos que altera¢des no codigo
de histonas, por modulagdo do eraser HDAC ou do modelador da cromatina CHD?7,
alteram a expressdo/atividade de BMI1 e a ativagdo da sinalizacdo de ERK e, assim,

contribuem para fen6tipo stemness de células de MB.
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CONCLUSAO

“(...), if you cure an adult with a carcinoma, we extend their median
lifespan by three years, whereas if we cure a six-years-old kid with
leukemia, we give them another 70-plus years.”

Peter Houghton [2]

CAPITULO I: A inibicdo de HDAC e consequente aumento na acetilagio de
histonas ¢ capaz de diminuir marcadores de stemness de células de MB. A ativagdo da via
de ERK contribui para esse efeito e a inibi¢do combinada desses dois processos
moduladores da capacidade stemness (acetilacdo de histonas e ativacdo de ERK) deve ser
considerada como potencial terapia para MB.

CAPITULO II: MB-Grupo 4 com alteragdes em modificadores epigenéticos da
cromatina com alta expressdo de BMII e baixa expressao de CHD7 tem proliferagao
celular aumentada e manutencao da expressao do marcador de indiferenciagdo Mathl. O
fenotipo dessas células estd relacionado com uma expressdo aumentada da via de
sinalizacdo de ERK.

Os resultados apresentados nesta tese, em conjunto com o conhecimento existente e
crescente da literatura, mostram que o FATOR EPIGENETICO BMI1 E A ATIVACAO
DA VIA DE SINALIZACAO DE ERK, MECANISMOS ASSOCIADOS AO FENOTIPO
DE CELULAS INDIFERENCIADAS, SAO RESPONSAVEIS PELA CAPACIDADE
TUMORAL DE MB e devem ser considerados potenciais alvos terapéuticos.
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