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RESUMO

A atividade aberrante de genes que codificam enzimas modificadoras da
cromatina, por consequéncia de mutagdo ou alteragdes na expressdo génica, tem
sido frequentemente identificada como principal fator condutor para a perturbacao de
programas de desenvolvimento em canceres pediatricos. No sentido de reverter esse
estado epigenético aberrante, diversos inibidores utilizando como alvo enzimas
modificadoras da cromatina tém sido desenvolvidos como novas estratégias para o
tratamento do céancer. Neste trabalho, nds investigamos se o potente inibidor de
HDAC butirato de sodio (NaB) apresenta a capacidade de reprogramar as células de
sarcoma de Ewing (SE) para um estado mais diferenciado, bem como afetar seu
crescimento e sobrevivéncia. Nés encontramos que a exposi¢cao das linhagens SK-
ES 1 e RD-ES ao NaB resulta em uma potente inibigcdo da atividade global de HDACs
(1 h), bem como uma significante redug¢ao do crescimento celular de SE (72 h). NaB
também afetou o ciclo celular provocando acumulo de G0/G1 e redugcao nos niveis
proteicos do marcador mitético histona 3 fosforilada em S10 (H3 phos-S10). Os
efeitos mediados por NaB envolveram supressdo da proliferagdo celular
acompanhada pela expressao reduzida do transcrito oncogénico EWS-FLI1 e de
genes associados a pluripoténcia e sobrevivéncia, e a re-expressao do marcador de
diferenciagcao neuronal Blll-tubulina. Além disso, NaB promoveu um aumento na
complexidade celular o que leva a alteragcbes morfolégicas caracteristicas de
crescimento neuritico. Por fim, ndés observamos uma potente atividade de NaB para
impedir o crescimento e a sobrevivéncia de tumoresferas de SE. Nossos resultados
suportam o uso da inibicdo de HDAC como uma estratégia para impedir o
crescimento e a sobrevivéncia celular e para reprogramar tumores de SE para um
estado de diferenciacdo. Além disso, esses resultados corroboram com nossos
estudos anteriores em que demonstraram que inibidores de HDAC podem modular o
crescimento e a diferenciagao de células de tumores pediatricos com putativa origem
de células tronco neurais. Além deste estudo, nds caracterizamos o papel funcional

da histona metiltransferase EZH2 no crescimento e diferenciacdo celular de
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neuroblastoma (NB), utilizando intervengdes farmacolégica e genética. NoOs
demonstramos que UNC-1999, um inibidor duplo de EZH2 e EZH1, foi mais efetivo
para inibir o crescimento de células de NB (7 d), em comparagao aos inibidores
seletivos para EZH2 (GSK-126 e GSK-343). Os mecanismos mediados por inibidores
de EZH2 envolveram uma robusta redugdo dos niveis globais da marca repressiva
H3K27me3, e a reativacao transcricional dos genes supressores tumorais CASZ1,
NTRK1, RARB and CHDS5, que controlam diferenciacdo em NB. Além disso,
experimentos ex-vivo demonstraram que UNC-1999 possui uma robusta capacidade
de reduzir a atividade oncogénica de tumores de xenoenxerto de NB e prolongar a
sobrevivéncia murina. Foram ainda examinados os efeitos da ablagdo genética
cronica de EZH2 (por silenciamento génico utilizando um shRNA constitutivo para o
gene EZH2) no crescimento tumoral de NB. O efeito da ablagao genética cronica de
EZH2, surpreendentemente, provocou um aumento na atividade oncogénica das
células de NB, seguida por uma importante progressao tumoral observada em
tumores de xenoenxerto de NB. Portanto, estes resultados sugerem que o
crescimento de tumores de NB provavelmente ndo depende apenas da fungdo de
PRC2-EZH2. Todavia, a inibicao catalitica dupla de EZH2 e EZH1 demonstrou-se
como uma estratégia terapéutica efetiva para suprimir o crescimento das células NB

e reativar programas génicos envolvidos na diferenciagao.

Palavras-chave: Enzimas modificadoras da cromatina ¢ Tumores sdlidos
pediatricos ¢« HDACs ¢ Sarcoma de Ewing ¢ EZH2 + Neuroblastoma ¢ Diferenciacéo

celular.
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ABSTRACT

Aberrant activity of genes encoding chromatin-modifying enzymes, as a
consequence of mutation or changes in gene expression, has been frequently
identified as a main driver of disruption of the developmental programs in pediatric
cancers. In order to reverse this aberrant epigenetic state, several inhibitors targeting
chromatin-modifying enzymes have been developed as a novel strategy for the
treatment of cancer. In the first section of this study, we investigated whether the
potent HDAC inhibitor sodium butyrate (NaB) has ability to reprogram Ewing sarcoma
(EWS) cells towards to a more differentiated state and affect their growth and survival.
In this work, we found that exposure of SK-ES 1 and RD-ES cells to NaB produce a
potent inhibition of global HDAC activity (1 h), as well as, a significant reduction in the
growth of ES cells (72 h). NaB also affected the cell cycle inducing GO0/G1
accumulation and reducing the protein levels of the mitotic marker phosphorylated
histone 3 (S10) (H3 phos-S10). NaB-mediated effects involved suppression of cell
proliferation accompanied by decreased expression of EWS-FLI1 oncogenic transcript
and key survival and pluripotency-associated genes, and the re-expression of the
differentiation neuronal marker BllI-tubulin. Additionally, NaB induced an increase in
cellular complexity, which leads to morphological changes characteristic of neuritic
growth. Finally, we observed a potent activity of NaB to prevent growth and survival of
ES tumorspheres. Our results suggest that inhibition of global HDAC activity may
represent an effective strategy to inhibit cell growth, and to reprogram ES cells to a
differentiated state. Furthermore, these results corroborate with our previous studies
in which demonstrated that HDAC inhibitors may modulate cell growth and
differentiation of childhood pediatric tumors with putative neural stem cell origin. Aside
this study, we characterized the functional role of the histone methyltransferase EZH2
in neuroblastoma (NB) cell growth and differentiation, using pharmacological and
genetic interventions. Here, we demonstrated that UNC-1999, a dual EZH2 and EZH1
inhibitor, is more effective to inhibit NB cell growth (7 d) compared with EZH2-
selective inhibitors (GSK-126 and GSK-343). The EZH2 inhibitors-mediated
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mechanisms involved a robust reduction in the global level of the repressive mark
H3K27me3, and the transcriptional reactivation of the tumor suppressor genes
CASZ1, NTRK1, RARB and CHD5, that control differentiation in NB. In addition, ex
vivo experiments showed that UNC-1999 has a robust ability to reduce the oncogenic
activity of NB xenograft tumors and prolong murine survival. We further examined the
effects of chronic EZH2 genetic ablation (by gene silencing using a constitutive
shRNA targeting EZH2 gene) on NB tumor growth. The effect of chronic EZH2
genetic ablation, surprisingly, led to an increase in the oncogenic activity of NB cells,
followed by a significant tumor progression observed in NB xenograft tumors.
Therefore, these results suggest that NB tumor growth probably does not rely on the
PRC2-EZH2 function alone. However, dual catalytic inhibition of EZH2 and EZH1
showed to be an effective therapeutic strategy for suppressing NB tumor growth and

reactivating differentiation gene programs.

Keywords: Chromatin-modifying enzymes ¢ Pediatric solid tumors ¢« HDACs ¢

Ewing’s sarcoma ¢ EZH2 ¢ Neuroblastoma ¢ Cellular differentiation
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APRESENTAGAO

A presente tese de doutorado esta estruturada da seguinte maneira:

Secgao 1 — apresenta a introdugdo, uma fundamentagao tedrica relacionada a
tumores sodlidos pediatricos particularmente sarcoma de Ewing e neuroblastoma
(alvos do estudo). Também sao descritos os principais conceitos de células tronco
tumorais (CTTs) abrangendo como as CTTs sao identificadas em tumores sélidos
pediatricos e suas implicagcdes na clinica, além disso conceitos basicos de
epigenética e a modulagdo de modificadores da cromatina como estratégia
terapéutica para o cancer.

Secao 2 - descreve a hipotese geral do trabalho, objetivos gerais e
especificos.

Secao 3 — consiste de dois artigos de dados experimentais: no Manuscrito |
(secédo 3.1) foi investigado o papel da atividade global de HDAC no crescimento,
sobrevivéncia, pluripoténcia e diferenciagcdo de células de sarcoma de Ewing, e é
intitulado de Targeting histone deacetylase activity to arrest cell growth and promote
neural differentiation in Ewing sarcoma, aceito para publicagdo no periddico
Molecular Neurobiology. No Manuscrito Il (seg¢ao 3.2) foi avaliado o papel da histona
metiltransferase EZH2 no crescimento, diferenciagdo celular e atividade oncogénica
de neuroblastoma, e é intitulado de Dual EZH2 and EZH1 catalytic depletion
suppress tumor growth and re-establishes transcriptional activation of tumor
Suppressor genes in neuroblastoma, e esta em fase de preparacao.

Secao 4 — contempla a discussao dos resultados apresentados na secgéo 3,

além de ressaltar a importancia destes estudos.

Secao 5 — apresenta as conclusbes e perspectivas geradas pelos dois
manuscritos, bem como as referéncias utilizadas na elaboracdo desta tese de

doutorado e anexos.
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1. INTRODUCAO

1.1 Tumores soélidos pediatricos

Os tumores solidos pediatricos sao considerados uma doenga do
desenvolvimento, pois se originam de populagdes celulares que ndo completaram o
processo de diferenciagao terminal durante o desenvolvimento fetal e ou pré-natal
(MARIS; DENNY, 2002). Curiosamente, os tumores solidos pediatricos séao
dramaticamente diversos no que diz respeito as suas origens celulares,
desenvolvimento e caracteristicas clinicas. E diferentemente das neoplasias
hematoldgicas ou de tumores cerebrais, os tumores sélidos pediatricos podem surgir
a partir de qualquer um dos trés folhetos germinativos: mesoderme, endoderme ou
ectoderme, conforme Figura 1 (CHEN; PAPPO; DYER, 2015).

retinoblastoma |7/ ~)
neuroblastoma )¢,
melanoma
hepatoblastoma
GIST

coloretal
carcinoma

Ectoderme
osteossarcoma
/ sarcoma de Ewing
rabdomiossarcoma
Endoderme Mesoderme lipossarcoma

Figura 1. Origens de desenvolvimento de tumores soélidos pediatricos.
Retinoblastoma e neuroblastoma (ectoderme), rabdomiossarcoma e osteossarcoma
(mesoderme), hepatoblastoma e tumores gastrointestinais estromais pediatricos
(endoderme). Adaptado de (CHEN; PAPPO; DYER, 2015).
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1.1.1 Sarcoma de Ewing

o Etiologia

O sarcoma de Ewing (SE) é um tumor pediatrico raro, e suas células tumorais sao
encontradas em ossos e em tecidos moles. Esses tumores apresentam pouca ou
nenhuma evidéncia de diferenciagao, e isto esta associado ao seu fendtipo altamente
agressivo e metastatico (BALAMUTH; WOMER, 2010). O cenario etiolégico de SE,
ainda, ndo é completamente compreendido. Porém, a oncoproteina quimérica EWS-
FLI1, gerada por uma translocagdo cromossOmica, tem sido extensivamente
estudada devido a sua presenga na maioria dos SE (aproximadamente 85% dos
casos) (BALAMUTH; WOMER, 2010; ROSS et al., 2013). Grande parte dos estudos
tém focado na identificacdo de genes alvos de EWS-FLI1, em que a expressao
destes pode ser induzida ou reprimida.

O papel funcional da proteina quimérica em ativar e reprimir a expressao
génica é dada pela fungdo combinada de EWS (como um ativador transcricional) e
FLI1 (como o dominio de ligacdo ao DNA). Porém, para que essas proteinas EWS-
ETS funcionem, a agdo conjunta de proteinas adicionais e da maquinaria de
transcricdo se faz necessaria, que inclui as proteinas c-Fos e c-Jun pertencentes do
complexo de transcricdo AP-1 (KIM; DENNY; WISDOM, 2006). As propriedades
oncogénicas da proteina quimérica EWS-FLI1 tém sido implicadas na ativagdo de
genes que regulam a proliferagéo, diferenciagdo celular e sobrevivéncia, tais como,
IGF1, NKX2, TOPK, SOX2 e EZH2. Em contrapartida, EWS-FLI1 pode agir na
repressao de genes envolvidos na apoptose, e parada do ciclo celular que inclui
IGFBP3, p57Kip, p21, TGFB2 (CIRONI et al., 2008; DAUPHINOT et al., 2001;
FUKUMA et al., 2003; GARCIA-ARAGONCILLO et al., 2008; HAHM et al., 1999;
KIKUCHI et al., 2007; LIN; WANG; LOZANO, 2011; NAKATANI et al., 2003; PRIEUR
et al., 2004; RICHTER et al., 2009; RIGGI et al., 2010; SILIGAN et al., 2005; SMITH
et al., 2006; SOLLAZZO et al., 1999; ZWERNER et al., 2008).
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Analises por microarranjos identificaram mais de 1000 genes alvos de EWS-
FLI1, dos quais 80% sao suprimidos (TOOMEY; SCHIFFMAN; LESSNICK, 2010).
Outros eventos secundarios, tais como mutacdes em p53, também tém sido
correlacionados com prognéstico (ICHIKAWA et al., 1994). Estudos in vitro utilizando
linhagens de células humanas demonstraram que a expressdao de EWS-FLI1 ndo é
suficiente para promover transformag¢ao maligna, sugerindo que possivelmente haja a
cooperacao de mutagdes ou de vias paralelas relacionadas desempenhando um
papel essencial na patogénese (TOOMEY; SCHIFFMAN; LESSNICK, 2010). Tais
vias relacionadas incluem p53, INK4A, IGF-1/IGF-1R, bFGF, CD99, diversas tirosinas
cinases e proteinas da via Wnt (HERRERO-MARTIN et al., 2011; ORDONEZ et al.,
2009). Além disso, miRNAs tém sido descritos na regulagao da tumorigénese de SE.
O miRNA-145 e EWS-FLI1 desempenham um mecanismo de controle reciproco na
sua expressao mutua, bem como nos seus genes alvos SOX2 e OCT4 impactando
diretamente nos processos de diferenciagdo e tumorigenicidade em células de SE
(RIGGI et al., 2010).

Recentemente, um novo modelo para investigar a iniciacdo da tumorigénese
de SE, utilizando a expressao induzivel de EWS-FLI1 em corpos embrionarios ou em
colecdes de células tronco embrionarias humanas, demonstrou que a expressao da
proteina de fusdo produz células com propriedades de SE, incluindo caracteristicas
de transformacao, crescimento independente de ancoragem, falta de inibicdo de
contato celular e uma forte assinatura de expressdo génica caracteristica de SE
(GORDON; MOTWANI; PELLMAN, 2015). Com isso, na busca por terapias mais
efetivas para tumores de SE, entender a complexidade da origem desses tumores de
tem sido um topico extensivamente investigado e discutido.

Até o momento ndo ha um consenso sobre a origem celular de SE, uma vez
que ambas células tronco mesenquimais (CTMs) e/ou células tronco neurais (CTNSs)
tém sido implicadas como células de origem. InUmeras evidéncias, inicialmente, tém
apontado as células de origem neuroectodérmica primitiva ou da crista neural como
células precursoras de SE (CAVAZZANA et al., 1987; LIN; WANG; LOZANO, 2011;
SUH et al., 2002), com base na biologia de ambos subtipos de SE (classico) e PNET
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dos quais apresentam a mesma translocagdo cromossémica t(11;22)(q24;912). A
expressao da proteina quimérica EWS-FLI1 induz a diferenciacido neuroectodérmica
e ativa a transcricdo de genes associados a diferenciagdo neural, o que leva a
hipétese de que as caracteristicas neuroectodérmicas dos tumores de SE podem ser
resultantes da expressdo da EWS-FLI1 (HU-LIESKOVAN et al., 2005; LESSNICK;
DACWAG; GOLUB, 2002; LIN; WANG; LOZANO, 2011; RORIE et al., 2004; TEITELL
et al.,, 1999; TOOMEY; SCHIFFMAN; LESSNICK, 2010). Em um modelo de iniciagao
de SE utilizando CTNs foi demonstrado que a expressao ectopica da oncoproteina
EWS-FLI1 é facilmente tolerada por CTNs indiferenciadas, e por sua progénie tronco
neuro-mesenquimal, resultando na expressédo alterada tanto de genes alvos da
oncoproteina ja bem estabelecidos, assim como novos genes alvos. Estudos do perfil
de expressao do genoma completo revelaram que a assinatura molecular de SE é
mais semelhante as CTNs do que a qualquer outro tecido normal, incluindo células
tronco mesenquimais (CTMs), indicando que a manutencdo ou reativagdo de
programas génicos associados as CTNs € uma caracteristica da patogénese de SE
(VON LEVETZOW et al., 2011).

Entretanto, outros estudos tém demonstrado que as CTMs podem ser
possiveis candidatas as células de origem de SE, uma vez que derivam da medula
O0ssea, e sendo considerado que a maioria dos tumores de SE surgem no tecido
06sseo. Com base na presengca de CTMs de origem neuroectodérmica na medula
Ossea e devido as células da crista neural apresentarem um potencial de plasticidade
de linhagens mesenquimais, Riggi e colaboradores (2009) propuseram que tumores
SE exibem uma dupla plasticidade, ou seja, podem derivar de ambas origens
celulares neuroectodérmica e/ou mesenquimal (RIGGI; SUVA; STAMENKOVIC,
2009). Este parece um racional biolégico plausivel uma vez os tumores de SE
exibem essa caracteristica fenotipica dupla. Porém, entrar em um consenso sobre a
célula de origem de SE é crucial para entender a patogénese e assim possibilitar a
deteccdo da sarcomagénese precocemente, além do desenvolvimento de novas

terapias alvo que oferecam uma maior especificidade e efetividade no tratamento. Na
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Figura 2 € demonstrada uma ilustragdo da possivel origem celular para tumores de

SE.
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Figura 2. Origens celulares putativas para sarcoma de Ewing. Neuroectodérmica
(esquerda) e mesenquimal (direita). Adaptado de: (MASON, 2007; UCCELLI;

MORETTA; PISTOIA, 2008).

e Histologia e anormalidades genéticas e moleculares

SE ¢ histologicamente diverso, pois apresenta diferentes graus de diferenciagéo

neural. Tradicionalmente, SE é dividido em trés principais subtipos histologicos: SE

classico, PNET e atipico. O SE classico constitui a maioria dos casos, do qual

apresenta camadas uniformes e densas de pequenas células arredondadas e azuis.

O nucleo apresenta uma cromatina fina, nucléolos discretos, e esta em grande

proporcdo em relacdo ao citoplasma na célula. Os tumores que apresentam

evidéncias de diferenciacdo neural sdo classicamente denominados de tumores

neuroectodérmicos primitivos (PNET). Para suportar o diagndstico dos tumores
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PNET sao consideradas a presenca de rosetas de Homer Wright ou evidéncias
imunohistoquimicas de diferenciagdo neural. Os tumores SE atipicos (de grandes
células) apresentam caracteristicas que desviam das descritas em SE classicos, tais
como nucleos grandes, levemente pleomoérficos, sobrepostos a uma cromatina

irregular e nucléolos grandes, conforme Figura 3 (CHOI et al., 2014).

Figura 3. Histopatologia de sarcoma de Ewing. (A) SE classico (B) PNET (C)
Atipico. Adaptado de: (CHOI et al., 2014).

Além dessas caracteristicas histolégicas que nédo sao confirmatérias para o
diagndstico de SE (pois outros tumores também apresentam células azuis) tem sido
utiizada a imunomarcagédo de CD99, uma glicoproteina que € expressa na
membrana plasmatica (CHOI et al., 2014; DESAI; JAMBHEKAR, 2010).

O caridtipo da SE é relativamente simples, apresentando poucas alteragdes
numéricas e estruturais. Porém esses tumores sao definidos por translocagdes
cromossomais que fusionam o gene EWS (EWSR1), localizado no 22912, e o gene
da ETS pertencente a familia de fatores de transcricdo. Estudos utilizando técnicas
de hibridizagao fluorescente in situ e RT-PCR demonstraram que a translocagao mais
comum (em cerca de 85% dos casos) é a fusdo génica EWS-FLI1 que codifica o
dominio de ativagao da porgédo N-terminal de EWS e o dominio de ligacdo ao DNA da
por¢cao C-terminal de FLI1, conforme demonstrado na Figura 4 (DELATTRE et al.,
1992).
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Figura 4. Esquema da formagao da translocaciao gene de fusao EWS-FLI1. A
translocagao entre os cromossomos 11 e 22 resulta na formagédo de um gene de
fusdo EWS-FLI1 no cromossomo 22 aberrante que codifica um fator de transcricéo
quimérico com o dominio regulador da transcricao na por¢ao N-terminal derivado de
EWS e o dominio de ligagao ao DNA ETS-especifico derivado de FL/1. Adaptada de:
(ANDERSON et al., 2012; BERNSTEIN et al., 2006b).

A fusao génica EWS-ERG onde o gene ERG no cromossomo 21922 substitui
FLI1 é encontrada em 5 a 10% dos casos. Raros casos de SE apresentam fusdes de
EWS a outros genes membros da familia ETS (tais como ETV1, E1AF (ETV4), FEV),
ou fusdes similares com o gene FUS relacionado a EWS (FUS-ERG OU FUS-FEV)
(NG et al., 2007; SHING et al., 2003; WANG et al., 2007). Embora todas as variantes
de translocacgbes estejam associadas a genes da mesma familia de fatores de
transcricdo em sarcomas, tumores semelhantes a SE com fusdes nao-ETS (tais
como, NFATC, POU5F1, SMARCAS5) tém sido identificados recentemente (TIRODE
et al., 2014), no entanto, estes sédo tdo raros que dificulta obter uma anélise mais
conclusiva. (LESSNICK; LADANYI, 2012).
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Recentemente, estudos utilizando o sequenciamento completo do genoma de SE
revelaram que esses tumores apresentam poucas variantes estruturais,
polimorfismos, alteragdes em numero de copias de genes (BROHL et al.,, 2014;
TIRODE et al.,, 2014; ZHANG et al.,, 2016), suportando estudos citogenéticos
anteriores e desafiando ainda mais a compreensdo dos mecanismos moleculares
que envolvem a iniciagao e desenvolvimento do SE. Na Tabela 1, sdo demonstradas
caracteristicas moleculares e celulares das linhagens de SE (SK-ES 1 e RD-ES)

utilizadas como modelo no presente estudo.
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Tabela 1. Caracteristicas genéticas, moleculares e celulares de linhagens de sarcoma de Ewing humano.

Linhagem Tempode Tipo t(11;22) -17pou del(1p) P53 P16™** Ciclina P21°"' c¢c-MYC STAG2

celular de duplicagao de (924;922) del(17p) D1
SE (h)? fusao®
SK-ES 1 35 715 + + + mis exp. alta exp. alta exp. del
mut. det. exp. n.d.
RD-ES 60 7/5 + + + mis. exp. alta exp. alta exp. del
mut. det. exp. n.d.

2 informacdo obtida através do banco de dados expasy/cellosaurus; °:tipo da fusdo se refere ao éxon de EWS e FLI1
flanqueando a jungao; +: presenca da alteracao; exp.: expressao; exp. det.: expressao detectavel; del: mis. mut: mutacao
do tipo missense; deletado; n.d.: ndo detectavel. Revisado em: (BROHL et al., 2014; DAUPHINOT et al., 2001; KOMURO;

HAYASHI; KAWAMURA, 1993).
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e Epidemiologia

Os tumores primarios 0sseos representam 5% de todos os canceres em
criancas e adolescentes, e os tumores de SE sdo considerados o segundo tumor
0sseo primario mais comum. A maior incidéncia ocorre na segunda década de vida
com aproximadamente 9 — 10 casos por milhdo em pacientes com idade entre 10 —
19 anos comparado a uma incidéncia global de trés casos por milhdo na populagao
norte-americana (ESIASHVILI; GOODMAN; MARCUS, 2008). O SE é incomum em
pacientes menores de 5 anos ou maiores de 30 anos, e ocorre predominantemente
em caucasianos, sendo extremamente rara a ocorréncia na populagdo africana
americana e asiaticas por razdes ainda desconhecidas. Além disso, existe uma leve
predominancia da doenca em pacientes do sexo masculino apresentando uma
proporgao entre M:F = 1.5:1 (ESIASHVILI; GOODMAN; MARCUS, 2008; JAWAD et
al., 2009).

No Brasil, a distribuicdo das taxas médias de incidéncia de tumores 6sseos
malignos varia entre as regides do pais, sendo que a maior taxa média de incidéncia
ajustada por idade para o sexo masculino é de 22.2 casos por milhdo na cidade de
Goiania (1999-2003), e a menor maior taxa média de incidéncia é de 3.2 casos por
milhdo na cidade de Natal (1998-2001). Com relacédo as taxas de incidéncia médias
para o sexo feminino, a maior foi de 19.4 casos por milhdo registrada em Cuiaba
(2000-2003) e a menor taxa foi de 2,3 casos por milhdo em Campinas (1991-1995)
(INCA 2008).

e Aspectos clinicos, prognostico e tratamento

A maioria dos pacientes diagnosticados com SE apresentam sintomas
relacionados ao tumor, tais como dor ou um aumento em massa na regiao afetada.
Muitas vezes erros e atrasos no diagnéstico de SE podem ocorrer, uma vez que 0s

pacientes sao jovens e frequentemente ativos fisicamente, a dor pode ser confundida
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com crescimento 6sseo ou lesdes fisicas (SNEPPEN; HANSEN, 1984; WIDHE;
WIDHE, 2000). O SE frequentemente progride rapidamente, resultando em inchago
visivel ou palpavel. Porém o volume tumoral e o inchago, muitas vezes, podem ser
dificeis de detectar em tumores localizados em regidées como fémur, pélvis, torax ou
coluna espinhal, o que pode retardar o inicio do tratamento logo na fase inicial da
doencga (BARKER et al., 2005).

Em aproximadamente 25% dos tumores de SE, o surgimento ocorre em
tecidos moles. Em termos de localizagao corporal, o SE ocorre com maior frequéncia

na diafise de ossos tubulares e na pelve, como demonstrado na Figura 5.
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Figura 5. Sitios primarios e metastaticos em sarcoma de Ewing. Obtido de:
(BERNSTEIN et al., 2006b).

Em 25% dos pacientes com SE sédo detectadas metastases, por isso, uma
pesquisa adequada e estadiamento para metastases devem ser incluidos no
diagndstico. Os sitios metastaticos mais comuns sdo os pulmdes e o espacgo pleural,
o sistema esquelético e a medula éssea, ou a combinacao destes. O envolvimento de
linfonodos na regido local €& bastante raro. As metastases na medula Ossea

microscopicamente detectaveis ocorrem em menos de 10% dos pacientes e estéo
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associadas a um pior prognostico (PAULUSSEN et al.,, 1998). Pacientes com
metastases pulmonares isoladas tém um desfecho levemente melhor, com
aproximadamente 30% de taxa sobrevivéncia, em contraste, aqueles que
apresentam no inicio do diagndstico metastases Osseas ou de medula Ossea
possuem apenas 20% ou menos chance de sobrevivéncia (COTTERILL et al., 2000;
GRIER et al., 2003; MEYERS et al., 2001). A recidiva da doenga pode ocorrer no
local ou em sitios distantes ao tumor, ocorrendo em aproximadamente 30 a 40% dos
pacientes com SE, e estes apresentam uma baixa sobrevida menor que 13% em
cinco anos (LEE et al., 2010).

Outro aspecto que pode representar um prognostico desfavoravel é a
persisténcia de RNA especifico de SE na medula 6ssea (AVIGAD et al.,, 2004;
SCHLEIERMACHER et al., 2003). Além disso, criangas menores de 10 anos de
idade possuem uma melhor resposta ao tratamento comparado a pacientes com
idades mais avancadas (GRIER et al., 2003). O tamanho e a localizagado dos tumores
SE sao geralmente inter-relacionados, sendo que lesbes maiores se localizam na
pélvis, e pacientes com estas lesbes possuem menor chance de sobrevivéncia A
resposta inicial ao tratamento também pode predizer o desfecho clinico. Além disso,
o tipo de translocacao que o tumor apresenta, bem como a presenca de alteragdes
cromossOmicas adicionais sao informagdes bastante relevantes para definir o
prognéstico (GRIER et al., 2003; PAULUSSEN et al., 2001).

A utilizacao da quimioterapia tem melhorado muito as taxas de sobrevivéncia
de pacientes com tumores SE localizados, de 10% para 70 — 80%, desde a
descoberta da doenca por James Ewing. Porém, infelizmente a quimioterapia é
menos eficiente em pacientes diagnosticados com metastases ou recidiva. Devido a
sua alta letalidade, a maioria da literatura recomenda o tratamento padrdo que é
baseado na combinacdo de cirurgia, quimioterapia e radioterapia. A maioria das
terapias atuais requerem quimioterapia de multidrogas, que consiste em ciclos de
combinagdes variadas de vincristina, doxorrubicina, ciclofosfamida, etoposideo,
ifosfamida, actinomicina D, e topotecano, seguidos por terapias locais, tais como
radiagcao e/ou cirurgia (BERNSTEIN et al., 2006b; TEICHER et al., 2011).
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Durante décadas a radioterapia foi considerada tratamento padrdo para
tumores locais e focalizados, no entanto, as evidéncias atuais defendem a cirurgia
quando é possivel a resseccao completa (SAILER et al., 1988; SCHUCK et al.,
2003). O tratamento de escolha quando se consegue grandes margens ao redor do
tumor é a resseccdo com quimioterapia pré-operatéria e pods-operatdria, e sem
radiagcao pos-operatoéria. Porém, a radioterapia como unica forma de tratamento é
tipicamente a escolha terapéutica para pacientes com tumores grandes ou com
tumores em locais que a ressecgao cirurgica ndo € possivel (BERNSTEIN et al.,
2006b; IWAMOTO, 2007).

Pacientes com metastases combinadas de osso, medula 6ssea e pulméao tém
demonstrado uma taxa de sobrevida livre de eventos de apenas 14% em 4 anos
(PAULUSSEN et al., 1998). Apesar de o tratamento para esses casos incluir intensos
regimes de quimioterapia em combinagao com radioterapia, ou seja, doses mais altas
de quimioterapia juntamente com radiacédo total do corpo e transplante de medula
Ossea, as taxas sobrevida livre de eventos ndao mostram aumento (MEYERS et al.,
2001; MISER et al., 2007). Cerca de 30 — 40% dos pacientes com SE sofrem com a
recorréncia de tumores, podendo ocorrer localmente, em sitios distantes, ou alguma
combinagao de ambos, e seu progndstico permanece ruim (COTTERILL et al., 2000;
JURGENS et al., 1988). Os pacientes com tumores recorrentes apresentam uma taxa
de sobrevida estimada em aproximadamente 20 — 25%. Para esses casos de
tumores recorrentes ainda ndo existe um regime de tratamento especifico devido a
variancia entre eles. Basicamente, o tratamento envolve alguma combinagdo de
quimioterapia, cirurgia e radioterapia, com tipos e doses de tratamento baseados na
extensao do local de recorréncia e a presenga da doenga metastatica apds recidiva
(COTTERILL et al., 2000).

Apesar de um significativo avangco no tratamento de SE, a quimioterapia
citotoxica convencional ainda é ineficaz para um quarto dos pacientes com tumores
localizados e trés quartos dos pacientes com metastases, dessa forma, ha uma

urgente demanda para subverter esses indices de sobrevida. Portanto, o
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desenvolvimento de promissoras terapias alvo, com uma maior seletividade,

eficiéncia e menor toxicidade, é o que se tem buscado para o tratamento de SE.

1.1.2 Neuroblastoma

o Etiologia

Neuroblastoma (NB) é classificado como tumor neuroblastico periférico por
afetar principalmente ganglios simpaticos e medula adrenal, estruturas derivadas da
crista neural embrionaria (PARK; EGGERT; CARON, 2010; RATNER et al., 2016).
Durante desenvolvimento embrionario, as células da crista neural do tronco deixam a
face dorsal do tubo neural, migrando ventralmente para perto do tubo neural e
comecam a se diferenciar em resposta a sinais locais. Algumas delas se diferenciam
em células neuronais como ganglios simpaticos ou células simpaticas de cromafins
semelhantes aos neurdnios da medula adrenal, influenciadas por sinais da proteina
morfogenética 6ssea proximos da aorta dorsal (SAITO et al., 2012). A falha completa
da maturagdo simpatoadrenal pode predispor a transformagdo maligna de células
precursoras pluripotentes da crista neural em células pré-cancerosas (MARSHALL et

al., 2014), e este modelo é demonstrado conforme a Figura 6.
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Figura 6. Desenvolvimento da crista neural e de neuroblastoma. Sob influéncia
da oncoproteina MYCN e proteinas morfogénicas 6sseas (BMPs), os progenitores
neuroblasticos migram do tubo neural da crista para uma regido que € lateralmente
proxima a aorta dorsal. Neste local, as células sofrem especificagdo em ganglios
simpaticos primitivos (PSG), que ocorre antes da diferenciacdo em ganglios
simpaticos ou células cromafins (ndo mostrado). MYCN é o primeiro evento com
base em observagbes do modelo de camundongo transgénico que utiliza a
superexpressao de MYCN regulada pelo promotor da tirosina hidroxilase (Th-MYCN),
enquanto que mutagbes na cinase de linfoma anaplasico (ALK) e a proteina
homeobox mesodermal pareada 2B (PHOX2B) sdo mutagdes germinativas. O
acesso local para o fator de crescimento do nervo (NGF) determina se as células
ganglionares simpaticas normais (azul) amadurecem em ganglio terminal ou sofrem
morte celular por apoptose. Um estado patolégico relativamente comum é a
sobrevivéncia pés-natal de células neuroblasticas pré-cancerosas (roxo), que exige
que a célula que é destinada a se tornar maligna seja resistente a retirada do fator
trofico, antes que estas células pré-cancerosas persistentes sofram um terceiro
evento que induz a transformacdo, que se apresenta como neuroblastoma na
primeira infancia. HAND2, derivados expressos do coracdo e crista neural 2; Mash1
homologo murino achaete-scute 1. Adaptado de: (MARSHALL et al., 2014).

36



Com base em caracteristicas fenotipicas similares as células neuronais ou
cromafins apresentada nos tumores de NB, tem sido proposto que a célula de origem
pode ser derivada de células precursoras pluripotentes da crista neural. Porém a
precisa célula de origem de NB permanece desconhecida. Além disso, pouco se
sabe sobre os mecanismos envolvidos na falha do desenvolvimento normal que
levam ao bloqueio da diferenciagao, e por consequéncia uma persisténcia de células
embrionarias com uma capacidade de proliferagdo desregulada (SCHOR, 2013; VAN
NOESEL; VERSTEEG, 2004).

Na biologia dos tumores de NB, a amplificacdo de MYCN tem sido alvo de
extensivas investigagdes, pelo fato de ocorrer em aproximadamente 25% dos NBs e
estar correlacionada a tumores mais agressivos. Porém, é possivel que MYCN de
cdpia unica também possa desempenhar algum papel na biologia tumoral de NBs
sem amplificagdo do oncogene, pois mesmo na crista neural normal MYCN funciona
na manutencao do estado pluripotente, proliferativo, e no bloqueio da diferenciacao, e
além disso, quando o microambiente € adequado pode promover a apoptose de
neuroblastos (HUANG; WEISS, 2013). Estudos anteriores demonstraram que células
neuronais imaturas de NB com caracteristicas mais agressivas apresentam MYCN
amplificado, e células de NB do tipo Schwann com menor potencial maligno
raramente possuem a presencga ou amplificagdo de MYCN (SPENGLER et al., 1997).
Estudos funcionais utilizando a superexpressao de MYCN, sob controle do promotor
do gene hidroxilase tirosina em neuroblastos de camundongos, demonstraram que
altos niveis de MYCN contribui na recapitulacdo de neuroblastos pré-cancerosos e na
iniciacdo de NB (WEISS et al., 1997). Mais recentemente foi demonstrado que a
superexpressdao de MYCN em esferas de células progenitoras simpatoadrenal induz
a proliferacdo, e diferenciagcdo neural suportando a hipotese de que as células
progenitoras medulares adrenais multipotentes s&o células de origem para NB.
Porém, nao é suficiente para induzir a formacdo de tumores de xenoenxertos em
camundongos, sugerindo que sdo necessarias alteragdes genéticas e epigenéticas

adicionais para a tumorigénese (MOBLEY et al., 2015).
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As células normais da crista neural sdo caracterizadas pela sua capacidade de
autorrenovacgao e diferenciagdo em varios tipos celulares. E além disso € importante
destacar que as propriedades de células tronco podem ser readquiridas por células
diferenciadas derivadas da crista neural (DUPIN et al., 2007). A capacidade das
células de se autorrenovar e de se diferenciar em multiplas linhagens é também uma
caracteristica de células tipo tronco/precursora encontradas em canceres. As células
tronco/precursoras tumorais podem surgir quando células maduras se
desdiferenciam em resposta a alteragdes genéticas ou epigenética e/ou se as células
em desenvolvimento acumulam essas alteragdes. Este modelo é suportado pelo
carater embrionario de NB, pois mantém a expressao proteica do marcador pro-
neural ASCL1, de marcadores noradrenérgicos PHOX2A, HAND2 e TH — hidroxilase
tirosina e de padrdes de modificacbes pos-traducionais caracteristicos da crista
neural embrionaria (WYLIE et al., 2015). Portanto, a plasticidade celular das células
de NB de se desdiferenciar gerando células progenitoras pluripotentes da crista
neural tém inspirado o racional de que a inducado da diferenciagao celular pode ser
uma terapia eficaz para NB, porém, a possibilidade de que as células de NB sejam
diferenciadas em células de Schwann ainda nao foi estudada terapeuticamente
(RATNER et al., 2016).

Outro aspecto relacionado a etiologia de NBs é que cerca de 1 — 2% dos
pacientes com NB possuem um histérico familiar da doenga (MARIS et al., 2002;
MOSSE; LAUDENSLAGER, 2004; MOSSE et al., 2008a; SHOJAEI-BROSSEAU et
al., 2004). Em aproximadamente 80% dos NBs hereditarios os genes ALK e PHOX2B
tém sido identificados. Especificamente diversos grupos tém demonstrado que
mutagdes de ganho de fungdo no gene ALK sao responsaveis por 75% dos NBs
hereditarios (CHEN et al., 2008; GEORGE et al., 2008; JANOUEIX-LEROSEY et al.,
2008; MOSSE et al., 2008a). NBs também podem ocorrer em pacientes que
apresentam a sindrome congénita de hipoventilagdo central, e mutagoes de perda de
funcdo no gene PHOX2B (que codifica a proteina homeobox mesodermal pareada

2B - reguladora do desenvolvimento da crista neural) estdo presentes na maioria
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desses pacientes, representando mais de 5% dos casos hereditarios (MOSSE;
LAUDENSLAGER, 2004; RAABE et al., 2008; TROCHET et al., 2004).

O ALK, receptor tirosina cinase, tem um papel chave no desenvolvimento
simpatico-adrenal precoce para proteger o crescimento neuroblastico contra a
privagdo de nutrientes (CHENG et al., 2011; REIFF et al., 2011). Mutagdes
germinativas e somaticas em ALK das quais causam ativagao constitutiva da cinase
estdo presentes em 8-10% dos casos de neuroblastoma, e isto esta correlacionado
com um pior prognostico (CHEN et al., 2008; DE BROUWER et al., 2010;
JANOUEIX-LEROSEY et al., 2008; MOSSE et al., 2008a). A mutacéo ativadora de
ALK mais comum e agressiva, na qual resulta em F1174L, é suficiente para induzir a
formacdo de tumores quando é especificamente expressa na crista neural em
camundongos transgénicos (HEUKAMP et al., 2012; SCHULTE et al., 2013). ALK-
F1174L tem sido associada com a amplificacgo MYCN em tumores humanos e a
coexpressao de ALK-F1174L e MYCN promove sinergisticamente a formagcao de
tumores in vivo, o que sugere que estes eventos podem cooperar para a iniciagao de
NB (HEUKAMP et al., 2012). Dessa forma, a expressdo ou funcéo aberrante de
MYCN em colaboragdo com a funcdo desordenada de um pequeno grupo de
reqguladores-chave no neurodesenvolvimento sao potenciais candidatos para a
iniciagao pré-cancerosa neuroblastica (MARSHALL et al., 2014).

Devido a ampla heterogeneidade apresentada pelos tumores de NB, que varia
desde regressao espontanea ou diferenciagcdo a uma severa progressao (mesmo
com terapia intensiva e multimodal), tem se buscado entender melhor quais sao os
mecanismos responsaveis pela regressao espontanea visando identificar abordagens
terapéuticas alternativas. Diversos mecanismos tém sido propostos para explicar o
fendmeno regressdo espontdnea em NB, incluindo a perda da atividade de
telomerase, resposta imune celular e humoral, alteragdes na regulagao epigenética e
a privagao de neurotrofinas (BRODEUR; BAGATELL, 2014).

As neurotrofinas e seus receptores tém sido amplamente estudados em NB,
pois o desenvolvimento e manutencao do sistema nervoso periférico depende da via

de sinalizagdo das neurotrofinas que regulam os processos de crescimento,
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sobrevivéncia e diferenciagdo neuronal. Os ligantes dos receptores de neurotrofinas
TrkA, TrkB e TrkC (também conhecidos como NTRK1, NTRK2 e NTRKS,
respectivamente) sdo: o fator de crescimento nervoso (NGF), fator neurotréfico
derivado do cérebro (BDNF) e a neurotrofinas-3 (NT-3), respectivamente. A
neurotrofina-4 (NT-4, também conhecido como NT-5) pode também funcionar através
de TrkB. Esses receptores possuem um importante papel na patogénese de NB, uma
vez que padrdes de expressdes aberrantes desses receptores de neurotrofinas tém
sido identificados (HUANG; REICHARDT, 2001; TESSAROLLO, 1998; THIELE; LI,
MCKEE, 2009).

A expressdao aumentada de TrkA esta associada a NBs com prognédstico
favoravel, que frequentemente apresentam regressédo espontanea (KOGNER et al.,
1993; NAKAGAWARA et al., 1992; SUZUKI et al., 1993). A ativagdo da via NGF/TrkA
induz diferenciagao neuronal e sobrevivéncia em células derivadas de tumores de
NB, no entanto, quando ocorre a privagao de NGF, essas células sao induzidas a
morte celular via apoptose (NAKAGAWARA et al, 1993; NAKAGAWARA;
BRODEUR, 1997). Em contraste, TrkB é coexpresso em niveis elevados com o seu
ligante BDNF em tumores clinicamente e biologicamente desfavoraveis,
especialmente aqueles com amplificacgo de MYCN. A ativagcdo via autécrina
TrkB/BDNF pode induzir invasado, metastase, angiogénese, e resisténcia a farmacos
(ACHESON et al.,, 1995; JABOIN et al, 2002; MATSUMOTO et al., 1995;
NAKAGAWARA et al., 1994; NAKAMURA et al., 2006). Uma nova variante de TrkA,
TrkAlll, foi identificada em NBs, e esta antagoniza a sinalizagcdo NGF/TrkA
promovendo a progressao tumoral (TACCONELLI et al., 2004).

Os receptores TrkA e TrkC também sdo conhecidos como receptores de
dependéncia, uma vez que a auséncia do ligante de ativagdo pode gerar sinais
apoptéticos. O receptor TrkC é mais expresso em tumores de biologia favoravel
(YAMASHIRO et al., 1997). E além disso, a coexpressao dos receptores P75/NGFR
pode aumentar a sensibilidade e especificidade de todos os trés receptores Trk com

os seus ligantes cognatos, no entanto, a superexpressao e ativagao de P75/NGFR na
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auséncia da expressao de Trk pode levar a apoptose (HO et al., 2011; RABIZADEH
et al., 1999).

e Histologia e anormalidades genéticas e moleculares

Os tumores de NB, em grande maioria, sdo considerados de alto risco, pois
apresentam células pequenas e arredondadas chamadas de neuroblastos que
possuem pouca ou nenhuma evidéncia de diferenciagdo neural, e pobres em estroma
de schwann. Porém, alguns tumores de NB apresentam diferenciagao histologica
parcial e uma quantidade de estroma de schwann aumentada, sendo estes sao
chamados de ganglioneuroblastomas. Os tumores mais diferenciados do espectro,
considerados benignos e de baixo risco sdo os ganglioneuromas, que apresentam
agrupamentos de neurbnios maduros cercado por um estroma denso de células de
Schwann, conforme a Figura 7 (BRODEUR, 2003).

Grau de diferenciagao
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Figura 7. Espectro de diferenciacao de neuroblastoma associado ao risco,
baseado na  histopatologia dos tumores. (A) Neuroblastoma (B)
Ganglioneuroblastoma (C) ganglioneuroma. Adaptada de: (LACAYO, 2016).

NBs e linhagens celulares derivadas de tumores de NB contém células que se
assemelham a neurdnios simpaticos imaturos (que podem ser chamadas de células
neuroblasticas — tipo N) com propriedades noradrenégicas, células de Schwann

(substrato aderentes — tipo S) com propriedades de melanécitos, e células com
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morfologia intermediaria (tipo 1). Considerando os pacientes com tumores que
apresentam maiores propor¢coes de células de Schwann apresentam melhores
desfechos (SPENGLER et al., 1997).

Estudos citogenéticos iniciais realizados em 1983, revelaram que tumores de
NB apresentam frequentemente pequenos fragmentos de DNA extra-cromossdmicos
chamados de duplo-minutos e regides de coloragcdo homogeneamente integradas
cromossomicamente, ambas caracteristicas de amplificagées génicas (SCHWAB et
al., 1983). Além disso, foi demonstrado que a regido amplificada era proveniente do
brago curto distal do cromossomo 2 (2p24) que contém o proto-oncogene MYCN
(BRODEUR et al., 1984). Desde a sua identificagdo, MYCN vem sendo considerado
um poderoso marcador de prognostico de tumores que apresentam comportamento
biologicamente mais agressivo. Com base em analises de caridtipo acessando o
conteudo de DNA, cerca de 55% dos tumores primarios de NB apresentam triploidia,
também chamada de hiperploides, no entanto, a ploidia impacta potencialmente
apenas criangas de 12 a 18 meses de idade com doenca metastatica (DAVIDOFF,
2012; KANEKO et al., 1987).

Dentre as alteracdes cromossémicas estruturais, ha evidéncias de que a perda
de heterozigosidade (Loss of heterozigosity — LOH) no brago longo do cromossomo
14 ocorre com alta frequéncia em NBs (HOSHI et al., 2000; SRIVATSAN; YING;
SEEGER, 1993; SUZUKI et al., 1989; THOMPSON et al., 2001). A grande maioria
dos NBs de alto risco apresenta o ganho de 17g que esta presente em mais da
metade dos casos de NB (BOWN et al., 1999) e a perda de 1p em um ter¢co dos
casos (ATTIYEH et al., 2005). Ambas alteragbes cromossémicas estdo
correlacionadas com a amplificagcdo de MYCN e pior prognéstico. A perda de 11q tem
sido demonstrada em um tergo dos casos de NB de alto risco, porém € inversamente
correlacionada com a amplificagdo de MYCN (ATTIYEH et al.,, 2005). Outras
alteragdes cromossémicas segmentares relativamente comuns em NB incluem
ganhos de 1q e 2p e perda de 3q, 4p e 14q, no entanto, o risco de progndstico ruim

associado a estas alteragdes ainda nao esta bem estabelecido (HUANG; WEISS,
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2013; PUGH et al., 2013). Algumas alteragdes como dele¢cdes de 1p e 6q podem
também ocorrer na recidiva da doenga (ELEVELD et al., 2015).

De um modo geral, a delegcado de 1p e 11q e sua associagdo com NB de alto
risco sugere a presenga de um gene supressor tumoral nesses Cromossomos.
Diversos genes supressores tumorais candidatos tém sido identificados na regido de
delecao 1p, dentre eles, CHD5, CAMTA1, KIF1B, CASZ1 e mir-34A. Cada um desses
genes, notavelmente, apresenta uma reduzida expressdao génica e isto esta
associado com o avanco da doencga e/ou baixas taxas de sobrevivéncia de pacientes
(HENRICH; SCHWAB; WESTERMANN, 2012; LIU et al., 2011).

A maioria dos NBs de alto risco que nao possui amplificacdo de MYCN ou
mutacbes em ATRX (gene que codifica a proteina remodeladora da cromatina
SWI/SNF, uma helicase dependente de ATP), apresentam poucas mutagoes
somaticas recorrentes em qualquer gene codificante de proteina conhecida (PUGH et
al.,, 2013). Na tabela 1, sdo demonstradas algumas anormalidades genéticas e
carateristicas das linhagens de NB utilizadas como modelo neste estudo, conforme

demonstrado na Tabela 2.
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Tabela 2. Caracteristicas celulares e moleculares de linhagens de neuroblastoma.

Linhagem Tempo de 17923 1P 3p22 11923 Mutagdo Mutacao Mutacdao ARID1A/B
cellular de duplicagdo ganho LOH LOH LOH em P53 em ALK em NF1
NB (h)?
NGP 50-70 del rearranjo/ del del Wt Wt alta baixa Wt
duplicaca exp. exp.
o}
SMS- 72 ganho 1p Wit Wit R1275Q,
KCNR del,+1p F1174L
LOH,
t(17,20)
(p21,
q13)
SY5Y 55 del Wt Wit Wit Wt F1174L intacto
SMS-SAN 71 ganho Wt F1174L A=Pro251fs
NB69 - ganho 1p del Wit Wit baixa A=GIn1364L
exp. ou
B=GIn579del
IMR32 40-50 ganho 1p del Wit del Wit Wit alta exp.

2. informacgé&o obtida através do banco de dados expasy/cellosaurus; A: amplificado, NA: ndo amplificado, del: deletado,
LOH: loss of heterozigozity (perda de heterozigosidade), Wt: selvagem, exp.: expressdo. Revisado em: (CAREN et al.,
2007; COLE et al., 2008; CUI; SCHROERING; DING, 2002; DE PRETER et al., 2004; DJOS et al., 2013; GEORGE et al.,
2008; GOLDSCHNEIDER et al., 2006; HOLZEL et al., 2010; JANOUEIX-LEROSEY et al., 2008; MOSSE et al., 2008b;
MOSSE et al., 2005; NAKAMURA et al., 2007; OKAWA et al., 2008; RODOLFO et al., 2003; SAUSEN et al., 2012; VAN

MAERKEN et al., 2006).
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Em contraste, algumas mutagbes somaticas recorrentes em regides nao
codificantes do genoma, como elementos de enhancer ou outras regides regulatorias,
tém sido identificadas em NBs, porém o papel funcional dessas alteracdes ainda
permanece obscuro (SCHLEIERMACHER; JANOUEIX-LEROSEY; DELATTRE,
2014). Portanto, a notdria raridade de mutagdes recorrentes em genes codificadores
de proteinas conhecidas e a alta frequéncia de alteragdes cromossdmicas estruturais
reforca a necessidade de compreender a interacdo desses fatores genéticos no
contexto do desenvolvimento do sistema nervoso periférico e de NB. Estudos de
associagao genémica em larga escala, tém revelado que NB € uma doenga genética
complexa, e tem sido associado a alguns polimorfismos genéticos comuns que
podem influenciar o desenvolvimento de NB. Até o momento, foram identificadas 12
associagdes genéticas altamente significantes e validadas em NB, que incluem os
genes BARD1, LMO1, LIN28B (PUGH et al., 2013; TROCHET et al., 2004). Cada
associacdo apresenta um efeito individual relativamente modesto na iniciacdo da
doenca, no entanto, associagcdes multiplas podem cooperar, e assim, promover a
transformacado maligna durante o neurodesenvolvimento. Contudo, esses estudos
tém ilustrado como as marcas genbmicas convergem para a identificacdo de
mecanismos moleculares envolvidos na iniciagao e progressao tumoral, o que em
alguns casos, oferece uma compreensao sobre quais alvos terapéuticos podem ser
explorados na clinica (BOSSE; MARIS, 2016)

e Epidemiologia

NB representa aproximadamente 8% de todas as neoplasias em pacientes
com menos de 15 anos de idade, e é responsavel por aproximadamente 15% das
mortes por cancer pediatrico. Com aproximadamente 700 novos casos por ano, NB
apresenta uma taxa de incidéncia de aproximadamente 9.7 casos por milhdo na
populagao branca norte-americana, porém na populagéo negra a incidéncia € menor
com aproximadamente 6.8 casos por milhdo. (DAVIDOFF, 2012; STILLER; PARKIN,

1990; YOUNG et al., 1986). Adicionalmente, mesmo que rara a incidéncia em
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individuos com descendéncia africana, estes apresentam maior propensao a ter um
fendtipo mais maligno em comparagdo a individuos de descendéncia europeia
(GAMAZON et al., 2013). As taxas de incidéncia de NB em outras etnias ndo séo
precisamente conhecidas. No Brasil, NB apresenta uma taxa de incidéncia média de
aproximadamente 7.3 casos por milhdo, com base em dados registrados nos estados
de Sao Paulo, Recife e Fortaleza (STILLER; PARKIN, 1990).

A probabilidade do desenvolvimento de NB pode variar amplamente por idade,
sendo o maior numero de casos detectados no periodo perinatal, e diminuindo
gradualmente nos primeiros 10 anos de idade. A incidéncia em adolescentes e
jovens adultos é mais rara, e apesar de ser uma doenga mais indolente, é letal
(MOSSE et al., 2014). O fenétipo de NB é extremamente relacionado a idade, uma
vez que pacientes menores de 18 meses de idade apresentam mais propensao a
regressao espontanea do tumor do que criangas mais velhas (MARIS, 2010).

Na tentativa de detectar NB precocemente através do rastreio de metabdlitos
de catecolaminas na urina, foi observado que aproximadamente metade de todos os
NBs que surgem no primeiro ano de vida nunca sejam detectados devido a regresséo
espontanea completa (SCHILLING et al., 2002; WOODS et al., 1996). Curiosamente,
NB é mais comum em criancas do sexo masculino do que feminino, no entanto, a
base genética e epigenética para esta prevaléncia € ainda desconhecida (WARD et
al., 2014).

e Aspectos clinicos e prognostico e tratamento

NB pode surgir em qualquer lugar ao longo do sistema nervoso simpatico. A
maioria dos tumores (cerca de 65%) surge no abdébmen, com metade desses
surgindo na glandula adrenal. Sitios de origem adicionais incluem pescogo, peito e
pélvis. Os bebés sdo mais propensos a apresentarem a doenca principalmente em
locais toracicos e cervicais, € 1% dos pacientes nao possuem tumor primario
detectavel. Aproximadamente 50% dos pacientes apresentam doenca localizada ou

regional e cerca de 35% dos pacientes apresentam propagacgao linfonodal regional
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no momento do diagndstico. Os pacientes que possuem doenga localizada
frequentemente ndo apresentam sintomas, e sao diagnosticados ocasionalmente.
Porém, alternativamente os pacientes podem apresentar massa e distensao
abdominais, e dor. Pacientes com doenga cervical localizada surgindo a partir do
ganglio cervical pode apresentar a sindrome Horner (paralisia 6culo-simpatica). A
extensdo epidural ou intradural do tumor pode ocorrer em aproximadamente 5 a 15%
dos pacientes diagnosticados com NB e podem ser acompanhados por deficiéncias
neurologicas (MARIS, 2010; PARK; EGGERT; CARON, 2010; VO et al., 2014). A

apresentagao clinica de NB é demonstrada conforme ilustracdo na Figura 8.

Tumor paravertet Sindrome de Horner

(A \
| \, -

Figura 8. Apresentacao clinica de neuroblastoma. Sitios primarios e metastaticos
de NB. Adaptado de: (MARIS, 2010).

Ao contrario da frequente falta de sintomas em pacientes com doenca
localizada, pacientes com doenca disseminada frequentemente apresentam sintomas
como febre, dor e irritabilidade. Além disso, uma apresentacéo clinica de inchaco
periorbital e equimose (olhos de guaxinim) é observada em criangas com doenca
disseminada para a regiao periorbital (PARK; EGGERT; CARON, 2010; VO et al.,
2014).
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Com o avancgo das técnicas moleculares para a caracterizagdo tumoral, a
maioria dos grupos cooperativos atualmente integram dados pan-gendémicos, ao
invés de dados gendmicos de locus unico, para a estratificagdo de risco no
diagndstico, especialmente, para os pacientes de baixo risco e de doenga de risco
intermediario. Com as técnicas genOmicas de maior resolugcéo e integragdo de
sequenciamento de ultima geracdo em nivel de DNA e RNA, sera possivel que os
grupos de risco sejam refinados com base no perfil molecular do tumor (MATTHAY et
al., 2016).

O sistema de estadiamento de NB mais aceito nos estudos de relatos de
casos das ultimas trés décadas é o sistema internacional de estadiamento de NB
(International Neuroblastoma Staging System — INSS), que se baseia na extensao da
resseccgao cirurgica no diagndéstico e metastases, como € demonstrado na Tabela 3
(BRODEUR et al., 1993; MATTHAY et al., 2016).

48



Tabela 3. Sistema Internacional de Estadiamento de Neuroblastoma.

Estagio 1 Tumor localizado com completa ressecg¢ao bruta cirurgica e sem
metastase para os ganglios linfaticos ipsilaterais representativos
que nao estavam ligados ao tumor.

Estagio 2A  Tumor localizado com incompleta ressecgao bruta cirurgica; e sem
metastase para os ganglios linfaticos.

Estagio 2B  Tumor localizado com ou sem completa ressecg¢ao bruta cirurgica;
com metastase tumoral para os ganglios linfaticos ipsilaterais, mas
sem metastase tumoral observada em quaisquer ganglios linfaticos
contralaterais aumentados

Estagio 3 Tumor unilateral ndo ressecavel infiltrado na linha média (coluna
vertebral), com ou sem metastase linfonodal regional, ou tumor
unilateral localizado com metastase linfonodal regional
contralateral, ou tumor de linha média com infiltracdo bilateral ou
comprometimento linfonodal.

Estagio 4 Qualquer tumor primario com disseminagdo para linfonodos
distantes, osso, medula Ossea, figado, pele ou outros 6érgaos
(exceto como definido para a fase 4S)

Estagio 4S  Tumor primario localizado (como definido para a fase 1, 2A ou 2B)
em pacientes menores de 1 ano de idade, com metastase limitada
a pele, figado ou medula 6ssea® (<10 % de envolvimento tumoral).

Revisado de: (BRODEUR et al., 1993).

O estadiamento da doenga é combinado a outros fatores progndsticos,
incluindo idade no diagndstico, patologia e caracterizagdo gendmica (incluindo
MYCN, status 11q e ploidia), o que possibilita a definicdo de grupos de risco para o
pré-tratamento. Além disso, este sistema permite agrupar os pacientes em quatro
grupos de risco (muito baixo, de baixo risco, de risco intermediario, ou de alto risco)
sendo entao determinante para o plano de tratamento (MATTHAY et al., 2016).

Os NBs de muito baixo risco e de baixo risco (nos estadios de INRG L1, L2 e
MS com caracteristicas gendmicas favoraveis) correspondem a aproximadamente
50% de todos os novos casos de NB diagnosticados (COHN et al., 2009; PINTO et
al.,, 2015). Para esses pacientes a conduta €& geralmente observagdo que inclui

monitoramento utilizando exame fisico, niveis de catecolamina na urina e imagens
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tumorais com ultrassom ou ressonancia magnética. Esta abordagem observacional
evita potenciais complicagdes de cirurgia na crianga, tais como hemorragia, dano
vascular, obstrugdo intestinal ou dano a um 6rgao vital como rim ou figado
(NUCHTERN et al., 2012) (DE BERNARDI et al., 2009; HERO et al., 2008; RUBIE et
al., 2011; STROTHER et al., 2012). Na auséncia de amplificacdo de MYCN, qualquer
doenca residual apds ressecgao cirurgica do tumor ndo € considerada um fator de
risco para recidiva, apresentando uma sobrevida livre de eventos >90% e uma
sobrevida global de 99 — 100% (IEHARA et al., 2013; STROTHER et al., 2012). Para
criancas com NB de baixo risco (INRG, estadio L2 ou MS com caracteristicas
genbmicas favoraveis) que apresentam de sintomas clinicos, o tratamento com
quimioterapia € indicado, mas com limitacdo do numero de ciclos até a resolugao dos
sintomas clinicos. Nesses pacientes ndo é indicada ressecgao completa do tumor
primario nem radioterapia (BAKER et al., 2010; DE BERNARDI et al., 2009;
STROTHER et al., 2012).

Para criangas com NB de risco intermediario, podem ser prescritos de dois a
oito ciclos de quimioterapia. A ressecgao cirurgica do tumor primario residual é
realizada quando possivel, conforme determinado por imagem, mas a resseccao
completa nao é essencial (BAKER et al., 2010; DEFFERRARI et al., 2015; KOHLER
et al., 2013; MARACHELIAN et al., 2012). Porém, o tratamento com quimioterapia
isolada para criangas menores de 12 — 18 meses de idade com NB ndo ressecavel
com estadio INRG L2 (com histologia desfavoravel ou caracteristicas gendémicas
desfavoraveis e sem amplificagcdo de MYCN) pode nao ser suficiente. Essas criangas
tém menor sobrevida do que pacientes semelhantes com biologia favoravel,
indicando que um regime de tratamento mais intensivo, incluindo radioterapia pode
garantir uma maior sobrevida (BAKER et al.,, 2010; DEFFERRARI et al., 2015;
KOHLER et al., 2013; MATTHAY et al., 1998). O tratamento de pacientes do grupo
de risco intermediario pode ser adaptado para incluir a intensidade e a duracéo da
terapia com base na resposta a terapia, outros critérios genéticos (incluindo o numero
de copias genbmicas) e histologia. Com base nessas abordagens terapéuticas, a

sobrevida global em 5 anos estimada para NB de risco intermediario € >90% para os
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lactentes com doenga em estadio INRG M, porém apenas 70% das criangcas >18
meses de idade com doenga em estadio INRG L2 (BAKER et al., 2010; KOHLER et
al., 2013).

A maioria (> 80%) dos pacientes com NB de alto risco ocorrem em pacientes
>18 meses de idade com doenga em estadio INRG M, bem como em criangas de 12
a 18 meses de idade com doenca em estadio INRG M, cujos tumores apresentam
caracteristicas biologicas desfavoraveis (amplificagdo de MYCN, patologia
desfavoravel e/ou diploide). Cerca de 15 a 20% restantes dos pacientes de alto risco
apresentam qualquer idade e estadio da doenga com amplificagdo de MYCN (COHN
et al., 2009). A taxa de sobrevida global em 5 anos para pacientes de 0 a 30 anos de
idade com NB de alto risco foi estimada em 29% (pacientes diagnosticados entre
1990 e 1994, n = 356), 34% (pacientes diagnosticados entre 1995 e 1999, n = 497),
47% (pacientes diagnosticados entre 2000 e 2004, n = 1015) e 50% (pacientes
diagnosticados entre 2005 e 2010, n = 1484). Este visivel aumento nas taxas de
sobrevida global tem sido atribuido a introdugdo da terapia mieloablativa e da
imunoterapia. Embora as perspectivas para pacientes com NB de alto risco tenham
melhorado, € imperativo que terapias mais eficientes e menos toxicas sejam
desenvolvidas (PINTO et al., 2015).

A abordagem atual que esta sendo utilizada para o tratamento de NBs de alto
risco incorpora quimioterapia de indugdo (para reduzir a carga tumoral através do
encolhimento do tumor primario e reducdo de metastases) utilizando uma
quimioterapia combinada que incorpora pares ou trios rotativos de farmacos ativos
(por exemplo, vincristina, vindesina, etoposideo, cisplatina, carboplatina,
dacarbazina, doxorrubicina, ciclofosfamida, ifosfamida e topotecano), seguida de
ressecgao cirurgica do tumor primario e subsequente quimioterapia mieloablativa
suportada com transplante autélogo de células tronco hematopoiéticas. A
quimioterapia mieloablativa é seguida por terapia de manutengdo para doenga
residual minima com anticorpo monoclonal anti-GD2 e imunoterapia de citosinas,

além de terapia diferenciativa com isotretinoina (PARK et al., 2013).
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1.2 Células tronco tumorais

Ao longo de quase duas décadas tem se acumulado evidéncias de que dentro
de tumores sodlidos individuais existe uma heterogeneidade, onde nem todas as
células malignas sao funcionalmente equivalentes (VISVADER; LINDEMAN, 2008).
Dois modelos de propagacédo sdo geralmente usados para explicar o crescimento
tumoral e a heterogeneidade. No primeiro modelo, todas as células do tumor sao
equipotentes, e uma proporcdo de ceélulas tumorais prolifera-se de maneira
estocastica para alimentar o crescimento tumoral enquanto outras células tumorais
se diferenciam. No segundo modelo, os tumores sdo hierarquicamente organizados
como no tecido normal, porém apenas uma subpopulagao de células contribui para a
iniciacdo e crescimento tumoral a longo prazo. Esta subpopulagdo de células é
referida como células tronco tumorais (CTTs), pois apresentam propriedades
caracteristicas de células tronco, tais como, quiescéncia, autorrenovacido, e a
capacidade de dar origem a células progenitoras diferenciadas que possuem um
potencial de crescimento limitado. Além disso, o modelo de evolucéo clonal, o qual
sustenta que as alteragdes genéticas e epigenéticas ocorrem ao longo do tempo em
células tumorais individualmente, e se tais alteragdes conferirem uma vantagem
seletiva, permite que clones individuais de células tumorais sobrepujem a capacidade
de outros clones. Dessa forma, a evolugao clonal pode levar a heterogeneidade
genética, conferindo diferengas fenotipicas e funcionais entre as células tumorais
dentro do ambiente tumoral. A evolugao clonal pode ocorrer em ambos os modelos
de propagacao tumoral, como demonstrado na Figura 9 (BECK; BLANPAIN, 2013;
GREAVES; MALEY, 2012; SHUKLA; MEERAN, 2014).
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A - Modelo Estocatico B - Modelo células tronco tumorais (CTTs)
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Figura 9. Diferentes modelos de propagag¢ao tumoral. (A) Modelo estocastico. (B)
Modelo de células tronco tumorais. (C-D) A evolugdo clonal em ambos modelos.
Adaptado de: (BECK; BLANPAIN, 2013).

A primeira evidéncia para a hipétese de CTTs foi demonstrada em leucemia
mieldide aguda, onde uma pequena subpopulacado de células imaturas expressando
antigenos de superficie CD34" e sem CD38 foi capaz de iniciar um tumor em
camundongos imunocomprometidos (BONNET; DICK, 1997). Similarmente,
subpopulagdes de CTTs também foram descritas em outras malignidades
hematolégicas (HOLYOAKE et al., 2002). Posteriormente, as CTTs foram descritas
em tumores sélidos de mama (AL-HAJJ et al., 2003). E até agora, as CTTs tém sido
descritas em diversos tumores solidos, tais como glioblastoma, meduloblastoma,
neuroblastoma, célon, mama, pulmao, pancreas, figado, cancer de prostata e cabeca
e pescogo carcinomas escamosos (AL-HAJJ et al., 2003; COLLINS et al., 2005;
O'BRIEN et al., 2007; PRINCE et al., 2007; SINGH et al., 2004a; YIN et al., 2007).

53



Com o intuito de identificar as CTTs, uma variedade consideravel de marcadores de

superficie celular que as distinguem das células tumorais tem sido demonstrada.

1.2.1 Identificagcdao de CTTs

CTTs putativas tém sido identificadas através da utilizagdo de diversos
marcadores, tais como, proteinas de superficie celular, proteinas nucleares ou
citoplasmaticas, fatores de transcricdo, enzimas e/ou atributos funcionais. A
combinacdo de diferentes marcadores especificos tem sido empregada para
identificacao de CTTs de diferentes tipos de tumores sélidos, tais como, as proteinas
de superficie celular CD133, CD44, CD34, CD24, CD90, CD20, CD117, genes
associados a pluripoténcia incluindo OCT3/4, Nanog, SOX2, MYC, marcadores de
invasividade como vimetina, N-caderina, snail, twist e Zeb1, e marcadores de
resisténcia a drogas, tais como, aldeido desidrogenase (ALDH) e transportadores
ABC (MIMEAULT; BATRA, 2014).

Para estudar as CTTs in vitro, algumas abordagens experimentais tém sido
empregadas, que inclui a separacdo de CTTs por citometria de fluxo (FACS),
utilizando uma marcacdo fluorescente com anticorpos contra marcadores de
superficie especificos, o ensaio de side population (SP) que identifica as CTTs pela
capacidade de efluxo do corante Hoechst, e diversos modelos de cultura celular
tridimensional (3D), incluindo tumoresferas (BIELECKA et al., 2016; HADNAGY et al.,
2006). Dentre as técnicas para o cultivo 3D de tumoresferas, duas principais sao
utilizadas: (i) cultivo em suspensao em meios isentos de soro; e (ii) a criagao de
arcabougos (scaffolds) de base de membrana. Ambas as técnicas permitem a
comunicacado bioquimica entre as CTTs e a matriz extracelular; interacdo que é
crucial para no microambiente tumor-tecido observado in vivo (MEDEMA;
VERMEULEN, 2011). Porém, o modelo de tumoresfera n&o procura mimetizar
tecidos de cancer, mas sim estudar as propriedades das CTTs, entdo admite-se que
este modelo ndo replica completamente a estrutura 3D e o ambiente de um tumor in
vivo (VALENT et al., 2012).
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Nesse sentido, o padrdo ouro para provar que marcadores especificos
enriquecem, de fato, a frequéncia de CTTs é o ensaio de diluicado limitante in vivo, em
que CTTs sao injetadas em camundongos imunocomprometidos; e apenas as CTTs
possuem a capacidade de formar tumores em ensaios de xenotransplante em série
apos a injegcao de um baixo numero de células e reestabelecer, em cada passagem
in vivo, a organizagao hierarquica e heterogeneidade do tumor parental (BRIEN;
KRESO; JAMIESON, 2010; VISVADER; LINDEMAN, 2008). Uma limitagado critica
para a identificacdo de marcadores € que nem todas as células que expressam um
dado marcador especifico para CTTs possuem atributos funcionais de CTTs, e
inversamente, células que nao tém expressao detectavel de um marcador de CTTs
podem se comportar como CTTs. Dessa forma, a determinacdo precisa de
marcadores de CTTs ainda € um dos principais desafios na identificacdo de CTTs,
porém € crucial para que terapias direcionadas contra as CTTs possam ser

desenvolvidas.

1.2.2 Identificacdao de CTTs em tumores pediatricos

Diversos marcadores de CTTs utilizados em tumores sdélidos de adultos tém
sido empregados para identificar CTTs em tumores pediatricos. Um exemplo é a
glicoproteina transmembrana com funcéo bioldgica incerta, CD133, que continua a
ser o marcador mais utilizado para identificar CTTs em neoplasias pediatricas.
CD133 tem sido bastante util para identificar CTTs através de diferentes abordagens
experimentais e também tem sido correlacionado com agressividade tumoral e ao
prognéstico de diferentes canceres pediatricos, que inclui neuroblastoma, sarcoma
de Ewing, osteossarcomas, rabdomiossarcomas, tumores cerebrais, retinoblastoma,
tumores rabddides e melanomas infantis (FRIEDMAN; GILLESPIE, 2011). Outros
marcadores também tém sido empregados na identificacdo de CTTs de tumores

pediatricos, como demonstrado na Tabela 4.
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Tabela 4. Marcadores especificos de CTTs para algumas neoplasias

pediatricas.

Neoplasia pediatrica Proteinas/oligossacari Proteinas Fatores de Propriedades
deosl/glicolipideos de nucleares/ transcricao funcionais /
superficie celular citoplasmaticas enzimas

Meduloblastoma CD133, CD15 Nestina SP

Melanoma infantil CD133

Neuroblastoma CD133, ABCG2, Nestina SP
CD114 (receptor G- Fzd6
CSF), GD2, CD117 (c-

Kit), NOTCH1,
GPRC5C, PIGF2, TRKB
e LNGFR
Osteossarcoma CD133, CD117, Stro-1 Nestina Oct3/4, ALDH, SP
Nanog
Rabdomiossarcoma CD133 Oct3/4, c- ALDH, SP
Myc Nanog,
Sox2, Pax-
3
Retinoblastoma CD133, CD44 Nestina, Oct3/4, ALDH, SP
Musashi-1, Nanog,
Bmi-1 pax-6,
chx10
Sarcoma de Ewing CD133, CD57 ALDH, SP
Rabdéide maligno CD133

Revisado em: (ABARRATEGI et al., 2016; DELA CRUZ, 2013; FRIEDMAN;
GILLESPIE, 2011; GARNER; BEIERLE, 2015; HUANG et al., 2016)

1.2.3 Vias de sinalizacao associadas as CTTs

As células tronco normais e tumorais compartilham vias de sinalizagdo comuns
para manutencido de suas propriedades tronco. As vias de sinalizacdo mais
importantes relacionadas com as caracteristicas de autorrenovacdo incluem
sinalizagao das vias: Wnt/ B-catenina, notch, e sonic hedgehog (shh). A familia Wnt

consiste em moléculas de sinalizagéo intercelular que estdo envolvidas na regulagao
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do desenvolvimento embrionario e sdo frequentemente alteradas durante o processo
de transi¢cao epitelial-mesenquimal (TEM) na carcinogénese (BOGAERTS et al.,
2014; DIMEO et al.,, 2009). A familia Notch estd implicada na autorrenovagao e
manutencdo das caracteristicas das células tronco pela ativacdo de moléculas
efetoras a jusante como o complexo y-secretase, seguida pela ativagao do oncogene
c-MYC (ANDROUTSELLIS-THEOTOKIS et al, 2006; BOLOS et al, 2009;
HARRISON et al., 2013). A Shh é outra importante molécula de sinalizacéo
intercelular, funcionando na regulagdo do desenvolvimento e comportamento das
células tronco. Estudos demonstraram que Shh estad envolvida na regulagdo da
proliferacdo de células tronco e determinacao do destino celular de células tronco
neurais e mesenquimais (PALMA; RUIZ | ALTABA, 2004); e na atividade da
proliferagcdo regenerativa de células tronco epiteliais no cancer (PALMA; RUIZ |
ALTABA, 2004; SHIN et al., 2011). As principais vias de sinalizagao associadas as

propriedades tronco (stemness) das CTTs sdo demonstradas na Figura 10.
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Figura 10. Principais vias de sinalizagao associadas as propriedades tronco
(stemness) das CTTs. (A) Via de sinalizagdo Wnt. (B) Via de sinalizagdo Notch. (C)
Via de sinalizagdo Shh. Adaptado de: (SHUKLA; MEERAN, 2014)
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1.2.4 Implicagoes Clinicas das CTTs

A hipotese de CTTs tem implicagbes significativas para a terapéutica clinica do
cancer, uma vez que, até o momento, os tratamentos mais comuns utilizados na
clinica sdo quimioterapia e radioterapia, em que os alvos dessas terapias sao células
altamente proliferativas. Porém, como as CTTs possuem propriedades de células
quiescentes, elas provavelmente ndo sao alvos de tais terapias (VERMEULEN et al.,
2008). Além disso, com caracteristicas semelhantes as células tronco normais, as
CTTs expressam proteinas de efluxo multidrogas, o que aumenta a capacidade de
resisténcia a terapéutica convencional (DEAN; FOJO; BATES, 2005). Diversos
estudos avaliando a toxicidade em CTTs sob diferentes tipos tumorais indicaram uma
sensibilidade reduzida e resisténcia dessa subpopulacao de células.

As CTTs tém sido correlacionadas com doencga residual minima, uma vez que
mesmo apos a terapia bem sucedida, alguns pacientes sofrem recidiva da doenca
(VERMEULEN et al., 2008). Dado que as CTTs possuem a capacidade de sobrepujar
a terapia, de fato, a deteccédo das CTTs pode fornecer uma estratégia para combater
a doenca residual minima. Além disso, evidéncias substanciais apontam que a
terapia convencional afeta apenas as populacdes de células de amplificacbes em
transito e diferenciadas do tumor, ndo possuindo capacidade de erradicar o
compartimento de CTTs, e pode, de fato, expandi-lo (BAO et al., 2006; JIANG et al.,
2010; TSUCHIDA et al., 2008). Alguns estudos sugerem que tumores com maiores
compartimentos de CTTs podem levar a maiores taxas de recidivas e pior
prognéstico. Com a identificagcdo de CTTs em uma variedade de canceres, ha uma
crescente necessidade da descoberta de novas terapias alvo contra as CTTs.
Algumas terapias alvo para as CTTs tém sido utilizadas para neuroblastoma,
leucemias, gliomas, cancer de pancreas entre (GUZMAN et al., 2007; MUELLER et
al., 2009; PICCIRILLO et al., 2006; ZHANG et al., 2009). As terapias dirigidas as
CTTs podem induzir apoptose, sensibilizando-as a terapias convencionais, ou induzir
diferenciagao. E por fim, pelo fato de que o desenvolvimento das CTTs ocorre devido

as alteragbes genéticas e epigenéticas (SHUKLA; MEERAN, 2014), diversas enzimas
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modificadoras da cromatina tém sido alvo para o desenvolvimento de inibidores (que
incluem inibidores de histona desacetilases (HDis) e de histonas metiltransferases).
Esses inibidores podem alterar o estado epigenético do tumor, e por isso,
representam uma potente estratégia terapéutica contra as CTTs que necessita ser

explorada.

1.3 Regulagao epigenética

A epigenética (que significa literalmente “acima” ou “além da genética”) foi
inicialmente descrita como responsavel pelos mecanismos que regulam o destino e
especificagdo de uma linhagem celular durante o desenvolvimento animal
(HOLLIDAY, 1990; WADDINGTON, 1959). Atualmente, o termo epigenoma tem sido
geralmente usado para descrever a visao global dos processos que modificam a
expressao génica em uma célula, independente da sequéncia do DNA (BERNSTEIN;
MEISSNER; LANDER, 2007).

Ao longo das ultimas décadas, desde o sequenciamento do genoma humano,
muitos esforcos tém sido feitos para desvendar o papel funcional dessas informacoes
contidas na sequéncia do DNA, no entanto como estas informacdes gendmicas
direcionam programas de expressao génica espacial e temporalmente, continuam a
ser elucidadas (BERNSTEIN; MEISSNER; LANDER, 2007; LANDER et al., 2001).
Dessa forma, a compreensao desses mecanismos € essencial para entendermos os
mecanismos do desenvolvimento humano, bem como para que possamos desvendar
as variacdes fenotipicas entre populagbes humanas, a etiologia de diversas doencgas
humanas (ARROWSMITH et al.,, 2012; BERNSTEIN; MEISSNER; LANDER, 2007;
RIVERA; REN, 2013)

A cromatina, plataforma para diversos eventos genéticos, pode sofrer
modificacdes enzimaticas tanto em nivel de DNA como de proteina, conferindo uma
camada adicional de informagdes ao codigo do DNA que é herdavel e essencial para
que a regulagao da expressao génica ocorra de forma apropriada. Um exemplo disso

€ o funcionamento proprio dos programas génicos que atuam no desenvolvimento e
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na manutencdo dos destinos celulares, pois estes dependem da ativacédo ou
repressao da expressao génica de forma precisa e adequada. Além disso, as
histonas e suas modificagdes juntamente com fatores de transcricdo, metilagdo do
DNA, modificagbes pods-traducionais, e microRNAs podem agir no controle da
atividade transcricional de forma repressora ou ativadora, como demonstrado na
Figura 11 (HENIKOFF, 2008; NDLOVU; DENIS; FUKS, 2011).

Dentre os processos epigenéticos citados, as modificagbes covalentes de
histonas e DNA s&o os principais mecanismos envolvidos na regulagao epigenética
da expressao génica. Diversas familias de enzimas relacionadas e proteinas que
interagem com a cromatina podem mediar essas modificagbes estabelecendo um
cbédigo ou marca epigenética que esta relacionado com a atividade transcricional em
locais préximos aos genes. Marcas epigenéticas individuais e em combinag¢des séo
reconhecidas por varias classes de dominios de proteinas conservadas (dentro de
um contexto de complexos multiproteicos grandes) que contribuem para a
composicao fisica da cromatina e para o recrutamento de proteinas especificas para
o loci gendmico (SCHREIBER et al., 2002).
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Figura 11. Regulacao epigenética. As interagdes entre a metilacdo do DNA,
modificagdes de histonas, posicionamento dos nucleossomos e outros fatores, tais
como microRNAs integram o cenario do epigenoma, que regula a expressao génica e
permite que as células mantenham sua identidade. Adaptado de: (SCHONES; ZHAO,
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As classes de proteinas modificadoras da cromatina sdo divididas em 3
grupos: writers - proteinas que covalentemente adicionam gupamentos acetila ou
metila em residuos de aminoacidos nas caudas de histonas, readers — proteinas que
reconhecem e se ligam as marcas epigenéticas, e erasers — proteinas que removem
as marcas de histonas de acordo com a Figura 12. E essas proteinas estdo
envolvidas na regulacdo de diferentes processos associados ao DNA, tais como
transcricdo, replicagdo e reparo do DNA (ARROWSMITH et al., 2012
FALKENBERG; JOHNSTONE, 2014).

Epigenetic

eraser
Erasers
e.g., HDACs
and KDMs

* Ativagdo ou repressao
transcricional

* AlteragGes na replicacdo do DNA
* AlteragGes na reparagdo de danos

no DNA

Writers
e.g., HATs, HMTs
or PRMTs

Epigenetic
Epigenetic reader
writer

Readers

e.g., bromodomains,
chromodomains
and Tudor domains

Figura 12. Regulacao epigenética por modificagées covalentes de histona e
DNA. O processo de regulagao epigenética pode ser dinamicamente efetuado por
writers: histonas acetiltransferases (HATs), histonas metiltransferases (HMTs),
proteinas arginina metiltransferases (PRMTs) e cinases, por readers: proteinas
contendo bromodominios, cromodominios e Tudor dominios, ou por erasers: histonas
desacetilases (HDACs), lisinas demetilases e fosfatases. Adaptado de:
(FALKENBERG; JOHNSTONE, 2014) .

62



1.3.1 Metilacao do DNA

A metilagdo do DNA, primeira modificagao epigenética descrita na literatura,
ocorre pela adicdo covalente de grupos metila no carbono 5 dos residuos de
citosina, resultando em 5-metilcitosina (5meC) (NDLOVU; DENIS; FUKS, 2011). Essa
reacao € catalisada por DNA metiltransferases (DNMTs) que principalmente agem
nas sequéncias de dinucleotideos citosina e guanina (CpG), e influenciam
diretamente a atividade transcricional génica (BRENNER; FUKS, 2007). O
silenciamento génico por metilagdo de DNA pode ocorrer através de diferentes
mecanismos: (i) a presenca de 5meC pode inibir diretamente a ligagao especifica de
fatores de transcricdo ou (ii) as proteinas de dominio de ligagcdo a metila (MBDs)
reconhecem diretamente o DNA metilado e recrutam complexos repressivos
modificadores da cromatina (KLOSE; BIRD, 2006).

No genoma de vertebrados, cerca de 70-80% dos dinucleotideos CpGs sao
metilados, com excec¢ao das ilhas de CpGs (CGls) que séo regides nao metiladas
altamente ricas em guanina e citosina e com pelo menos 200 pb). As CGls sao
caracterizadas por apresentarem uma cromatina transcricionalmente mais
permissiva, e estdo localizadas geralmente em sitios de inicio de transcricdo e em
aproximadamente 70% de promotores de genes. Porém, os mecanismos que
estabelecem e mantém as CGls nao metiladas permanecem desconhecidos.
(DEATON; BIRD, 2011; ILLINGWORTH; BIRD, 2009; STRAUSSMAN et al., 2009).
Além disso, muitas questdes sobre como a metilagdo do DNA regula a expressao
génica, influenciando a diferenciagdo celular normal e a etiologia de diversas
doencas, incluindo cancer, ainda precisam ser elucidadas (ESTECIO; ISSA, 2011;
NDLOVU; DENIS; FUKS, 2011).

1.3.2 Modificagcoes pds-traducionais em histonas

Em comparagdo com a metilacdo do DNA que é bastante estavel, as

modificacdes em histonas sao consideradas extremamente labeis. O balango entre
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os niveis de atividade de enzimas modificadoras de histonas, que adicionam ou
removem modificagbes especificas, é fundamental para estabelecer a nivel global e
local os estados de cromatina (condensados ou nao) que determinam a atividade
transcricional (KELLY; DE CARVALHO; JONES, 2010). As histonas podem sofrer
modificagdes pos-traducionais principalmente ao longo de suas caudas N-terminais
protuberantes, mas também dentro de suas regides C-terminais (RODRIGUEZ-
PAREDES; ESTELLER, 2011).

A regulagcdo da expressdo génica pode ser controlada através de agdes
sinérgicas de multiplos fatores, incluindo fatores de transcricdo, a maquinaria
transcricional, remodeladores da cromatina, a presenca de especificas variantes de
histonas e modificagdes de histonas. Dentre as modificagdes pds-traducionais em
histonas incluem a metilagdo em residuos de arginina (R) e lisina (K), a acetilagédo em
residuos de lisina (K), a fosforilagdo em residuos de serina (S) e treonina (T) e a
ubiquitinacdo em residuos de lisina (K), (RODRIGUEZ-PAREDES; ESTELLER,

2011), conforme a Figura 13.
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Figura 13. Padroes de modificagées de histonas Principais modificagcbes em cada
uma das quarto histonas que compdem a unidade fundamental da cromatina. Ac:
acetilacdo, Me: metilagdo, P: fosforilagdo, Ub: ubiquitinacdo. Obtido de: (RODRIGUEZ-
PAREDES; ESTELLER, 2011)
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A acessibilidade da cromatina pela maquinaria transcricional é controlada pela
acao combinatdria de uma ou mais modificagdes poés-traducionais em histonas que
se comunicam dinamicamente ativando ou reprimindo dominios da cromatina,
conforme Figura 14 (BANNISTER; KOUZARIDES, 2011; KOUZARIDES, 2007).
Diferentemente da metilagdo de histonas que néao altera a carga da proteina histona,
a acetilacao e a fosforilagdo de histonas alteram as cargas das histonas de forma que
modifique a estabilizacdo das interacdes eletrostaticas com o DNA criando uma
estrutura aberta na cromatina e possibilitando o recrutamento de efetores que
medeiam um estado transcricional competente (BANNISTER; KOUZARIDES, 2011;
YANG; SETO, 2007).

Cromatina acessivel Cromatina inacessivel
Maquinaria
M transcricional Q

basica

Ativador
transcricional Repressor
transcricional

Figura 14. Influéncia das modificag6es de histonas na atividade transcricional.
Esquema representando as diferencas na condensagao da cromatina entre estados
transcricionalmente ativo ou silenciado. Adaptada de: (GRAFF; MANSUY, 2008).

e Metilacao de histonas

Ao longo da ultima década, os mecanismos que regulam o epigenoma
associados a metilagdo de histonas tém sido gradualmente elucidados.
(ARROWSMITH et al., 2012). A metilagdo de histonas é catalisada por histonas
metiltransferases (HMTs) que transferem grupos metila aos residuos de lisina (K)
(podendo ser mono, di ou trimetiladas) e aos residuos de arginina (R) (podendo ser

mono ou dimetiladas) nas histonas H3 e H4. As proteinas arginina metiltransferases
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(PRMTs) sdo enzimas que catalisam a metilagdo de histonas em residuos de
arginina. As PRMTs apresentam um centro catalitico conservado, no entanto, o que
determina a especificidade ao substrato sdo suas porgdes N-terminal e C-terminal,
pois apresentam regides ndo conservadas. (WEISS et al., 2000). Além disso, estudos
demonstraram que essas enzimas podem desempenhar um papel na regulagdo da
expressao de genes supressores tumorais (PAL et al., 2004; SINGH et al., 2004b).

As metiltransferases que catalisam a metilacdo de histonas em residuos de
lisina tém sido agrupadas em duas principais classes: a histona metiltransferase de
lisina — especifica contendo o dominio SET, que possui uma forte homologia em seu
dominio catalitico com 140 aminoacidos, conhecido como SET (Su(var), Enhancer of
Zeste, e Trithorax) e a metiltransferase lisina — especifica que contém dominios n&o-
SET (FENG et al., 2002; NG et al., 2002). A metilagdo de histonas em residuos de
lisina € extremamente diversificada no que diz respeito as consequéncias que pode
causar na cromatina, podendo servir tanto como um marcador da eucromatina
(transcricionalmente ativa) ou da heterocromatina (transcricionalmente reprimida).
Por exemplo, a metilagdo nas histonas H3K9, H4K20 e H3K27 (marcas repressivas)
estao principalmente envolvidas na formacao da heterocromatina, enquanto que nas
histonas H3K4, H3K36 e H3K79 (marcas ativadoras) estdo correlacionadas com a
eucromatina. Curiosamente, a manutencdo de padrdoes de transcricdo associados a
pluripoténcia em células-tronco embrionarias é controlada por um rigoroso equilibrio
entre a metilacdo das histonas H3K4 e H3K27, que ativam e reprimem a transcricao,
respectivamente (BERNSTEIN et al., 2006a; JAENISCH; BIRD, 2003).

Inicialmente, se pensava que a metilacdo de histonas era um processo
irreversivel, no entanto, em 2004, a primeira lisina demetilase LSD1 (lisina demetilase
especifica 1, também conhecida como KDM1A) foi identificada, e a visdo sobre a
regulacdo da metilagdo de histonas se tornou mais dindmica, o que propiciou a
identificacdo de muitas outras histonas demetilases. A LSD1 catalisa a demetilagao
de ambas mono- e dimetilacdo das lisinas 4 e 9 na histona H3 (RUDOLPH; BEUCH,;
REUTER, 2013; SHI et al., 2004). Apesar do progresso na identificagao de inUmeras
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histonas demetilases nos ultimos anos, ainda faltam informagdes com relagdo ao

papel biolégico dessas enzimas.

e Fosforilacdao de histonas

A fosforilacdo de histonas € um processo altamente dindmico mediado por
cinases e fosfatases que pode ocorrer em residuos de serinas (S), treoninas (T) e
tirosinas (Y) predominantemente nas caudas N-terminais de histonas. Ao contrario
das fosfatases que removem esta modificacdo, as cinases controlam os niveis de
fosforilagao através da adigao de um grupo fosfato a partir do ATP ao grupo hidroxila
da cadeia de aminoacidos. Esta modificacdo adiciona carga negativa na histona
tornando a interagdo histona-DNA mais fraca resultando em uma maior
acessibilidade do DNA na estrutura da cromatina, o que pode facilitar a atividade
transcricional. Porém, o mecanismo de como as cinases sao recrutadas, de forma
precisa, para seu local de agdo na cromatina ainda nédo esta claro (BANNISTER;
KOUZARIDES, 2011). Estudos demonstram que a fosforilagdo de histonas
desempenha papéis essenciais no remodelamento da cromatina associados a outros
processos celulares nucleares como transcricdo e compactacdo da cromatina
durante a divisdo celular e apoptose. Um exemplo, é a fosforilacdo da histona 3 H3
na serina 10 (S10), uma marca caracteristica de condensag¢ao da cromatina que esta
associada a mitose e meiose em organismos eucariotos (ROSSETTO;
AVVAKUMOV; COTE, 2012).

e Acetilagcao de histonas

Desde sua primeira descrigdo na literatura, (ALLFREY; FAULKNER; MIRSKY,
1964), a acetilagdo de histonas tem sido estabelecida como um processo altamente
dindmico regulado por duas familias de enzimas — as histonas acetiltransferases
(HATSs) e as histonas desacetilases (HDACs) — das quais operam de maneira oposta.

As HATs utilizam o acetil-CoA como um cofator para catalisar a transferéncia do
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grupo acetila para o grupo g-amina de cadeias laterais da lisina na histona. Isto
resulta na neutralizagdo da carga positiva na lisina, reduzindo, assim, as interagoes
entre histona e DNA, o que resulta em uma estrutura da cromatina mais relaxada,
possibilitando o recrutamento da maquinaria transcricional (BANNISTER;
KOUZARIDES, 2011). Além disso, acetilacédo de histonas tem sido correlacionada
com diversas fungdes no genoma, incluindo montagem da cromatina, reparo do DNA,
recombinacao génica e regulacdo da expressao génica (POLO; ALMOUZNI, 2005;
VIDANES; BONILLA; TOCZYSKI, 2005; WEINREICH; PALACIOS DEBEER; FOX,
2004).

1.3.3 Modificadores epigenéticos

e Histonas acetilases

Existem duas principais classes de HATs: tipo-A e tipo-B, conforme descrito na
Tabela 5. As HATs do tipo A compdem complexos multiproteicos grandes que agem
na cromatina e estdo envolvidos no controle transcricional. Essa classe € dividida em
pelo menos 3 grupos dependendo da homologia de sequéncia e estrutura
conformacional: GNAT, MYST e CBP/p300 (HODAWADEKAR; MARMORSTEIN,
2007). Essas enzimas nao apenas possuem a capacidade de modificar diferentes
sitios da porcao N-terminal das caudas de histonas, bem como sitios adicionais de
acetilagcao presentes dentro do nucleo globular da histona, como por exemplo, H3K56
que é acetilada em humanos pela hGCN5 (TJEERTES; MILLER; JACKSON, 2009).

A maioria das HATs do tipo-B séo localizadas predominantemente no
citoplasma, e sao responsaveis pela acetilagcdo de histonas livres, ou seja que
recentemente foram sintetizadas, e estdo envolvidas diretamente na montagem do
nucleossomo (Tabela 5) (PARTHUN, 2007).
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Tabela 5. Familias de histonas acetiltransferases

Familia HAT/KAT

Membros representativos

Modificagao de histona

Tipo A (HAT nuclear)
1) GNAT

2) p300/CBP

GCNS/KAT2A, PCAF/KAT2B
ELP3/KAT9
CBP/KAT3A, p300/KAT3B
CBP, KAT3A, p300/KAT3B

H3K9, K14, K18, H2B
H3, acetilacao H4

H3K9, K14, K18, H2B
H2AKS, H2BK12, K15

3) MYST TIP60/KATS, MOZ/KATG6A, H4K5, K8, K12, K16

MORF/KAT6B, HBO1/KAT7, H3K14
HMOF/KATS H4K5, K8, K12
H4K16

4) Fator de TFIIC90/KAT12, TAF1/KAT4 H3K9, K14, K18

transcrigao H3, acetilagao H4

relacionado

5) receptor nuclear SCR1/KAT13A, acetilacao H3/H4

associado ACTR/KAT13B

Tipo B HAT HAT1/KAT1 H4K5, K12

(HAT citoplasmatica)

Revisado de: (SELVI et al., 2010).

As HATs apresentam o papel de promover sitios de ligagao para proteinas que
ativam a expressao génica (ARROWSMITH et al., 2012; MINUCCI; PELICCI, 2006).
Particularmente, os bromo-dominios presentes nas HATs GCN5, PCAF, p300 e CBP,
que sao altamente conservados desde levedura a humano, regulam a transcrigao
génica tanto pela sua atividade enzimatica de histona acetiltransferase quanto pela
sua interagdo com a cromatina (BEDFORD et al., 2010; FARRIA; LI; DENT, 2015).
Adicionalmente, os bromo-dominio nas HATs possuem um papel no reconhecimento
de acetil-lisinas principalmente nas caudas de histonas H3 e H4, mas também na
H2A/H2B e em proteinas nao-histona (FILIPPAKOPOULOS; KNAPP, 2012).

De um modo operacional reverso as HATs, as HDACs removem 0s grupos
acetilas de lisinas, o que restaura a carga positiva das caudas de histonas,

resultando em maior estabilidade da arquitetura local da cromatina. Esta modificagao
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esta associada a condensacdo da cromatina e repressio transcricional, conforme
Figura 15 (ROTH; DENU; ALLIS, 2001; THIAGALINGAM et al., 2003).

Proteinas da familia BET

Cromatina acetilada
Aberta e trancricionalmente ativa

HATs | Rm"i';:““e”“’ \ HDACs

romatina desacetilada CMY I AR
Compact:da e trtancr:::ionalmte:nga reprimida "’!//})!I//}"{,//}j!l//,/}

LAY LA LA

Gene o

Figura 15. Efeito da acetilagao de histonas no remodelamento da cromatina e
na expressao génica. Adaptado de: (VERDIN; OTT, 2015).

e Histonas desacetilases

Em humanos existem 18 enzimas HDACs, e estas sdao agrupadas em 2
familias e divididas em 4 classes: a familia de HDACs classica € composta por
HDAC1, HDAC2, HDAC3 e HDACS (classe |); HDAC4, HDAC5, HDAC6, HDAC?7,
HDAC9 e HDAC10 (classe IlI); e HDAC11 (classe IV), das quais apresentam
similaridade de sequéncia e mecanismo catalitico dependente de Zn**; e a familia
das sirtuinas SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6, e SIRT7 (classe Ill) que
requerem NAD® como cofactor para atividade enzimatica (BOLDEN; PEART;
JOHNSTONE, 2006; KINGSTON et al., 2014).

Além da fungao nuclear na condensacgao da cromatina e inibicdo da atividade
transcricional, as HDACs apresentam importantes fungdes citoplasmaticas no
controle do status de acetilagcdo de inumeras proteinas citoplasmaticas e de fatores

de transcricao (YANG; SETO, 2008). As HDACs membros da classe | sdo expressas
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de forma ubiqua. As HDACs 1, 2, e 3 compdem subunidades de complexos
multiproteicos nucleares cruciais na repressao transcricional, sendo que as HDACs 1
e 2 sao componentes dos complexos remodeladores da cromatina NURD, SIN3 e
coREST envolvidos na repressao da expressao génica (VIDAL; GABER, 1991; YANG
et al., 1996). Esse ultimo complexo (coREST) mais especificamente esta envolvido
na repressao de genes neuronais em tecidos nao neuronais (VIDAL; GABER, 1991).
A HDAC 3 é encontrada nos complexos repressores N-COR e SMRT (RUNDLETT et
al., 1996). Curiosamente, a HDAC 8, também membro da classe |, ndo é encontrada
como componente de complexos repressores, 0 que sugere uma fungdo especifica
para esta enzima.

A classe || de HDACs pode ser subdividida em IIA e 1IB. Os membros da classe
lIA (HDACs 4, 5, 7, 9) apresentam uma fungéo nuclear bem estabelecida, enquanto
que seu papel no citoplasma ainda ndao estd bem elucidado. Estas enzimas sao
definidas por um grande dominio funcionalmente importante e por funcionarem como
transdutores de sinal para reprimir a transcricdo de maneira dependente de
fosforilagao (YANG; SETO, 2008). Alguns grupos de cinases, tais como, cinases
dependentes de Ca2+/calmodulina (CaMKs), cinases regulando afinidade de
microtubulos, e cinase checkpoint 1 (CHK1) tém sido demonstrados na regulagéo da
fosforilagao dos sitios de ligagao 14-3-3 em HDACs (CHANG et al., 2005; KIM et al.,
2007; LINSEMAN et al., 2003; MARTIN; KETTMANN; DEQUIEDT, 2007; MCKINSEY
et al., 2000).

Em comparagdo com a funcdo nuclear das HDACs da classe IlIA, o principal
membro da classe IIB, a HDACG, apresenta fungdes independentes da atividade de
desacetilase, o que suporta a teoria de que esta possui um importante papel como
regulador de multiplos processos citoplasmaticos. Através de seu dominio de dedo
de zinco, a HDAC6 se liga a ubiquitina, e assim, regula diversas fungoes
citoplasmaticas como agressoma, autofagia, fator de choque térmico 1 (HSF-1) e
fungdes associadas ao fator de crescimento derivado de plaquetas (KAWAGUCHI et
al., 2003; PANDEY et al., 2007). A HDAC10, apresenta-se estruturalmente
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relacionada a HDACG6, no entanto, possui um dominio catalitico adicional inativo, e
funcado ainda é desconhecida (WITT et al., 2009).

A classe IV é composta por apenas um membro conhecido, a HDAC11, que pode
se localizar tanto no nucleo quanto no citoplasma dependendo do modelo celular,
interage com proteinas que exercem fungdes nos seguintes processos bioldgicos:
expressdo génica e remodelamento da cromatina, processamento do RNA, ciclo
celular, ubiquitinagdo, transducdo de sinal, transporte de proteinas e ions, e
enovelamento de proteinas (JOSHI et al., 2013). A classe Il € composta por sirtuinas
que podem ser encontradas em diferentes compartimentos subcelulares, as SIRT6 e
SIRT7 sao localizadas no nucleo, as SIRT3, SIRT4, SIRTS sdo localizadas em
mitocondrias, as SIRT1 e SIRT2 podem ser encontradas no nucleo e no citoplasma
dependendo do contexto celular ou tecidual (HAIGIS; GUARENTE, 2006). As
sirtuinas sao funcionalmente associadas a diversos processos biolégicos como
regulacdo da cromatina e atividade transcricional, reparo do DNA, sobrevivéncia
celular, ciclo celular, e metabolismo, conforme Figura 16 (FINKEL; DENG;
MOSTOSLAVSKY, 2009; HAIGIS; GUARENTE, 2006).
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Figura 16. Esquema representativo do efeito de HDACs no nucleo e no
citoplasma. (A) Os complexos de HDACs formam-se no nucleo para regular a
transcricdo, tipicamente através de mecanismos que conduzem a repressao
transcricional, como representado pelas linhas bloqueadas nos promotores. Além
disso, a HDACG6 esta envolvido na estrutura do citoesqueleto e de degradacgao
proteassomal, enquanto que as HDAC4, HDAC5, HDAC7 podem transitar entre o
nucleo e o citosol, e sao fosforiladas no citosol. (B) Representagdo esquematica de
diversos alvos proteicos da desacetilagdo da situina 1 (SIRT1) no nucleo, bem como
os papéis da SIRT2 na desacetilacdo de histonas e estrutura do citoesqueleto, e
SIRT3 na fungdo mitocondrial. Adaptado de (KAZANTSEV; THOMPSON, 2008).
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e Proteinas do grupo polycomb (PcGs)

Polycomb (Pc) foi primeiramente descrito em uma Drosophila mutante que
apresentava uma segmentagao corporal inadequada. Além disso, foi sugerido que
polycomb desempenha um papel de regulador negativo afetando genes da familia
Homeobox, requeridos para segmentacdo (LEWIS, 1978). As proteinas do grupo
polycomb (PcGs), atualmente, sdo caracterizadas por desempenhar um papel na
manutencdo do padrao da expressado génica em diferentes células durante estagios
iniciais do desenvolvimento, através da regulagdo da estrutura da cromatina
(SCHUETTENGRUBER; CAVALLI, 2009).

O silenciamento génico mediado por proteinas do grupo polycomb ocorre em
parte principalmente através de modificagcdes pds-traducionais de histonas. Em
mamiferos, existem dois principais complexos do grupo polycomb — o complexo
repressivo polycomb 1 (PRC1) e o 2 (PRC2). O complexo repressivo PRC2 é
responsavel pela metilagdo (di- ou tri) da lisina 27 na histona H3 (H3K27me2/3)
através de suas subunidades enzimaticas EZH1 e EZH2, enquanto o complexo
repressivo PRC1 atua na compactacdo da cromatina e catalisando a
monoubiquitinagcdo na lisina 119 (K119) na histona H2A (H2AK119ub) via enzimas
ubiquitina ligases RING1A e RING1B (ESKELAND et al, 2010;
SCHUETTENGRUBER; CAVALLI, 2009; SIMON; KINGSTON, 2009).

O componente do PRC1 Pc, conhecido como CBX, se liga especificamente ao
produto da catalise de PRC2, H3K27me3, o que leva a hipdtese de que a funcao de
PRC1 ocorre a jusante de PRC2. Embora isto ainda seja citado na literatura, esse
estado operacional pode ser um equivoco, pois existem genes alvo de PRC2 que nao
apresentam a marca H2AK119ub e genes alvo de PRC1 na auséncia de PRC2. No
entanto, muitas vezes ambos PRC2 e PRC1 sao necessarios para manter a
repressao génica (KU et al., 2008; SCHOEFTNER et al., 2006; SING et al., 2009). O
cerne do complexo PRC2, que é conservado de Drosophila a mamiferos,
compreende de quatro principais componentes: EZH1/2, SUZ12, EED e RbAp46/48

(também conhecido como RBBP7/4). Além desses, outros polipeptideos como

74



AEBP2, PLCs e JARID2 fazem parte do complexo PRC2. Ja a composi¢do do
complexo PRC1 é mais variavel, apresentando apenas dois componentes do cerne
em comum: RING1A/B em conjunto com BMI1, MEL18 (PCGF2) ou NSPC1 (PCGF1)
(MARGUERON; REINBERG, 2011; SIMON; KINGSTON, 2009; WHITCOMB et al.,
2007), conforme Figura 17.

PRC2

Di-/trimetilacao de H3K27
Compactagao da cromatina

PRC1

Monoubiquitinagao de H2AK119
Compactagao da cromatina

Atividade?

Figura 17. Os complexos repressivos Polycomb PRC1 e PRC2. Diagramas
representando a composi¢cdo de PRC2 e PRC1. Em PRC1 sdo demonstradas as
composicdes classicas do complexo (a esquerda), e os complexos chamados PRCA1
semelhante (a direita) Adaptado de: (MARGUERON; REINBERG, 2011).

75



Em vertebrados, o complexo PRC2 contém duas coépias do Enhancer of Zeste
Homologue, EZH1 e EZH2, no entanto, diferentes padrées de expressdo sao
observados, como EZH1 esta presente tanto em células que estdo sofrendo divisao e
também diferenciacdo, enquanto que EZH2 esta presente apenas em células que
estdo se dividindo ativamente. Além disso, os complexos contendo EZH1 (PRC2-
EZH1) em vez de EZH2 apresentam baixa atividade de metiltransferase comparado
ao PRC2-EZH2. Isto sugere que PRC2-EZH2 estabelece os niveis celulares de
H3K27me2/3 mediado pela atividade de metiltransferase de EZH2, e que PRC2-
EZH1 pode restaurar eventual perda de H3K27me2/3 apds troca de histona ou via
atividade de demetilases (MARGUERON et al., 2008; SHAVER et al., 2010).

A metilacdo de H3K27, que pode ser catalisada por EZH1 ou EZH2, € uma
reagao processiva na qual a estavel marca epigenética H3K27me3 é o resultado da
monometilacdo de H3K27me2 (ZEE et al., 2010). A H3K27 acetilada possui um papel
antagonista ao silenciamento mediado por proteinas PcG, e seus niveis sao
enriquecidos na auséncia de PRC2. A metilacao de H3K27 é bastante abundante em
células tronco embrionarias, com aproximadamente 50% da histona H3K27
dimetilada, 15% trimetilada e 15% monometilada (PETERS et al., 2003). Estudos tém
demonstrado que PRC2 especificamente reside e direciona-se na deposicdo de
H3K27me3 nos genes Hox, bem como em inumeros outros genes que codificam
reguladores do desenvolvimento. Com base no estudo da diferenciagéo celular de
células tronco embrionarias, a inativacdo de PRC2 resulta na prevencao da
especificagcdo de linhagem e diferenciagdo terminal. Embora isto previna a
adipogénese e linfopoiese, a inativacdo de PRC2 também pode promover
diferenciagcdo durante a miogénese e formacgao da epiderme, através da reativagao
de genes associados a diferenciagédo (SU et al., 2003; WANG et al., 2010). Portanto,
€ provavel que as fungdes individuais codificadas por genes alvos de PRC2 sejam
reativados e assim ativem os programas génicos reguladores da diferenciacéo

celular.
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Grande numero de evidéncias tem demonstrado que a desregulagao de
PRC2-EZH2 esta associada a uma variedade de canceres humanos. Mutacbes com
ganho de funcdo enzimatica ou a superexpressdao de EZH2 é frequentemente
correlacionada com metastase e progndstico ruim de doengas hematopoiéticas
malignas, assim como também, em tumores sélidos, tais como, sarcoma de Ewing,
neuroblastoma, glioblastoma e rabdomiossarcoma (CIARAPICA et al., 2014; LI et al.,
2013; MCCABE et al., 2012; RICHTER et al., 2009; WANG et al., 2012).

1.4 Modulagao epigenética como estratégia terapéutica

1.4.1 Inibidores de HDACs

A expressido alterada e o recrutamento aberrante de HDACs tém sido
frequentemente identificados em diferentes malignidades humanas. Com isso, ao
longo de quase duas décadas, as HDACs tém sido extensivamente investigadas
como alvos terapéuticos promissores para reverter o estado epigenético aberrante
encontrado no cancer (ELLIS; ATADJA; JOHNSTONE, 2009; HABERLAND;
MONTGOMERY; OLSON, 2009; JONES; BAYLIN, 2007; MARKS; XU, 2009). Esse
conhecimento estimulou o desenvolvimento de diversos inibidores de HDACs (HDAC
inhibitors, HDis) que sao clinicamente eficazes em varios tipos de cancer, validando,
assim, a importancia das terapias epigenéticas em oncologia. Um grande numero de
HDis estruturalmente diversos tem sido purificado a partir de fontes naturais ou
sinteticamente desenvolvidos (BOLDEN; PEART; JOHNSTONE, 2006). A
seletividade dos HDis é baixa, portanto, possuem um amplo espectro de atividade
sobre multiplas HDACs, o que dificulta o entendimento de seus mecanismos mais
especificamente (MARKS, 2010). Os HDis sao classificados com base na sua
estrutura quimica: acidos graxos de cadeia curta, acidos hidroxdmicos, benzamidas,

tetrapeptideos ciclicos, cetonas eletrofilicas, e diversos, conforme Tabela 6.
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Tabela 6. Caracteristicas moleculares dos inibidores de histona desacetilases e seus status na clinica.

Composto Classe [Conc.] Especificidade Genes ativados Genes Efeito in vitro Ensaios
de HDAC reprimidos clinicos
Butirato de acido graxo mM Classe |, lla CDKN1A, GATA2, PKCD, Cyclin D1, Apoptose Fase I, Il
sodio de cadeia MHC1, MHC?2, BAK, ILS8, Cyclin A, Diferenciacao
curta RARB, TG1, Cyclin E, CPA3 BCL2, IL2, Parada no ciclo
CD86, ICAM1 BCLX celular
Fenil-butirato  acido graxo mM Classe |, Il Fase I
de cadeia
curta
Acido acido graxo mM Classe |, lla B-catenina Apoptose Fase |, Il
valproéico de cadeia Diferenciacao
curta
Tricostatina A acido nM Classe I, I CDKN1A, GATAZ2, HSP86, Cyclin A, Apoptose N/D
hidroxamico CDKN1B, PKCD, HDAC1, CDKN1C, Diferenciacao
IGFBP3, DHFR, TGFB1, ER, BCLX, PU.1, Parada no ciclo
CD86, Cyclin E, IFNG, IFNB, HIF1A, VEGF, celular
TP53, VHL, MHC1, MHC?2, IL2, IL10
CPA3, P107, BAX, BAK,
TG1, CDKN2A, MLH1,
TIMP3
Acido acido uM Classe I, Il CDKN1A cMYC,cMYB, Apoptose Aprovado
hidroxamico  hidroxamico BMYB Diferenciacéo (CTCL)
suberoilanilida Parada no ciclo
(SAHA) celular
Depsipeptideo tetrapeptide nM Classe | CDKN1A, MAGES3, NY- CD95L, cMYC, Apoptose Aprovado
(Istodax) os ciclicos ESO1, CD86 Cyclin D Parada no ciclo (CTCL)
celular
MS-275 benzamida uM HDACs 1, 2,3, e CDKN1A Parada no ciclo Fase Il,
(Entinostat) 8 (fracamente) celular (mama,
linfoma de
Hodgkin, e
NSCLC)

Adaptado e revisado de: (ARROWSMITH et al., 2012; BOLDEN; PEART; JOHNSTONE, 2006; JOHNSTONE, 2002;
MOTTAMAL et al., 2015).
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Os primeiros HDis que foram identificados séo os acidos graxos de cadeia
curta como butirato de sédio (NaB) e o acido valpréico (VPA) (LEDER; LEDER, 1975;
NOVOGRODSKY et al., 1983; REPHAELI; ZHUK; NUDELMAN, 2000; RIGGS et al.,
1977). Esses agentes sdo menos potentes comparados as outras varias classes de
HDis, pois apresentam ICsy na faixa de concentragdao de mM. NaB foi inicialmente
caracterizado por apresentar potencial para induzir diferenciacéo celular e por causar
hiperacetilacdo de histonas (LEDER; ORKIN; LEDER, 1975; RIGGS et al., 1977).
Além dessas caracteristicas, NaB e o 4&cido valpréico (VPA) inibem
predominantemente a atividade de HDACs das classes |, lIA, e afetam a expressao
de um grande numero de genes envolvidos em fungdes celulares (BOLDEN; PEART;
JOHNSTONE, 2006). Outros HDis tricostatina A (TSA) e o &cido hidroxamico
suberoilanilida (SAHA), classificados como acidos hidroxamicos, sdo caracterizados
por apresentarem maior poténcia de inibicdo de HDACs (com respectivos ICssp na
faixa nM — uM) e um amplo espectro de acdo podendo afetar a expressao de 2 —
10% dos genes do genoma humano (WITT et al., 2009). O depsipeptideo, da classe
dos tetrapeptideos ciclicos, possui atividade mais potente contra HDAC1 e HDAC2
do que as HDACs de classe || HDAC4 e HDAC6 (FURUMAI et al., 2002). J&4 o MS-
275, da classe das benzamidas, preferencialmente inibe HDAC1, € menos ativo
contra HDAC3 e fracamente inibe HDACS8 (HU et al., 2003).

De maneira geral, os HDis induzem parada no ciclo celular, diferenciagao ou
apoptose (in vitro) e muitos deles possuem potentes atividades antitumorais (in vivo)
(BOLDEN; PEART; JOHNSTONE, 2006; MARKS et al., 2001) O mecanismo de agao
dos HDis envolve a inibicdo da atividade das HDACs e a hiperacetilacdo de histonas.
Como as HAT e HDACs possuem como substrato ndo apenas as histonas, iniumeras
outras proteinas nao histonas podem sofrer modificagdo decorrente da atividade
dessas enzimas. Por essa razdo, os HDis apresentam efeitos de ativacdo ou
repressao na expressao de diversas proteinas que regulam crescimento celular,
parada do ciclo celular, diferenciagéo e apoptose (XU; PARMIGIANI; MARKS, 2007),

conforme Figura 18.
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Figura 18. Efeito de HDi na regulagado do crescimento, sobrevivéncia, apoptose

e diferenciagao celular. Adaptado de: (JOHNSTONE, 2002).

1.4.2 Inibidores de PRC2-EZH2

O desenvolvimento de inibidores especificos para EZH2 tem sido uma area de

investigacao bastante ativa, da qual resultados pré-clinicos promissores estao sendo

obtidos e ensaios clinicos de fase | ja estdo em andamento com resultados

preliminares que sugerem uma potencial atividade clinica como descrito na Tabela 7.
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Tabela 7. Inibidores de EZH2 e seu status de desenvolvimento na clinica.

Composto Mecanismo Poténcia Seletividade Status Referéncias
(Ki, nM)
DZNep Inibidor da SAH hidrolase de  Desconhecida Desconhecida Pré-clinico (HAYDEN et al., 2011;
metiltransferases KEMP et al., 2012;
SUVA et al., 2009)
EN Inibidor SAM-competitivo de 13+ 3 nM > 10.000 vezes sobre Pré-clinico (Ql etal., 2012)
PRC2 outras HMTs, = 90 vezes
sobre EZH1
EPZ005687 Inibidor SAM-competitivo de 24 £+ 7 nM > 500 vezes sobre outras Pré-clinico (KNUTSON et al.,
PRC2 HMTs, = 50 vezes sobre 2012a)
EZH1
GSK-343 Inibidor SAM-competitivo de 1.2+0.2nM > 1000 vezes sobre outras Pré-clinico (VERMA et al., 2012)
PRC2 HMTs, = 60 vezes sobre
EZH1
GSK-126 Inibidor SAM-competitivo de 0.5+ 3 nM > 1000 vezes sobre outras  Estudo clinicode = (MCCABE et al., 2012)
PRC2 20 HMTs, = 150 vezes fase |
sobre EZH1
UNC-1999 Inibidor SAM-competitivo de 4.6 +0.5nM > 1000 vezes sobre outras Pré-clinico (KONZE et al., 2013)
PRC2 HMTs, = 10 vezes sobre
EZH1
EPZ-6438 Inibidor SAM-competitivo de 25+0.5nM > 4500 vezes sobre outras  Estudo clinico de (KNUTSON et al.,
PRC2 14 HMTs, = 35 vezes sobre fase l e ll 2013, 2014)
EZH1
SAH-EZH2  peptideo que mimetizaa a—  desconhecida Seletivo para EZH2 sobre Pré-clinico (KIM et al., 2013)

hélice do dominio de ligagao
a EED de EZH2 para impedir
ou romper a interagao entre
EZH2 e EED,

EZH1

Revisado de: (KIM; ROBERTS, 2016).
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O primeiro inibidor de EZH2 que foi amplamente usado para estudos
experimentais foi o 3-deazaneplanocin A (DZNep). Este é um analogo de
ciclopentanil de 3-deazaadenosina que interfere potencialmente na hidrolase S-
adenosil-I-homocisteina (SAH), um componente do ciclo da metionina que causa o
aumento nos niveis celulares de SAH, reprimindo a atividade da histona lisina
metiltransferase dependente de S-adenosil-l-metionina, no entanto, o efeito de
DZNep na inibicao da histona metiltransferase néao é especifico para EZH2 (GLAZER
et al., 1986). DZNep apresenta significativa atividade antitumoral para varios tipos de
canceres, impactando com a inibicdo de PRC2 e remocdo da marca repressiva
H3K27me3 (TAN et al., 2007). Apesar dos resultados in vitro e in vivo serem
potencialmente promissores, DZNep possui uma meia vida muito curta no plasma,
conferindo inibicdo nao-especifica da metilacido de histonas e é toxico em modelos
animais (MIRANDA et al., 2009).

Entao, com o intuito de melhorar a atividade antitumoral e reduzir toxicidade,
compostos potentes e seletivos que inibem EZH2 tém sido desenvolvidos. Em 2012,
diversos grupos de pesquisa tém revelado o desenvolvimento de inumeros
compostos inibidores competitivos para S-adenosilmetionina (SAM) derivados de
triagens bioquimicas de alto rendimento. EPZ005687 pode se ligar em ambos EZH2
selvagem e mutante-Y641 de células de linfoma, e este composto apresenta 500
vezes mais seletividade para EZH2 comparado a 15 outras metiltransferases
humanas, 50 vezes de seletividade para EZH1. Além disso, demonstra inibicdo de
H3K27me3 de maneira dose-dependente para ambos EZH2 selvagem e mutante
(KNUTSON et al., 2012a). EI1 inibe ambos EZH2 selvagem e mutante, e possui uma
seletividade maior que 10.000 vezes comparado a outras metiltransferases e 90
vezes comparado a EZH1 (Ql et al., 2012). GSK-126 também demonstra inibi¢cao
para ambos EZH2 selvagem e mutante, porém apresenta maior seletividade para
EZH2, mais de 1000 vezes comparado a outras metiltransferases e 150 vezes
comparado a EZH1. Estudos in vivo, demonstraram que GSK-126 inibe
significantemente o crescimento de linfomas que carregam mutag¢des ativadoras de
EZH2 (MCCABE et al., 2012). Similarmente ao GSK-126, GSK-343 inibe a atividade
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catalitica de EZH2 e apresenta uma seletividade para EZH2 de mais de 1000 vezes
em comparacdo a outras metiltransferases, no entanto, apresenta uma maior
seletividade para EZH1 (aproximadamente 60 vezes). Além disso, GSK-343
demonstrou uma potente capacidade de inibir a proliferagcdo de células de cancer de
mama e de prostata com um ICsp de aproximadamente 2.9 uM (VERMA et al., 2012).

UNC-1999 foi o primeiro inibidor altamente seletivo para EZH2 selvagem e
mutante oralmente biodisponivel. Este apresenta uma seletividade acima de 1000
vezes para EZH2 em comparagao a outras metiltranferases e é relativamente ativo
contra EZH1 pois apresenta uma poténcia 10 vezes menor do que para EZH2,
oferecendo assim o potencial para inibir a atividade de ambos EZH2 e EZH1 (KONZE
et al., 2013). UNC-1999 apresenta uma potente atividade para suprimir a tri-
/dimetilagdo da H3K27 (H3K27me3/2), e além disso demonstrou um potente efeito de
inibitério no crescimento de células de leucemia MLL-rearranjadas (XU et al., 2015a).
EPZ-6438 foi desenvolvido subsequentemente, e demonstra maior poténcia e
melhores propriedades farmacocinéticas do que o EPZ005687, incluindo uma boa
biodisponibilidade oral (KNUTSON et al., 2013). Estudos clinicos de fases | e Il com
EPZ-6438 estdo sendo iniciados em pacientes com tumores solidos em estagio
avancgado e em pacientes com linfoma de células B.

O inibidor SAH-EZH2 é um peptideo com alfa-hélice de EZH2 estabilizada, e
foi derivado a partir do dominio de EZH2 que interage com EED. SAH-EZH2 rompe a
estabilidade do complexo EZH2-EED, reduzindo os niveis proteicos de EZH2 e
seletivamente inibe a trimetilagdo H3K27 de maneira dose-dependente (KIM et al.,
2013). Esse peptideo tem demonstrado efetividade para células de leucemia (MLL-
AF9) dependentes de EZH2 e para células de linfoma mutadas para EZH2, no
entanto, nenhum efeito foi observado em células nao transformadas e para EZH2
selvagem. Apesar do efeito de SAH-EZH2 resultar na diminuicdo dos niveis de
H3K27me3, o efeito parece estar mais fortemente correlacionado com a reducéo dos
niveis proteicos de EZH2, o que corrobora com os achados mostrando dependéncia
nao-enzimatica de EZH2 em células tumorais que carregam mutag¢des no complexo
remodelador da cromatina SWI-SNF (KIM et al., 2015)
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2. HIPOTESE E OBJETIVOS

e Hipodtese

A inibicao da atividade de proteinas modificadores da cromatina reprograma
epigeneticamente as células de tumores sélidos pediatricos para um estado mais

diferenciado.

¢ Objetivo geral

Avaliar o efeito da modulacdo da atividade de enzimas modificadoras da
cromatina no crescimento, proliferacdo, diferenciagdo, sobrevivéncia e atividade
oncogénica de linhagens celulares dos tumores soélidos pediatricos: sarcoma de

Ewing e neuroblastoma.
¢ Objetivos especificos

Manuscrito |

a. Avaliar o efeito de NaB sobre os niveis globais da atividade de HDAC

em células de sarcoma de Ewing (SK-ES 1 e RD-ES);
b. Examinar o efeito da inibicdo da atividade de HDAC por NaB no

crescimento, proliferacdo, diferenciacdo e sobrevivéncia de células de
sarcoma de Ewing (SK-ES1 e RD-ES);
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C. Investigar em nivel molecular os efeitos da inibigdo atividade global de
HDAC, por NaB, sobre os niveis de proteinas-chave que controlam vias de
proliferacdo, sobrevivéncia, pluripoténcia e diferenciacao celular em sarcoma
de Ewing (SK-ES1 e RD-ES);

d. Avaliar o efeito a longo prazo da inibicao da atividade global de HDAC
sobre a capacidade proliferativa de células de sarcoma de Ewing (SK-ES1 e
RD-ES);

e. Examinar os efeitos de NaB no crescimento e sobrevivéncia de
tumoresferas de sarcoma de Ewing provenientes das linhagens SK-ES 1 e
RD-ES.

Manuscrito Il

a. Avaliar o efeito da inibicao da atividade catalitica de EZH2, através da
utilizacdo de inibidores de pequenas moléculas altamente seletivos para EZH2
(GSK-126, GSK-343) ou para ambas as subunidades cataliticas EZH2 e EZH1
(UNC-1999), sobre o crescimento, proliferagao, diferenciagdo celular em
diferentes linhagens de neuroblastoma (NGP, KCNR, IMR-32, SAN, SY5Y,
NBG69);

b. Investigar os niveis proteicos da marca repressiva H3K27me3 e os
niveis de mMRNA de genes supressores tumorais que controlam diferenciagao

apos a inibicao da atividade catalitica de EZH2 em células de neuroblastoma;

C. Examinar o efeito in vitro a longo prazo da inibicdo da atividade
catalitica de EZH2 ou de ambas subunidades EZH2 e EZH1 sobre a atividade
oncogénica de células neuroblastoma através do crescimento independente

de ancoragem;
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d. Avaliar o efeito ex-vivo da inibicdo da atividade catalitica de ambas
subunidades EZH2 e EZH1, por UNC-1999, no crescimento de tumores de

xenoenxerto de neuroblastoma e na sobrevivéncia murina;
e. Avaliar o efeito in vitro e in vivo do silenciamento génico constitutivo de

EZH2 na proliferagao celular e no crescimento de tumores de xenoenxerto de

neuroblastoma.
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3. MANUSCRITOS

3.1 Manuscrito | — Targeting histone deacetylase activity to arrest
cell growth and promote neural differentiation in Ewing

sarcoma
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Abstract

There is an urgent need for advances in the treatment of Ewing sarcoma (EWS), an aggressive
childhood tumor with possible neuroectodermal origin. Inhibition of histone deacetylases
(HDAC) can revert aberrant epigenetic states and reduce growth in different experimental
cancer types. Here, we investigated whether the potent HDAC inhibitor, sodium butyrate
(NaB) has the ability to reprogram EWS cells towards a more differentiated state and affect
their growth and survival. Exposure of two EWS cell lines to NaB resulted in rapid and potent
inhibition of HDAC activity (1 h, ICso 1.5 mM) and a significant arrest of cell cycle
progression (72 h, ICsp 0.68-0.76 mM), marked by GO/G1 accumulation. Delayed cell
proliferation and reduced colony formation ability were observed in EWS cells after long-term
culture. NaB-induced effects included suppression of cell proliferation accompanied by
reduced transcriptional expression of the EWS-FLII fusion oncogene, decreased expression of
key survival and pluripotency-associated genes, and re-expression of the differentiation
neuronal marker BIII-tubulin. Finally, NaB reduced c-MYC levels and impaired survival in
putative EWS cancer stem cells. Our findings support the use of HDAC inhibition as a strategy
to impair cell growth and survival and to reprogram EWS tumors towards differentiation.
These results are consistent with our previous studies indicating that HDis can inhibit the
growth and modulate differentiation of cells from other types of childhood pediatric tumors
possibly originating from neural stem cells.

Keywords Histone deacetylase ® Epigenetics ® Neural differentiation @ Ewing sarcoma e

Pediatric cancer
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Introduction

Ewing sarcoma (EWS), a highly aggressive bone and soft tissue cancer, is the second
most common primary solid bone malignancy in children and young adults [1]. Despite
advances in multimodal therapy, patients with the disease have a poor prognosis, with a
survival rate of 50 — 65% at 5 years and less than 30% for metastatic or refractory tumors [2].
EWS tumors typically harbor a specific genetic alteration characterized by a chromosomal
translocation resulting in fusions between the EWS RNA Binding Protein 1 (EWSR1) gene and
one of the several ETS family genes (most frequently FLI-1) which is present in 85% of cases
[1,3]. EWS tumors are poorly differentiated and their cell of origin remains elusive. Evidence
indicates that EWS shares genetic features and may arise from developing neural crest cells,
and has potential for neural differentiation [4-7]. It is also possible that EWS derives from
mesenchymal stem cells [8-11]. Experiments investigating clear cell sarcoma, a cancer type
defined by EWS-ATF 1, the fusion product of a balanced chromosomal translocation between
chromosomes 22 and 12, have shown that the differentiation state of cells of origin impacts
tumor characteristics [12].

EWS is a relatively genetically stable, fusion oncogene-driven cancer, harboring few
somatic mutations [13]. However, as with other solid tumors of childhood, many epigenetic
alterations are likely crucial for EWS tumorigenesis [14]. EWSRI1-FLI-1 acts as an aberrant
transcription factor that induces epigenomic reprogramming involving changes in chromatin
remodeling through acetylation and methylation, resulting in repression of tumor suppressors
and oncogene activation [15, 16]. The chromatin state in EWS is strikingly similar to that

found in bone-marrow-derived mesenchymal stem cells. Increased chromatin accessibility in
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stem cells may lead to a state that facilitates oncogenic alterations induced by EWSR1-FLI-1,
suggesting a stem cell origin for EWS [17].

A balance between the opposing activities of histone acetyltransferases (HATs) and
deacetylases (HDAC:S) is key in regulating gene expression. Histone acetyltransferases (HATs)
control histone acetylation activity through the transfer of acetyl groups to the amino-terminal
lysine residues of histones, thus increasing transcriptional activity. In contrast, histone
deacetylases (HDACSs) remove acetyl groups, favoring chromatin condensation and repressing
gene expression [18]. HDAC inhibitors (HD1) represent a class of experimental antineoplastic
agents that target aberrant epigenetic alterations found in cancer [19, 20]. Sodium butyrate
(NaB) is an HDi1 widely used as an experimental tool in cellular studies. It is short fatty acid
that acts as a potent class I and Ila HDAC inhibitor inducing arrest in proliferation of cancer
cells by increasing histone acetylation. In mammalian cells, NaB promotes hyperacetylation of
the histones H3 and H4, resulting in chromatin decondensation and increased transcriptional
activity [21]. In EWS cells, we have previously shown a synergistic antitumor effect of NaB
combined with commonly chemotherapeutic drugs [22]. Moreover, the HDi suberoylanilide
hydroxamic acid (SAHA) showed a synergistically enhanced antitumor activity upon
combination with etoposide [23], and HDis NaB, SAHA or entinostat or MS-275 as
monotherapies or combined with TRAIL display an additive cytotoxic effect in EWS cells
[24].

Here, we show that inhibition of global HDAC activity by NaB inhibits multiple
pathways involved in cell proliferation, survival and pluripotency. In addition, NaB exposure
stimulates some morphologic and biochemical changes that might be consistent with neural

differentiation in EWS cells.
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Materials and Methods

Cell Lines and Cell Culture

Human EWS cell lines SK-ES-1 and RD-ES-1 obtained from American Type Culture
Collection (Rockville, MD, USA) were grown in RPMI-1640 medium (Gibco-BTL, Carlsbad,
CA, USA), containing 0.1% fungizone® (250 mg/kg; Invitrogen Life Technologies, Sao
Paulo, Brazil), 4 mg/ml gentamicin and 10% fetal bovine serum (FBS, Gibco® by Thermo
Fisher Scientific, Life Technologies, Brazil). Cells were cultured at 37 °C in a humidified

incubator under 5% CO,.

Drug Treatment

NaB (Sigma Aldrich - St. Louis, MO, USA) was diluted in sterile ultrapure water in a stock
solution of 100 mM. EWS cells (2x10*) were plated in 24-well plate and exposed to NaB in
concentrations ranging from 0.5 to 5 uM for 72 h. For calculation of ICs, data were fitted in a
dose response curve (Graphpad Prism v. 6.0) using the equation: y = min + (max — min)/(1 +

10N(LoglC50 — x) *Hillslope + Log ((max — min)/(50-min) — 1))).
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Cell Viability

Cells were exposed to NaB as described above. Both cells in the supernatant and adhered cells
were detached, collected, centrifuged and washed with PBS twice. To assess viability, cells
were incubated with 1 pg/ml propidium iodide (PI) (Sigma Aldrich) in PBS at 4 °C in the dark.
PI uptake was assessed by flow cytometry analysis using an Attune Acoustic focusing
cytometer (Applied Biosystems, Thermo Fisher Scientific, USA). Data was analyzed using

Attune Cytometric Software version 1.2.5. Four individual replicates were performed.

Cell Cycle

To assess cell cycle, the EWS cells were cultured in 24-well plates under the same conditions
of described above, and then detached, centrifuged and washed with PBS twice. After, the
cells were ressuspended in 50 pg/ml propidium iodide (Sigma-Aldrich, St. Louis, Mo., USA)
in 0.1% Triton X-100 in 0.1% sodium citrate solution containing 5 pg/ml RNase A. One
million cells were stained in 1.0 ml of the PI cell cycle solution for 5 min. followed by
assessment on an Attune Acoustic focusing cytometer by Applied Biosystems (Thermo Fisher
Scientific, USA) analysis. In each sample 20,000 cells were analysed. Data was analyzed using

FlowJo Cytometric Software version 10.1. Three individual experiments were performed.
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Cumulative Population Doubling

Cells were plated [2x10* cell/mL] and exposed to NaB, in the same conditions described
above, in quadruplicates. Every 4 days, supernatant and adhered cells were collected,
quantified by PI uptake and re-plated. The Population Doubling (PD) level was calculated to
determine the proliferation potential of the cell lines SK-ES 1 and RD-ES unexposed versus
NaB exposed cells. The PD at each passage was calculated using the equation PD = (log Xe —
log Xb)/log2 and doubling time was calculated using DT = T*In2/In(Xe/Xb). In both cases
‘Xe’ is the cell number at the end of the incubation time, ‘Xb’ is the cell number at the
beginning of the incubation time and T is the number of days between time points, as
described in the ATCC® Animal Cell Culture Guide. Data is displayed as cumulative PD

(CPD), calculated as the sum of all previous PDLs.

All the CPD parameters were analyzed according to Silva and colleagues [25]. Briefly,
Relative end CPD (RendCPD) quantifies the end point of cell proliferation analysis, and is
obtained by the ratio between the final CPD of cells exposed to drug and control cells. To
determine the global effect after the treatment intervention, the relative Area Under Curve
(rAUC) was calculated (Graphpad Prism v. 6.0 software) using the lower CPD of the initial
population to obtain the minimal threshold. RPR (Relative Proliferation Rate) and RTCT
(Relative Time to Cross a Threshold), linear regression for both exposed and control groups
was calculated using the higher angular coefficients of the last two or more CPD intervals.
RPR is the ratio of the angular coefficients of exposed and control groups. RTCT was

determined by the ratio of between the control and exposed cells Time to Cross the Threshold
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(TCT), i.e., a threshold set on a CPD value where both treatment and control conditions
present the highest velocity of proliferation. Long-term survival index (LSI) is calculated by

the average of the four parameters described above.

Colony Formation

Cells were exposed to NaB for 72h and 1 x 10 cells per well were re-plated in 6-well plates
and cultured for 10 days with the RPMI medium being changed every 3 days. Cells were then
fixed with methanol, followed by staining with 0.5% crystal violet. The stained colonies
images were scanned and analyzed using the cell counter plugin on Image J software (NIH,

Bethesda, MD, USA).

Tumorsphere Culture

Cells were dissociated with trypsin-EDTA into single cell suspension and seeded at 2 x 10
cells/well in 6-well plates. The cells were cultured in a serum-free tumorsphere (TS)-inducing
medium, containing DMEM-F12 (1:1) supplemented with 2% B27 supplement (Gibco,
Invitrogen, CA, USA), 20 ng/mL recombinant human EGF (Sigma-Aldrich, MO, USA), 20
ng/mL human leukemia inhibitor factor (Thermo Fisher Scientific, Life Technologies), 10

IU/mL (5 mg/mL) heparin (Roche, Mannheim, Germany) and antibiotics as described by
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Leuchte and colleagues [26]. The media was changed every 4 days. After 8 — 9 days,
tumorspheres were dissociated with a non-enzymatic solution containing 1| mM EDTA, 40
mM Tris-HCI and 150 mM NacCl, and re-plated in a 96-well plate to evaluate their capacity to
self-renew through secondary EWS tumorsphere formation. Tumorspheres with at least 80pum
were analyzed and quantified by inverted phase microscopy (Leica Microsystems, Mannheim

Germany). The effect of NaB on tumorsphere formation ability across 7 days was examined.

HDAC Activity

Cells (1 x 10%) were seeded in a 96-black well plate/clear flat-bottom (Greiner-bioone,
Frickenhausen, DE) and exposed to NaB, at the same concentrations described above, for 1 or
3 h. HDAC enzymatic activity was measured by /n Situ HDAC Activity Fluorometric Assay
kit (EPI003, Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s
instructions. Three individual experiments were performed. HDAC enzyme activity was
calculated across the groups as pmol/min and the percent of HDAC activity was corrected by

control (unexposed cells).

Immunofluorescence

For immunofluorescent staining, cells were plated on the glass coverslips, pre-coated with 2
pg/ml of fibronectin. After 72 h of exposure to NaB, cells were fixed in 4% PFA for 15

minutes at room temperature. After two additional washes, the fixed cells were incubated with
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blocking buffer (1X PBS containing 3% BSA and 0.3% Triton X-100) for 1 h at room
temperature, followed by an overnight incubation at 4°C with the following primary
antibodies: Histone 3 phos-S10 (1:200, Cell Signaling), Trkb (1:100, Santa Cruz). After
washing with PBS twice, cells were incubated with secondary antibodies conjugated with
either Alexa fluor-488 (1:800; Invitrogen) or Rhodamine (1:300, Invitrogen) at room
temperature for two h. After three additional washes, DNA was stained with 4 pg/ml of
Hoechst 33342 (Invitrogen) for 15 minutes at room temperature. After washing, slides were
mounted with Prolong Gold anti-fade reagent. Slides were viewed with Leica TCS SP5
Confocal Laser Scanning Microscope, using Leica LAS AF Lite 2.0.2 software to acquire
images. For quantitative analysis, was calculated by the percent of mean intensity corrected by
the control (unexposed cells). For each group, at least five random images were taken, and the

results were determined from at least three independent experiments.

Real Time qPCR

Total RNA was extracted from EWS cells using TRIzol (Invitrogen, Carlsbad, CA, USA).
Prior to RT-PCR, the samples were treated with DNase I (Promega Corporation, WI, USA).
Total RNA was quantified with NanoDrop (Thermo Fisher Scientific, DE, USA).
SuperScript™ First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA, USA)
enabled first strand synthesis. The mRNA expression levels of target genes (EWS-FLII, TrkB,
OCT3/4) were quantified using KiCqStart'™ SYBR Green qPCR ReadyMix ™™, with ROX™

(Sigma-Aldrich, St. Louis, MO, USA) and calculated using the ACT method from triplicate
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reactions, with the levels of gene normalized to the relative Ct value of Gapdh. Cycling
parameters were as follows: 95 °C for 2 mins, followed by 40 cycles of denaturation at 95 °C
for 3 secs, annealing at 60 °C for 15 secs, and extension at 72 °C for 30 secs. The primer

sequences used are shown in Supplementary Table S1 online.

Western Blot

Proteins were separated using 8 — 14% SDS Tris-glycine gels and transferred onto a
polyvinylidene difluoride membranes. Membranes were blocked with 5% fat-free milk and
incubated with antibodies against BDNF (H117, SC-20981, Santa Cruz, CA, USA), NGF (H-
20, sc-548, Santa Cruz, CA, USA), pERK (E-4 sc-7383, Santa Cruz, CA, USA), ERK1 (K-23,
sc-94, Santa Cruz, CA, USA), pAKT (S473) (SAB4300042, Sigma Aldrich, MO, USA), AKT
(pan) (C67E7, #4691, Cell Signaling Technology, MA, USA), OCT3/4 (sc-5279, Santa Cruz,
CA, USA), NANOG (M-149, sc-33760, Santa Cruz, CA, USA), c-MYC (D84C12 — Cell
Signaling Technology, MA, USA), KLF4 (H-180, SC-20691, Santa Cruz, CA, USA),
ALDHI1A1 (ab23375, Abcam, Cambridge, UK), BMI-1 (D20B7, #6964 — Cell Signaling
Technology, MA,USA), Cyclin D1 (D71G9 — Cell Signaling Technology, MA, USA), BIII-
Tubulin (D71G9 — Cell Signaling Technology, MA,USA) and ACTB (A2228, Sigma Aldrich,
MO, USA) used as loading control. Incubation for 1 h with appropriate horsedish peroxidase-
conjugated secondary antibody (Santa Cruz) at RT was performed. Chemiluminescence was
detected using ECL Western Blotting substrate (EMD Millipore, DE) and analyzed by
ImageQuant LAS500 (GE Healthcare Life Sciences, UK). Densitometric analyses were

performed using Image J (NIH, MD, USA). Relative densitometric unit (RDU) was calculated
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by the normalization of interest protein level to the housekeeping genes B-actin (ACTB) or
Histone 3 (H3), or ERK1 and AKT for pERK and pAKT (S473), respectively. All treatment
conditions were corrected by control groups (non-exposed cells). Three individual replicates

were performed.

Statistical Analysis

For statistical analysis, GraphPad Prism version 6.0 was used. Each assay was performed at
least three times in biologically independent assays. The significance of differences in mean
+ standard error values was analyzed by one-way ANOVA and Tukey’s multiple comparison

test or Student’s #-test; p values of less than 0.05 were considered statistically significant.

Results

Inhibition of HDAC Activity Reduces EWS-FLII Fusion Oncogene Transcriptional

Expression and Induces Growth Arrest in EWS Cells

To examine the effect of NaB on HDAC activity in EWS cells, we exposed SK-ES1 and RD-
ES cells to NaB for 1 and 3 h. HDAC activity was significantly reduced after 1 h when NaB
doses higher than 1 mM were used, resulting in a target ICsy of approximately 1.5 mM (Fig.
la, 1d). HDAC activity in cells exposed to NaB for 3 h was not as effectively reduced in

comparison to 1 h treatments, and a significant decrease was observed only in RD-ES cells
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exposed to 2 mM of NaB (Supplementary Fig. S1), suggesting that NaB optimally inhibits
HDAC activity in EWS cells at a kinetic rate of 1 h.

In order to evaluate the biological effects of HDAC inhibition, we exposed EWS cells
to varying concentrations of NaB (0.5 — 5 mM) for 72 h. Cell viability was potently reduced in
both cell lines (Fig. 1b). Interestingly, cells exposed to NaB showed a change in morphology
accompanied by the appearance of short neurite-like extensions (Fig. 1c). At 72 h, the
biological ICsy of NaB was 0.76 and 0.68 mM for SK-ES 1 and RD-ES EWS cell lines,
respectively (Fig. 1d). Moreover, to examine whether HDAC inhibition could alter the
expression of the fusion oncogene, we designed primers flanking the break point of EWS-FLI1
fusion (type 2) and evaluated its transcriptional expression level after NaB exposure in
comparison with untreated EWS cells. HDAC inhibition in EWS cells resulted in an
approximately 2-fold decrease of EWS-FLII transcriptional expression after treatment with 1.5

mM NaB at 1 and 3 hours for SK-ES 1 cells, and 3 hours for RD-ES cells (Fig. 1e).

Fig. 1 should be inserted here

Next, we verified whether inhibition of HDAC activity by NaB would change cell
cycle distribution. HDAC inhibition resulted in a significant alteration in EWS cell cycle
featuring an accumulation of cells in the GO/G1 phase 35 h after NaB exposure. In the SK-ESI
EWS cell line, we also observed a significant decrease in the S and G2/M phases of the cell

cycle, whereas in the RD-ES cell line there was a significant reduction in polyploidy (Fig. 2a).
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To determine whether HDAC inhibition disrupts histone 3 phos-S10, a chromosome
condensation marker during mitosis, we immunostained EWS cell lines exposed to NaB for 72
h against anti-H3 phos-S10 plus anti-Alexa488, measured by laser confocal microscopy. As
expected, H3 phos-S10 immunolocalized to the nucleus in both EWS cell lines (Fig. 2b). In
addition, we observed that both EWS cell lines exposed to higher doses of NaB (2 and 5 mM)
showed a reduced level of H3 phos-S10, whereas there was no significant change at lower
doses (0.5 and 1 mM) compared to untreated cells (Fig. 2c). Given that Cyclin D1 is a G1-
phase regulator protein overexpressed in EWS, we investigated whether HDAC could regulate
Cyclin D1 expression after 72 h of NaB exposure. SK-ES 1 cells exposed to 0.5 or 1 mM of
NaB showed an approximately 1.5-fold change decrease in Cyclin D1 levels, and 1 mM NaB
also decreased Cyclin D1 levels also in RD-ES cells (Fig. 2d). The results suggest that HDAC

activity inhibition induces growth arrest in EWS cells.

Fig. 2 should be inserted here

HDAC Inhibition Abrogates Cell Proliferation and Survival Pathways in EWS Cells

To investigate molecular mechanisms associated with the NaB-induced decrease in EWS cell
growth, we examined the expression of key proteins that control cell survival and proliferation.
After exposure to either 0.5 or 1.0 mM NaB, a decrease in the levels of survival-promoting

neurotrophins, brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) were
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observed (Fig. 3a). We also immunostained tropomyosin receptor kinase B (TrkB) in EWS
cell lines against anti-TrkB, plus anti-Rhodamine. As expected, TrkB immunoreactivity was
detected in the cytoplasm. In addition, we observed that TrkB levels were reduced in a dose-
dependent manner in both cell lines after NaB exposure (Fig. 3b, 3¢). Consistently with this
finding, we also observed a decrease in protein levels of downstream targets, phosphorylated
extracellular-regulated kinase (pERK), but not total ERK1 levels, pAKTS473, and total AKT.
A significant reduction of AKT was observed only in RD-ES cells treated with 1.0 mM NaB
when pAKTS473 over total AKT levels were considered (Fig. 3d). Essentially similar effects
were observed in RD-ES cells, however only at the 1.0 mM dose of NaB (Fig. 3d). Analysis of
relative densitometric units related to the immunoblots is depicted in Fig. 3e. These results
support the possibility that signaling mediated by neurotrophins, ERK and AKT are involved

in mediating the inhibitory effects of NaB in EWS cells.

Fig. 3 should be inserted here

Persistence of the Anti-Proliferative Effect Induced by HDAC Inhibition in EWS Cells

We performed a cumulative population doubling (CPD) of EWS cells to examine the
persistence of the anti-proliferative effect of NaB. After 72 h of treatment, cells were
maintained for 16 days in drug free media, as shown in Fig. 4a. Significant delays in cell

proliferation rate were found with 2 and 5 mM of NaB (Fig. 4b). Because the number of cells
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was too small, we modeled the growth from day 19 to day 35 using a mathematical prediction
as described by Silva et al. [25]. We were able to predict whether EWS cells exposed to the
higher doses of NaB over 35 days would have a persistent reduction in the ability to
proliferate. Lower doses (0.5 and 1 mM) of NaB resulted in a gain in cell proliferation by day
20 which by 35 days was even higher than our prediction (Fig. 4b). It is possible that only a
resistant subset of EWS cells could restore cell proliferative ability to an equal or higher
degree compared to controls.

We then went on to perform a CPD profile analysis that examines long-term changes in
cell population size. On the basis of CPD graphs from cell counting we calculated four
different parameters: relative end CPD (RendCPD) to quantitatively assess the end point of
cell proliferation analysis; relative area under curve (rAUC) to determine a global effect after
treatment intervention; relative time to cross a threshold (RTCT) to measure the delay of the
cell population that recovers growth after treatment; and relative proliferation rate (RPR) to
quantify the relative regrowth velocity of the cells which survived after treatment intervention.
The average of all parameters described above is termed the long-term survival index (LSI).
HDAC activity inhibition in both cell lines, particularly after treatment with 5 mM NaB,
resulted in a robust decrease in RPR and RTCT parameters (Fig. 4c), except the RPR
parameter in which there was no significant change in SK-ES 1 cells (data not shown). These
findings indicate that the effects of NaB can persist in the long-term to delay the regrowth of
the EWS cell population.

Finally, we performed a colony formation assay for 10 days in drug free media, after a
72-h exposure to NaB. There was a significant reduction in the number of colonies in both cell

lines after exposure to NaB. Moreover, there was a significant decrease in the size of the
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colonies in SK-ES 1 cells after exposure to 5 mM NaB (Fig. 4d). These results indicate that the

decrease in cell growth is also associated with the cells’ colony-forming capability.

Fig. 4 should be inserted here

HDAC inhibition reduces the expression of pluripotency-associated genes

Previous studies have shown that the EWSR1/FLI-1 oncoprotein stimulates the
pluripotency gene BMI-1, thus influencing EWS cell self-renewal [7]. We sought to evaluate
by immunoblot analysis whether the expression of key pluripotency transcriptional regulators
NANOG, ¢c-MYC, OCT3/4, KLF4, BMI-1 and ALDH1A1 were altered because of HDAC
inhibition by NaB. Both SK-ES 1 and RD-ES cells showed a 2—3-fold reduction in the levels
of pluripotency-associated genes OCT3/4, c-MYC and BMI-1 compared to untreated control
cells. The levels of KLF4, NANOG and ALDHI1A1 decreased in SK-ES 1 cells but were
relatively unchanged or increased in RD-ES cells (Fig. 5a, 5b; Supplementary Fig. S2, S3).
Thus, SK-ES 1 cells show higher sensitivity to NaB regarding inhibition of pluripotency-
associated genes.

Given that we observed morphological changes in EWS cells after NaB exposure, we
asked whether the SSC-A parameter that measure complexity and granularity in flow
cytometry is altered in EWS cell population after the pharmacological intervention by NaB.

Interestingly, both EWS cell lines exposed to NaB showed an approximately 2-fold increase in
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complexity or granularity measured by the SSC-A mean parameter in flow cytometry (Fig. 6a,
6b). These data provide a measurement parameter related to cell morphology alterations along
EWS cell population. In addition, this alteration was accompanied by cell morphology changes
with formation of neurite-like extensions (Fig. 6¢). Furthermore, we assessed the expression
level of the neural differentiation marker B-III Tubulin (TUBB3) (Fig. 6d). We observed an
increase in TUBB3 in cells exposed to HDAC activity inhibition by NaB, with a 2-fold
enhancement in protein levels compared to controls. These findings suggest that HDAC
activity inhibition may act to reduce the expression of a set of genes related to pluripotency in

EWS cells.

Fig. 5 should be inserted here

Fig. 6 should be inserted here

HDAC Inhibition Impairs EWS Tumorsphere Formation

Cancer stem cells displaying tumor-initiating properties and treatment resistance ability have

been identified and characterized in EWS [27]. Tumorsphere (TS)-forming assays have been
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widely used as models to study cancer stem cell-enriched cultures [28]. To verify whether
HDAC inhibition altered TS-forming ability of EWS in vitro, we measured TS-formation
efficiency (TFE) and size through optical microscopy after exposure of cells to NaB in a
serum-free TS-inducing medium for 7 days (Fig. 7a). The contents of the stem cell marker
OCT3/4 and TrkB were increased in cells from TS compared to ML (Fig. 7b, 7¢). NaB
significantly reduced TFE in both cell lines. In addition, NaB reduced the size of EWS
tumorspheres (Fig. 7¢, 7d; Supplementary Fig. S4). It is noteworthy that the higher dose of
NaB (5 mM) fully impaired the cells’ ability to produce tumorspheres. Interestingly, the levels
of BMI-1 were also increased in TS compared to cells in the ML, and NaB significantly
reduced the levels of c-MYC in TS cells (Fig. 7d, 7¢). These findings indicate that OCT3/4,
TrkB, and BMI-1 are increased in EWS TS cultures, and suggest that HDis can repress c-MYC

expression in EWS cancer stem cells and decrease their ability to expand and survive.

Fig. 7 should be inserted here

Discussion

Inhibition of HDAC activity has become an increasingly investigated experimental approach,
given its potential to ameliorate the aberrant epigenetic state that underlies a variety of cancers

and allow the expression of silenced genes that can promote cell death or differentiation. We
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found that NaB efficiently inhibits HDAC global activity in EWS cells and decreases EWS-
FLIT mRNA expression, cell growth, long-term proliferation, and colony formation. Similar
ICs values for HDAC inhibition and cell growth impairment were observed in both cell lines,
leading to G1-phase accumulation. These findings support previous reports of NaB arresting
cell cycle, particularly at G1-phase, and inducing cell differentiation and apoptosis in multiple
cell lines [29-31].

SK-ES-1 and RD-ES cells are both derived from male patients of similar ages (18 and
19 years, respectively), and both share features including the type of fusion to the exons 7
from EWS and 5 from FLI1 (type 2), p5S3 missense mutation that result in a nonfunctional p53
protein, lack of p21, and high p16™** expression [32, 33]. Overexpression of cyclins D
(cyclin D1, D2, and D3) can drive aberrant cell cycle regulation and signaling in many human
malignant tumors, including EWS tumors and RD-ES cells [34, 35]. Inhibition of HDAC by
NaB resulted in a decrease of cyclin D1 protein levels in both cell lines, similarly to what was
previously reported in neuroblastoma [36]. Expression levels of cyclin D1, a G1- phase
regulator protein, may represent an important component that controls growth arrest prior to
cell differentiation in EWS cells.

Polyploidy induction is a proposed mechanism by which HDis control tumor cell
growth. For instance, SAHA induced polyploidy in human colon cancer and breast cancer
cells, leading to senescence, particularly in cells harboring defective p21 WAF1 or p53 [37]. In
contrast, we observed a significant reduction in the proportion of cells showing polyploidy
after NaB exposure. HDAC inhibition induced changes in pathways related to cell
proliferation and survival in EWS cells, including components of neurotrophin signaling. In

other types of pediatric and neuroendocrine cancers, differential neurotrophin and Trk
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expression is associated with patient prognosis and tumor properties including angiogenesis,
metastasis, and chemosensitivity [38]. In EWS, we have recently shown enhanced expression
of Trk in tumors, and reduced cell growth and increased chemosensitivity after Trk inhibition
[39]. Here we show that NaB exposure in EWS cells resulted in a decrease in NGF and BDNF
protein levels, accompanied by reductions in components of the ERK and AKT pathways.
Given that neurotrophins are known to mediate neuronal survival via activation of ERK,
phosphatidylinositol 3-kinase (PI3K) and phospholipase Cy (PLC- y) [40], the findings are
consistent with the possibility that inhibition of global HDAC activity suppresses Trk-
mediated survival pathways in EWS cells.

We also observed a NaB-induced decrease in the levels of the mitotic marker H3 phos-
S10. During mitosis in late G2 and M phase of cell cycle, post-translational modification
phosphorylation on serine 10 of histone 3 (H3 phos-S10) is taken as a hallmark of condensed
chromatin [41]. High levels of H3 phos-S10 in oncogene-transformed cells and human cancer
cells are associated with amplified activation of the Ras-mitogen-activated protein kinase
(MAPK)-MSK1 pathway [42]. Moreover, H3 phos-S10 overexpression is associated with
chromosome instability that plays a role in the maintenance of ploidy [43] and carcinogenesis
[44]. There is a crucial role of phosphorylation on serine 10 of histone 3 at the p21 promoter to
activate p21 gene through HDAC inhibition by trichostatin A [45]. Moreover, the application
of the mathematical modeling from CPD data described by Silva et al. [26], to evaluate the
long-term effects of NaB in the EWS population size, provided a relevant information about
the behavior of EWS cells after HDAC inhibition by NaB cells, once we observed a delay in
the regrowth of the EWS cell population. In this sense, this mathematical modeling not only

contributed to understand the acute effect but also the dynamic of growth kinetic of the
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surviving population that were not eliminated by the treatment, representing an important tool
to study anticancer activities of HDAC inhibitors [19, 20, 26].

Carcinogenesis mediated by cancer stem cells may be considered a sort of epigenetic
reprograming where there is loss of expression of specific genes that control differentiation
and reactivation of genes specifying stemness [46]. Consistent with this rationale, our results
indicated that HDAC inhibition can reduce the expression of several pluripotency-associated
genes and this is associated with neurite outgrowth and expression of the neuronal
differentiation marker B-III tubulin. Some of the genes which had their expression reduced by
NaB in our experiments, including c-MYC and BMI-1, can be upregulated by transcriptional
changes induced by EWS/FLI [7, 10, 13, 15, 16, 47-49]. A microarray analysis report revealed
that HDAC inhibition by TSA suppresses pluripotency genes including as Nanog, Klf4, Sox2
and Sall4 in embryonic stem cells while activating differentiation-related genes [50]. B-III
tubulin is a neuron-specific marker and is expressed in early postmitotic and differentiated
neurons [51], hence this differentiation neuronal marker has been used to evaluate neural
differentiation in EWS [52, 53]. Our findings provide early evidence consistent with the
possibility that HDis can reprogram EWS cells towards neural differentiation, although further
experiments are required to characterize the possible neural phenotype of HDi-treated EWS
cells.

Sphere formation in cancer cell cultures is a widely used platform for cancer stem cell
expansion. Cells from tumorspheres had higher levels of pluripotency-related genes such as
OCT3/4 and BMI-1, supporting a stem cell phenotype. In addition, tumorspheres showed

higher levels of TrkB compared to cells grown in monolayer, suggesting a possible increase in
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neurotrophin signaling in EWS stem cells [54]. Importantly, NaB reduced sphere formation,
indicating that it is capable of targeting EWS stem cells.

Mechanisms other than histone acetylation may be involved in the effects of NaB in
cancer cells. Histone lysine butyrylation is another type of epigenetic post-translational mark
that can cooperate or compete with acetylation to promote gene expression programs [55-57].
Increases in butyrylation in neuroblastoma cells after exposure to SAHA have been reported
[58]. It should also be noted that NaB has been shown to enhance cAMP levels and stimulate
the activation of multiple protein kinase pathways through mechanisms at least partially
mediated by effects independent of epigenetic influences, through direct interactions with
cAMP/PKA signaling in the cytoplasm [59-61]. Thus, we cannot exclude the possibility that
NaB-induced effects on cell machinery components other than HDACs are involved in our
findings.

This study has several limitations that will need to be addressed by further experiments.
For instance, the mechanistic relationship among the actions of NaB, the reduction in EWS-
FLI1 expression, and the reduced expression of the other target genes remains highly
speculative. In addition, histone acetylation changes after HDi treatment should be measured.
Furthermore, the effects of different HDis should be compared, and confirmed in in vivo
models.

A schematic model of the biological actions of NaB in EWS is depicted in Fig. 8. This
model proposes a mechanism by which NaB acts through HDAC inhibition on transcriptional
regulators to change the differentiation status of EWS cells. Together, our results indicate that
HDis can reduce EWS growth and survival and lead to a more differentiated state. It is

noteworthy that these data are consistent with our previous findings indicating that HDis can
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impair cell growth and modulate differentiation of cells from other types of childhood
pediatric tumors possibly originating from neural stem cells, medulloblastoma and

neuroblastoma [62, 63].

Fig. 8 should be inserted here
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Figure Legends

Fig. 1 HDAC Inhibition by NaB hinders the growth of EWS cells. a HDAC activity (%) in
EWS cell lines SK-ES 1 and RD-ES after 1 h of exposure to NaB; N =4 independent
experiments. b Percent of viable SK-ES 1 and RD-ES cells after 72 h of exposure to NaB; N =
4 independent experiments. ¢ Morphology of EWS SK-ES 1 (upper panel) and RD-ES (lower
panel) cells after 72 h of NaB exposure; black arrows indicates neurite-like extensions (NE).
Scale bar: 50 um. d Heat map showing the target ICs calculated by the percentage of HDAC
activity in cells exposed to NaB for 1 h, and biological I1Cs calculated by the percent of viable
cells exposed to NaB for 72 h. e EWS-FLII mRNA levels in EWS cell lines SK-ES 1 and RD-
ES after 1.5 mM of NaB exposure for 1 and 3 h. Gene expression levels were normalized by
gapdh mRNA level and corrected by untreated EWS cells; N = 3 independent experiments.
Data in the graphs are shown as mean = SEM; * p < 0.05, ** p <0.01, *** p <0.001, **** p <

0.0001 vs. controls.

Fig. 2 Cell cycle changes induced by HDAC inhibition in EWS cells. a Cell cycle distribution
of EWS SK-ES 1 (upper panel) and RD-ES (lower panel) cells after 35 h of NaB exposure; N
= 3 independent experiments. ¢ Representative images of H3 phos-S10 level
(immunofluorescence) from SK-ES 1 (upper panel) and RD-ES (lower panel) cells exposed to
NaB for 72 h. ¢ Percent of H3 phos-S10 mean intensity (immunofluorescence) from EWS cell
lines exposed to NaB for 72 h; N = 3 independent experiments. d Western blot (upper panel) of

Cyclin D1 protein levels in EWS cells exposed to NaB for 72 h, and Relative Densitometric
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Unit (RDU) analysis (lower panel) normalized by ACTB, and corrected by control. Data in the
graphs are shown as mean £ SEM; * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001 vs.

controls.

Fig. 3 HDAC activity inhibition decreases components of signaling pathways related to
proliferation and survival in EWS cells. a Western Blot of BDNF and NGF from SK-ES 1
(left) and RD-ES (right) cells exposed to NaB for 72 h. b Percent of TrkB mean intensity
(immunofluorescence). ¢ Representative images of TrkB level (immunofluorescence) from
SK-ES 1 (upper panel) and RD-ES (lower panel) cells exposed to NaB for 72 h. d Western
Blot analysis of pERK, ERK1, pAKT(Ser473), AKT in SK-ES 1 (left panel) and RD-ES (right
panel) cells. e Radar graph showing Relative Densitometric Unit (RDU) analysis were
normalized by ACTB, except for pERK and pAKT(Ser473), which were normalized by total
ERK1 and AKT, respectively, and corrected relative to control cells. Data in the graph are
shown as mean + SEM from three independent experiments; * p < 0.05, ** p < 0.01, **** p <

0.0001 vs. controls.

Fig. 4 Persistent inhibition of cell proliferation rate and colony formation ability in EWS cells
treated with NaB. a Cumulative Population Doubling (CPD) in vitro assay schematic and
timeline. b Cumulative CPD from SK-ES1 (upper panel) and RD-ES (lower panel) EWS cells
after 72 h of NaB treatment plus 16 days in a drug free media, plus 19 days of a mathematical
prediction (total 35 days); N = 3 independent experiments. ¢ CPD profile from SK-ES1 (upper)
and RD-ES (lower) EWS cells after 72 h of NaB (5 mM). (Green square — RendCPD, Blue

diamond — rAUC, yellow circle — RPR, red triangle — RTCT, black line — LSI). d Colony
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formation in SK-ES1 (left panel) and RD-ES (right panel) cells after 72h of NaB exposure plus
10 days in a drug free media, measured by percent of colony number and size; N = 3

independent experiments. Data in the graphs are shown as mean = S.E.M; * p <0.05, ** p <

0.01, *** p <0.001, **** p <0.0001 vs. controls.

Fig. 5 Changes in the expression of pluripotency-associated genes induced by HDAC
inhibition in EWS cells. a Western Blot analysis of pluripotency-associated genes in SK-ES 1
(left panel) and RD-ES (right panel) cells after 72 h of exposure to NaB. b Radar graph
showing Relative Densitometric Unit (RDU) analyses normalized by ACTB level, and

corrected by control; * p <0.05, ** p <0.01, *** p <0.001 vs. controls.

Fig. 6 Cell complexity and differentiation of EWS cells after HDAC inhibition. a
Representative scatter plot from SK-ES 1 (upper) and RD-ES (lower) exposed to NaB for 72
h, measured by cytometric analysis. b Percent of SSC-A mean from EWS cells exposed with
the indicated concentrations of NaB for 72 h; N = 4 independent experiments. ¢ Morphology
of SK-ES 1 (upper panel) and RD-ES cells (lower panel) after 72 h of NaB exposure; black
arrows indicate neurite-like extensions (NE). Scale bar: 50um. d Western Blot analysis of the
differentiation neural marker TUBB3 (upper panel); N = 3 independent experiments, and
Relative Densitometric Unit (RDU) analyses (lower panel) normalized by ACTB, and
corrected by control. Data in the graph are shown as mean £ SEM; * p <0.05, ** p <0.01 vs.

controls.
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Fig. 7 Reduced tumorsphere formation in EWS cells after HDAC inhibition. a Percent of
number and size of EWS tumorspheres from SK-ES 1 induced with a serum-free tumorspheres
medium compared with 10% FBS medium for 9 days; N = 3 independent experiments. b
OCT3/4 and TrkB mRNA levels in SK-ES 1 cells grown in monolayer (10% FBS medium)
and tumorspheres (serum-free tumorspheres medium) induced for 9 days. Gene expression
levels were normalized by gapdh level and corrected by monolayer; N = 3 independent
experiments. ¢ Representative images from EWS tumorspheres from SK-ES1 (upper left
panel) and RD-ES (upper right panel) cells after 7 days of NaB exposure. The percentage of
EWS tumorsphere formation efficiency (TFE; i.e., number of tumorspheres normalized by the
number of plated single cells and corrected by control — shown in the lower panel - and the
size of EWS tumorspheres is shown. Only tumorspheres > 80 um were analyzed. Scale bars:
200 um (upper), 100 um (lower); N = 3 independent experiments. d Western blot of c-MYC,
BMI-1 and TrkB in SK-ES 1 cells in monolayer (ML), Tumospheres (TS) induced for 7 days,
and tumospheres exposed to 1 mM of NaB for 7 days (TS + N); N =3 independent
experiments. e Relative Densitometric Unit (RDU) analyses were normalized by coomassie
loading control, and corrected by monolayer. Data in the graphs are shown as mean + SEM; *

p <0.05, ** p<0.01, *** p <0.001, **** p <0.0001 vs. controls.

Fig. 8 Schematic model depicting biological actions HDAC inhibition by NaB in EWS. a
Unbalance between the activities of histone acetyltransferases (HATs) and histone
deacetylases (HDACsS) results in an aberrant epigenetic state that occurs often in EWS cells.
HDAC inhibitors such as NaB have been employed to revert this setting by increasing histone

acetylation and gene transcription. b As a result of epigenetic dysregulation, EWS cells present
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an aberrant expression of genes associated cell cycle, proliferation, survival, and pluripotency
pathways. HDAC inhibition by NaB leads to transcriptional change by suppressing cell cycle,
proliferation, survival, and pluripotency-associated genes, whereas de-repressing expression of
the neural differentiation protein TUBB3. ¢ A poor differentiated phenotype is a feature of
EWS. HDAC inhibition change cell fate towards increased cellular complexity, arrested cell
growth by G1-phase accumulation, decreased long-term clonal repopulation and reduced
tumorsphere formation. d Inhibiting HDAC might epigenetically reprogram EWS cells from

an undifferentiated to a more differentiated state associated with a better prognosis.
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Supplementary Table S1: Primer sequences used for qRT-PCR analysis.

Gene Primer sequence (5' - 3") Product size (bp)

EWS-FLII F: CCAAACTGGATCCTACAGCCA 120

R: AATCGTGAGGATTGGTCGGTG

F: ATGGAGAGGCAACCTGGAGA
Oct3/4 110
R: ACACTCGGACCACATCCTTC

F: TGGTGCATTCCATTCACTGT
TrkB 130
R: CGTGGTACTCCGTGTGATTG

F: GGAAGATTGAGTCGCTGGAG
Gapdh 103
R: ATACTGGCGGATCTCTT
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Abstract

Polycomb repressive complex 2 (PRC2) catalytic subunit is composed by
EZH2 and its related EZH1, which catalyze trimethylation of histone 3 H3 lysine 27
(H3K27). EZHZ2 is overexpressed in undifferentiated or poor-stroma neuroblastoma
(NB) tumors, and related to worse prognosis, here, we characterized cellular and
molecular effects of PRC2-EZH2 inhibition using pharmacological and genetic
interventions on NB cell growth. We have found that UNC-1999, a dual EZH2 and
EZH1 inhibitor, was more effective to inhibit NB cell growth than EZH2-selective
inhibitors. A significant decrease in H3K27me3 global level mediated by EZH2
catalytic depletion, re-establishes transcriptional activation of CASZ1, NTRK1, RARp
and CHDS5, tumor suppressor genes that control differentiation in NB. In an ex vivo
experiment, UNC-1999 showed a robust capability to reduce oncogenic activity of NB
xenografts tumors and prolonged murine survival. We further examined the effects of
chronic EZH2 genetic ablation (by gene silencing using a constitutive shRNA targeting
EZH2 gene) on NB tumor growth. The effect of chronic EZH2 genetic ablation,
surprisingly, led to an increase in the oncogenic activity of NB cells, followed by a
significant tumor progression observed in NB xenograft tumors. Therefore, these
results suggest that NB tumor growth probably does not rely on the PRC2-EZH2
function alone. However, dual catalytic inhibition of EZH2 and EZH1 showed to be an
effective therapeutic strategy for suppressing NB tumor growth and reactivating
differentiation gene programs.

Keywords: polycomb repressive complex 2, neuroblastoma, differentiation.
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Introduction

Aberrant activity of chromatin encoding genes, by consequence of mutation or
changes in gene expression, has been found to drive the disruption of developmental
programs in pediatric cancers (1). Resulting from a failure of normal developmental,
neuroblastoma (NB) tumors is thought to arise from neural-crest derived precursors of
the peripheral sympathetic nervous system which incompletely differentiated (2). NB
is the most common extracranial solid tumor, and is responsible for 15% of all
pediatric oncology — related deaths (3,4). Despite the current multimodal therapy have
increased overall survival rates, patients diagnosed with high risk NB (metastatic form
of disease) is still poorly effective resulting in survival rates less than 50%,
furthermore the intensity and toxicity of the treatment is responsible by morbidity in
NB patients (3). Aside from structural genomic variations, such as MYCN amplification
(20% of NB high-risk cases), hemizygous deletions of chromosomes 1p and 11q (5),
and ALK receptor tyrosine kinase activating mutations (6), genome-wide sequence
studies have revealed few recurrent somatic mutations in NB compared with adult
tumors, which include loss of function mutations and deletions in genes that encode
chromatin modifier proteins, such as ATRX (22%) and ARID1A/ARID1B (11%) in
high-risk NB patients with an older age (6-9). Recently, pharmacological inhibition
targeting the chromatin modifier enhancer of zeste homolog 2 (EZH2) has been
proposed as a novel synthetic lethal therapy for cancer cells carrying ARID1A

mutations (10).
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Extensive evidences have correlated deregulation of polycomb repressive
complex 2 (PRC2) to a variety of cancers, including neuroblastoma. Polycomb
repressive complex 2 (PRC2), that promotes tri-methylation of histone 3 at lysine 27
(H3K27) mediated by catalytic subunit (EZH2) or related EZH1, has been identified as
key enzymatic machinery in gene silencing (11), controlling different cellular
processes such as proliferation, differentiation, maintenance of cell identity and
plasticity (12). Gain-of-function mutations or overexpression of EZH2 is often
correlated with metastasis and poor prognosis of malignant hematopoietic diseases,
as well as solid tumors such as Ewing sarcoma, glioblastoma, rabdomyosarcoma
(13—16), including neuroblastoma (17). In NB tumors, EZH2 is overexpressed and is
correlated with an undifferentiated tumor phenotype, and also with a poor prognosis.
We previously revealed that EZH2 mediates the repression of a number of tumor
suppressor genes, which control differentiation, such as CASZ1 and NGFR.
Moreover, a reduction of EZH2 expression level in NB cells, by genetic silencing or
pharmacologic intervention with 3-deazaneplanocin A (DZNep), resulted in de-
repression of CASZ1, growth arrest induction and neurite extension (17). Curiously,
loss-of-function of EZH2 has been also reported to drive cancer in a context-
dependent manner, suggesting that EZH2 may play a role also as a tumor suppressor
for some types of malignancies (18-20). It has been shown that missense mutations
or mutations that generate substitutions of lysine to methionine at position 27 (K27M)
in genes encoding H3.3 and H3.1 variants in pediatric brain tumors, result in reduced
EZH2 catalytic activity mediated by H3K27me3 global level (21,22). Therefore, the

opposite roles of EZH2 found among cancers raises a concern about the effects of
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EZH2 inhibition followed by H3K27me3 depletion as a therapeutic strategy for cancer
treatment in the clinic.

Despite EZH2 and EZH1 show high homology, they not appear to be
functionally redundant, because they show different gene expression patterns
depending on cellular context. Furthermore, EZH1 shows a compensatory functional
role, in which may restore cellular H3K27me2/3 levels that could have been lost after
histone exchange or through demethylase activity (12,23). Recently, a series of highly
selective small molecule EZHZ2 inhibitors has been developed aiming to disrupt EZH2
dependent cancer. Although EZH2 inhibitors have shown high potency against
lymphomas that carrying EZH2 mutations (14,24,25), they demonstrate low efficiency
to inhibit proliferation in lymphomas carrying wild-type EZH2 (14,24,26). It may raise a
concern about the effective of EZH2 inhibitors for tumors dependent on both wild-
types EZH2 and EZH1. Among EZH2-selective inhibitors, GSK-126, GSK-343 and an
EZH2 and EZH1 dual inhibitor UNC-1999, show high selectivity for EZH2 (1,000-fold)
versus other HMTs. However, only UNC-1999 is orally bioavailable and is highly
selective also for EZH1 (approximatly10-fold) compared with GSK-343 and GSK-126.
UNC2400, an analogue of UNC1999, exhibits >1,000-fold less potency and has been
used as a control for off-target effects (14,27,28). UNC-1999 showed a potent
capability to inhibit enzymatically PRC2-EZH2 and PRC2-EZH1, in which revealed as
a novel targeted therapy to inhibit MLL-rearranged leukemia (29).

Recently, using siRNA and chemical probes targeting chromatin remodelers in
a high throughput screen assay, we identified EZH2 as one of the major druggable

targets in NB cells, in which revealed a high potency to suppress NB cell growth and
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also to induce neurite extension (30). To better understand the functional role of EZH2
in NB, we therefore have characterized cellular and molecular effects of EZH2-
selective inhibitors GSK-126, GSK-343 and an EZH2 and EZH1 dual inhibitor UNC-
1999 on cell growth of NB cells. Notably, EZH2 and EZH1 inhibitor (UNC-1999)
potently reduced NB cell growth, and proliferation, compared with GSK-343 and GSK-
126. Overall, all EZH2-selective inhibitors did not affected growth of control cells
(immortal non-transformed cells). In addition, UNC-1999 showed a higher potency to
decrease in H3K27me3 global level of NB cells in a time and dose dependent
manner. All EZH2-selective inhibitors and EZH2 and EZH1 inhibitor greatly de-
repressed tumor suppressor genes which control differentiation in NB cells, such as
CASZ1, NTRK1, RARB and CHD5. Ex vivo EZH2 and EZH1 catalytic depletion
resulted in reduction of the oncogenic activity of NB cells, which decreased tumor
growth of NB xenografts and a prolonged murine survival. Importantly, we have
demonstrated that EZH2 subunit ablation, by genetic silencing, may induce NB growth
arrest. However, chronic EZH2 ablation, when EZH1 level is intact, intriguingly,
recovered NB cell proliferative ability which resulted in an enhanced oncogenic

activity, followed by a tumor progression of NB xenografts.
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Results

Dual EZH2 and EZH1 catalytic depletion, by UNC-1999, reduces potently NB cell

growth

To assess the effect of EZH2 catalytic depletion on NB cell growth, we
evaluated the inhibitory potential of three small molecule EZH2-selective inhibitors
(UNC-1999, GSK-343 and GSK-126) in NB cell growth. JQ-1, a known potent inhibitor
of the BET family of bromodomain proteins (30), was used as a control for growth
inhibition. The cell growth assay was performed using two immortal but non-
transformed cell lines as control cells (Arpe-19 and 293T) and six human NB cell
lines, in which four of them are MYCN amplified (NGP, KCNR, IMR-32, SAN) and two
are MYCN-wt (SY5Y, NB69). Particularly, the NB cell lines SAN and NB69 harbor
ARID1A and ARID1B mutations, respectively (7).

The half maximal inhibitory concentration of the EZH2-selective inhibitors was
determined from 12 points dose response curves (0.01 — 30 uM) during exponential
growth phase (3 days of treatment), through the confluence mean measured by
Incucyte zoom (EssenBioscience). After 7 days of EZH2-selective inhibitors exposure,
control and NB cell lines were stained with EAU and Sytox AAD to assess cell
proliferation (Figure 1A). In general, all NB cell lines showed a higher sensitivity
response to UNC-1999, dual EZH2 and EZH1 catalytic inhibitor, approximately 5-fold

more potent, with a half maximal inhibitory concentration (ICsy) average of 5.36 uM,
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whereas GSK-343 and GSK-126 showed 22.07 uM, and 27.70 uM, respectively, as
represented in the heatmap (Fig. 1B).

Notably, NB cell lines with MYCN amplified and non-mutated for ARID1A/B
showed higher resistance to EZH2-selective inhibitors, compared with MYCN-wt NB
cell lines. In contrast, ARID1A/B mutated NB cell lines (SAN and NB69) demonstrated
a higher sensitivity to EZH2-selective inhibitors compared with ARID1A/B non-
mutated cell lines, except for the cell line NB69 which presented a high growth ICsg
(38.50 uM) when exposed to GSK-343. Furthermore, UNC-1999 inhibitor was
approximately 5-fold stronger in potency to inhibit NB cell growth, compared with
GSK-343 and GSK-126 inhibitors (Fig. 1B). EZH2-selective inhibitors showed a low
cytotoxicity against control cell lines compared with NB cells, which is an advantage to
reach a higher level of specificity in NB treatment (Fig. 1C). Mean of cell growth ICsg
values of control and NB cell lines are shown in Fig. 1D, following 72 -96 hours of
UNC-1999 exposure.

To explore NB cell proliferation ability upon EZH2 catalytic depletion, we
performed EdU/Sytox ADD incorporation assay after 7 days of EZH2-selective
inhibitors exposure. We found that even in a relatively low dose (3.8 uM) of EZH2-
selective inhibitors showed a potential to reduce cell proliferation of NB cells
compared with control cells (Fig. 1E). NGP and SY5Y showed a more pronounced
reduction on the capability to proliferate after 7 days of EZH2 inhibitors exposure as
shown in the heatmap (Fig. 1E). A representative experiment depicting the effect of
EZH2 and EZH1 catalytic depletion by UNC-1999 on the cell growth and proliferation

of NGP cells is shown in Figs. 1F — H. Collectively, these results indicate that, overall,
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NB cell growth is more dependent on PRC2-EZH2 and PRC2-EZH1, than PRC2-

EZH2 catalytic function alone.

Fig. 1 should be inserted here

EZH2 or dual EZH2 and EZH1 inhibitors selectively reduces H3K27me3 global

level in NB cells

Next, we sought investigate the selectivity potential of the small molecule EZH2
inhibitors (UNC-1999, and its inactive analog UNC-2400, GSK-343 and GSK126) to
inhibit EZH2 HKMT activity mediated by H3K27me3 in NB cells. H3K27me3 global
level was evaluated in NGP cells treated in a range of dose with EZH2 inhibitors and
UNC-2400, for 24, 48 and 72 hours. In addition, to determine target half maximal
inhibitory concentration 1Cso we performed a relative densitometric analysis from the
immunoblots, measured by Image j software. As expected, EZH2 inhibitors efficiently
decreased H3K27me3 global level in NGP cells in a time and dose dependent
manner (Fig. 2A — B). However, in comparison to GSK-343 and GSK-126, UNC-1999,
EZH2 and EZH1 inhibitor, led to an earlier effectiveness (24 hours) with an
approximate ICsp 0.18 uM to reduce the global level of H3K27me3 repressive mark in
NB cells (Fig. 2C), followed by an approximate 1Cso of 0.03 uM upon 48 and 72 hours.

UNC-2400 did not alter cell growth and H3K27me3 global level in NGP cells (Fig. 2A
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— B). The effectiveness of GSK-343 was intermediate with an approximate 1Csy of
0.60, 0.07, 0.02 uM upon the tested time points, respectively. GSK-126 had a delayed
effectiveness to suppress H3K27me3 compared with UNC-1999 and GSK-343,
showing no change in H3K27me3 level within 24 hours, and with a higher ICs5y 0.30
and 0.23 uM upon 48 and 72 hours (Fig. 2C). Collectively, these data implicate
directly in the mechanism of EZH2-selective inhibitors to suppress the levels of

H3K27me3, which demonstrate to be dose and time-dependent.

Fig. 2 should be inserted here

Depletion of EZH2 catalytic function de-repress tumor suppressor genes that

control differentiation programs in NB

We further investigate whether four tumor suppressor genes that control
differentiation in NB are repressed by PRC2-EZH2 catalytic function. Quantitative
MRNA expression analysis revealed a significant increase in gene expression of at
least two tumor suppressor genes after 7 days of EZH2 catalytic depletion in NB cells,
as shown in the heatmap (Fig. 2D). Both NGP and IMR-32 cells, MYCN amplified, as
already shown presented less susceptibility to EZH2-selective inhibitors in the growth
assay, compared with SY5Y. However, IMR-32 cells had a robust upregulation in the

mRNA levels of CASZ1, RARB, NTRK1, and CHD5 with a 2 2.5, 9.0, 6.0, 1.3-fold
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increase, respectively, after 7 days of exposure to EZH2 inhibitors. We were not able
to use the samples in which NB cells were treated with 10 yM UNC-1999 due to very
low cell viability. GSK343 and GSK-126 in doses of 1 or 10 uM were also effective to
increase CASZ1, NTRK1, RARB mRNA levels in at least = 1.5-fold change in IMR-32
cells, however no transcriptional change was observed in CHDS5 level (Fig. 2D).

In contrast, NGP cells showed a less pronounced overall transcriptional
response, in which only CASZ1 mRNA level were changed by all the EZH2-selective
inhibitors with = 1.5-fold change. Furthermore, RARB mRNA level were significantly
altered = 1.5-fold increase only with 10 yM of GSK-126. SY5Y, MYCN-wt and more
sensitive to EZH2-selective inhibitors in growth assay compared with IMR-32 and
NGP cell lines, particularly, showed an increased sensitivity to 10 yM GSK-343 to de-
repress CASZ1, NTRK1, RARB genes with a = 1.5-fold mRNA change. Additionally,
10 uM of GSK-126 potently increased NTRK1, RARB mRNA levels with = 2-fold
MRNA change. These data demonstrate that EZH2 catalytic function mediates
transcriptional activity of EZH2 target genes that control differentiation in NB, and it

may represent a therapeutic strategy to reprogram undifferentiated NB tumors.

Fig. 3 should be inserted here
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Long-term in vitro EZH2 and EZH1 catalytic depletion impairs anchorage-

independent growth ability of NB cells

To determine whether a long-term depletion of EZH2 catalytic function
regulates the oncogenic activity of NB cells, we evaluated the in vitro ability of NGP
cells to grow in an anchorage independent manner for 3 weeks exposed to EZH2-
selective inhibitors. EZH2 and EZH1 catalytic depletion by UNC-1999, in a dose of 5
MM, significantly reduced approximately 80% of NGP anchorage independent growth
whereas UNC-2400 did not alter. In contrast, doses of UNC-1999 and GSK-343 lower
than 5 uM resulted in a significant gain of ability to grow in an anchorage independent
manner. Similar long-term effect was observed even in the higher dose (5 uM) of the
EZH2-selective GSK-126 in NGP cells (Fig. 3A — B). These results suggest that EZH2
and EZH1 catalytic depletion is potently effective to reduce in vitro oncogenic activity

of NB cells.

Fig. 4 should be inserted here

Ex-vivo EZH2 and EZH1 catalytic depletion reduces oncogenic activity of NB

xenografts tumors

Based on the potent effect in NB cellular context, we explored UNC-1999 in

mice using subcutaneous xenografts of NGP cells previously ex-vivo exposed to the
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EZH2 and EZH1 inhibitor (UNC-1999). NGP NB xenografts tumors that underwent ex-
vivo depletion of EZH2 and EZH1 catalytic function presented a statistically significant
(p < 0.05) reduction in growth, compared with vehicle control (DMSO) (Fig. 3C). In
addition, we observed a significant improve in survival in mice carrying NGP
xenografts ex-vivo EZH2 and EZH1 catalytic depleted compared with vehicle control
(Fig. 3D). These results indicate EZH2 and EZH1 catalytic depletion by UNC-1999

may represent a potential therapy to suppress NB tumors.

Chronic EZH2 ablation enhances the oncogenic activity of NB xenografts

tumors

Next, we sought to investigate whether the dependence on PRC2-EZH2
function persists for a long-term in NB cells. Thus, we generated NB NGP cells
carrying constitutive lentiviral shRNA targeting EZH2 or target control, to evaluate the
effect of chronic EZH2 ablation on the cell growth, proliferation and oncogenic activity
of NB. Chronic EZH2 ablation in NGP cells (carrying constitutive shRNAEZH2)
resulted in reduction of approximately 70% of EZH2 protein level, as well as 80%
reduction of H3K27me3 repressive mark. EZH1 protein level did not altered (Fig. 5A —
B). Chronic EZH2 ablation resulted in reduction of only 30% of cell proliferation in NB
cells, assessed by EdU incorporation (Fig. 5C). At this point, the subset of NB cells
which is probably resistant to PRC2-EZH2 ablation or do not rely on PRC2-EZH2
function were able to proliferate. Chronic EZH2 ablation in NGP cells did not

significantly changed mRNA levels of CASZ1, NTRK1 and RAR (Fig. 5D).
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To assess the in vitro effect of chronic EZH2 ablation on the oncogenic activity
of NGP cells, we performed an anchorage-independent growth assay culturing NGP
cells carrying constitutive shRNAEZH2 and shRNATRC (target control) in soft agar for
3 weeks. Notably, chronic EZH2 ablation in NGP cells enhanced anchorage
independent growth ability compared with control (Fig. 5E). We further exploited the in
vivo effect of chronic EZH2 ablation in NGP cells, and we observed that NB
xenografts tumors with chronic EZH2 ablation presented an enhanced oncogenic
activity in tumor growth (Fig. 5F), as well as a statistically significant increase (P <
0.05) in tumor weight (Fig. 5G). A significant decrease in EZH2 and H3K27me3
protein levels and an aggressive phenotype after chronic EZH2 ablation was
observed in NB xenografts tumors. Consistent with this tumor phenotype we observed
no change in the levels of CyclinD1, H3 phos-S10 and Ki67, assessed by positive
stained cells in the immunohistochemistry analysis (Fig. 5H — 1). These findings
suggest that NB tumor growth may not only depend on PRC2-EZH2 function, in which

may not fully suppress oncogenic activity.
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Discussion

Based on evidence that EZH2 is overexpressed in a variety of cancers,
including NB, a number of chemical probes have been developed to disrupt PRC2
function. Here, we demonstrate cellular and molecular effects of PRC2-EZH2 function
depletion in NB cell growth and differentiation. In our pharmacological screen using
small molecule highly selective inhibitors targeting EZH2, or dual EZH2 and EZH1
catalytic function revealed that NB cells are more responsive to EZH2 and EZH1 than
solely EZH2 catalytic depletion. The dual EZH2 and EZH1 inhibitor, UNC-1999, and
not its inactive analog UNC-2400, potently suppressed NB cell growth, anchorage-
independent growth and NB xenografts tumor growth, assessed by in vitro and ex
vivo models. Earlier study has shown that EZH2 is overexpressed in undifferentiated
NB tumors, which is correlated with poor prognosis. In accordance, we found
antitumor effect of DZNep (17), the first EZH2 inhibitor that potently interferes with S-
adenosylhomocysteine hydrolase that depletes PRC2 function via unclear mechanism
(32), nonetheless, poor specificity and toxicity in animal models have been reported
(33,34).

In order to improve tumor suppressive activity, selectivity and reduce toxicity,
recently, small molecule inhibitors highly selectivity to EZH2 (14,24,25) or to EZH2
and EZH1 (28) have been developed, and have shown as promising therapies for
cancers that rely on catalytic function of PRC2-EZH2 or PRC2-EZH2 and PRC2-
EZH1 both. Among the EZH2-selective inhibitors, GSK-126 and EPZ6438 showed

high potency to suppress lymphoma carrying EZH2-activating mutations (14) and
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rhabdoid tumors harboring SNF5-inactivating mutations, respectively (35). UNC-1999,
the first orally bioavailable EZH2 and EZH1 dual inhibitor, has been revealed as a
novel promising therapy for MLL-rearranged leukemia (29). Additionally, SAH-EZH2,
a hydrocarbon-stapled peptide, is a pharmacological approach that disrupt EED
interaction with EZH2 and EZH1 leading PRC2 to degradation, and has been
proposed as a novel targeted therapy to suppress EZH2-dependent cancers (36).

When we evaluated the global level of H3K27me3 repressive mark in NB
cellular-context upon EZH2 catalytic depletion, UNC-1999, showed higher potency to
reduce H3K27me3 in a time and dose dependent manner compared with GSK-126
and GSK-343 EZH2-selective inhibitors. In accordance to these, it has been found
that UNC-1999 is more efficient to suppress H3K27me3 repressive mark or
proliferation of MLL-rearranged Leukemia cells, whereas GSK-126 failed (29). UNC-
2400, a close analog of UNC-1999, showed inactivity to modulate global level of
H3K27me3 repressive mark (29). Contrary to DZNep (32) or SAH-EZH2 (35), UNC-
1999, GSK-343 and GSK126 do not promote PRC2 degradation, thus, they act via
PRC2 catalytic function de-repressing EZH2 target genes which are likely silenced.

In NB cells, EZH2 binds at promoters and, consequently, causes repression of
tumor suppressor genes that control differentiation, such as CASZ1 and NGFR (17).
In the present study, a robust transcriptional activation of the tumor suppressor genes
CASZ1, NTRK1, RARB and CHD5, mediated by EZH2 catalytic depletion through
EZH2-selective inhibitors or EZH2 and EZH1 dual inhibitor was observed in NB cells.
Substantial evidences show that CASZ1, a gene frequently deleted in different types

of cancers localized in 1p36, plays a role as tumor suppressor gene in NB. Low
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expression of CASZ1 is correlated poor prognosis, whereas high expression of
CASZ1 is found in NB tumors with differentiated phenotype. CASZ1 overexpression in
NB cells resulted in growth arrest, differentiation induction, reduced cell migration and
anchorage-independent growth, and suppression of NB xenografts tumor growth (37).
Likewise, low or absence expression of CHDS5, a powerful candidate tumor
suppressor gene, is associated with a 1p36 deletion and inactivation of the second
allele through epigenetic mechanism, in NB high risk (38). Moreover, it has been
found that loss of RARB (39), NTRK1 (40) expression in patients with NB is correlated
with poor prognosis. Thus, our findings indicate that EZH2 or EZH2 and EZH1
catalytic depletion may re-establish transcriptional activation of tumor suppressor
genes that control differentiation in NB, which may represent a powerful strategy to
reprogram undifferentiated NB tumors.

In this study, we demonstrate that EZH2 ablation may initially affect cell
proliferation, however, chronic EZH2 ablation may robustly enhance oncogenic
activity of NB cells. Although we had observed a significant decrease in H3K27me3
global level, EZH2 ablation showed no potency to de-repress EZH2 target genes in
NB cells. Many studies have been targeted PRC2 catalytic function mediated by tri-
methylation of H3 lysine 27 (H3K27me3), however, the EZH2 oncogenic function may
modulate gene expression individually and independent of H3K27me3. The functional
switch dependent on EZH2 phosphorylation may occur, since EZH2 catalytic subunit,
without its methyltransferase activity, act as a transcriptional coactivator for
transcriptional factors, as observed in breast (41) and prostate (42) cancers. In

addition to these findings, in which chronic EZH2 ablation appears to enhance NB
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oncogenic activity, may also be explained by a high frequency of activating mutations
in RAS-MAPK pathway found in relapsed NBs (43), and the loss of PRC2 subunits
cooperates with RAS activation to drive tumor progression in peripheral nervous
system tumors (44). Moreover, it has been shown that co-occurrence of activating
RAS pathway mutations and SWI-SNF mutations can abrogate EZH2 dependence
and even lead to EZH2 resistance (45).

Furthermore, earlier studies have shown that loss of function of EZH2 can also
cooperate to cancer development in a context-dependent manner. In glioblastoma
EZH2 is frequently overexpressed, however a prolonged EZH2 ablation causes a
robust switch in cell fate, marked by a significant enhanced proliferation, DNA
damage repair and activation of part of the pluripotency network, which resulted in
tumor cell identity change and tumor progression (46). These findings raise a concern
about the use of EZH2 inhibition as a therapeutic strategy to treat cancers.

On the other hand, a feasible compensatory PRC2-EZH1 function may also be
another hypothesis to be addressed in NB cell context, since EZH1 remains intact
after solely EZH2 ablation, or when more selectively EZH2 methyltransferase activity
is inhibited by GSK-343 or GSK-126. A number of studies have evidenced
compensatory or divergent functions of PRC2-EZH1 and PRC2-EZH2 catalytic
subunits. As shown in embryonic stem cells, EZH1 appears to play a compensatory
role for EZH2, in which cooperates for transcriptional repression (23,47), whereas in
neurogenesis and myogenesis EZH1 and EZH2 play an opposite role, in which EZH1
have a transcriptional activation function by further RNA Pol Il elongation (48-50).

Another recent study showed that relative changes in the expression levels of the
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PRC2 catalytic subunits EZH2 and EZH1, and a switch in master lineage regulators,
from GATA2 to GATA1, regulates EZH1/2 switch, are crucial during erythroid
differentiation. Furthermore, the study also provide evidence that EZH1 together with
SUZ12 forms a non-canonical PRC2 complex, in which occupies active chromatin
domains, and consequently, modulates the gene expression in a positive manner.
And particularly, EZH2 loss expression resulted in repositioning of EZH1 chromatin
occupancy and transcriptional activity (51).

In conclusion, we show that the depletion of PRC2-EZH2 and PRC2-EZH1
functions appears to be more effective to inhibit NB cell growth rather than solely
PRC2-EZH2. In addition, decrease in H3K27me3 global level mediated by EZH2 or
EZH2 and EZH1 catalytic depletion re-establishes transcriptional activation of tumor
suppressor genes, CASZ1, NTRK1, RARB and CHD5, that control differentiation in
NB. Ex vivo experiments show that EZH2 and EZH1 catalytic depletion, by UNC-
1999, reduces oncogenic activity of NB xenografts tumors and prolong murine
survival. However, chronic EZH2 ablation did not fully impairs NB cell proliferation
ability, and enhances anchorage-independent growth and tumor growth of NB
xenografts. These findings suggest that NB tumor growth may not rely on PRC2-
EZH2 function exclusively. Together, these results have important implications
regarding the effects of EZH2 inhibition in NB cells, in which raise concerns about the
use of EZH2 inhibition as a therapeutic strategy in clinic to treat NB. Further, we
demonstrate that a careful investigation on PRC2-EZH2 functions in NB is needed to

ensure beneficial effects for NB patients.
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Fig. 5 should be inserted here

Materials and Methods

Cell culture and EZH2 inhibitors

NB cell lines used in this study are listed in Supplementary Table S1. NB cells were
cultured in RPMI-1640 supplemented with 10% FBS, 2 mM L-glutamine, 100 ug/ml
penicillin and 100 ug/ml streptomycin at 37°C in 5% CO,. Immortal but non-
transformed cell lines were used as a control for cytotoxicity (Supplementary Table
S1). For EZH2 catalytic depletion experiments, the small molecule specific EZH2
inhibitors (GSK126, Millipore Inc.; GSK343, UNC1999 from Structural Genomics
Consortium; and its inactive analog UNC2400, Tocris Bioscience) were diluted in
DMSO to the indicated concentrations in cell culture media. JQ1 inhibitor was used as
a control for growth inhibition. NB cells lines were seeded onto 384-well plate in an
initial confluence of 10 — 15%, after 24 hours the cells were treated with EZH2
inhibitors for 7 days. IncuCyte Zoom (ESSENBioSCIENCE, Ann Arbor, MI, USA) was

used to measure the NB cell growth using an integrated confluence algorithm.
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shRNAIi transduction

To assess the chronic effect of EZH2 genetic ablation on NB cell growth, NGP cell
line were plated onto 100-mm dishes at a density of 5 million cells per dish. After 24
hours, NGP cells were infected by constitutive lentiviral shRNA targeting EZH2 or
shRNA target control (Sigma-Aldrich Corp) lentivirus particles following the
manufacturer’'s protocol. The cell viability was checked using the trypan blue

exclusion method.

Cell proliferation assay

For cell proliferation assay, NB cells seeded in 96 or 384-well were incubated at 10uM
final concentration of EdU in complete media for 4 hours. Then, NB cells were fixed
for 5 min with fixative solution and added 2X Click-it reaction cocktail according to
manufacturer's protocol (Invitrogen, CA, USA). After 25 min at RT incubation
(protected from light) the cells were washed 2 or 3 times with cold 1X PBS. For DNA
staining, SYTOX AADvanced Dead Cell Stain was used according manufacturer’s
instructions (Thermo Fisher Scientific, MA, USA). After the double staining
(EdU/SYTOX AAD), NB fixed cells were washed for 2 or 3 times with cold 1X PBS
and the number of EAU and SYTOXAAD-positive cells was measured using the
integrated cell count / well algorithm of IncuCyte Zoom (ESSENBIioSCIENCE, Ann
Arbor, MI, USA). The ratio of the number of the cells in proliferative state (EdU-
positive stained) by the total number of cells (SYTOX AAD-positive stained) was

calculated.
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Anchorage independent growth assay

To assess the effect of EZH2 catalytic or non-catalytic depletion on NB anchorage
independent cell growth ability, NGP cells were cultured in 0.5% top agarose media
plated on a layer of 1.0% bottom agar/RPMI to prevent the adhesion of cells to the
culture plates. Medium containing EZHZ2 inhibitors or puromycin or tetracycline was
changed 2 or 3 times per week, during 3 weeks. NB colonies were stained with crystal

violet and the number of colonies was analyzed through Image J software.

RNA isolation and gqRT-PCR

NB cells were detached by trypsinization, washed 2 times with ice-cold 1X PBS,
and processed for RNA extraction using the RNeasy Kit (Qiagen Inc., MD, USA).
cDNA synthesis was performed with High Capacity RNA-to-cDNA Kit (Applied
Biosystems, CA, USA) according to manufacturer’s instructions. Quantitative reverse-
transcription PCR (qRT-PCR) was performed on CFX384 Touch Real Time PCR
Detection System (Bio-rad Inc., CA, USA) to evaluate NGFR, CASZ1, RARB, CHD5
gene expression using Fast SYBR Green Master Mix (Life Technologies Inc., CA,

USA). The samples were normalized to the levels of B-actin.
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Protein assays

Protein lysates were prepared from cells cultured and harvested as described
above. Immunologic detection of protein expression was performed using the
following antibodies: EZH2, H3 (Active Motif, CA, USA), CASZ1, EZH1 (Abcam,
CAMBS, UK), H3K27me3 (Millipore, DE) and GAPDH (Santa Cruz Biotechnology,
CA, USA) as loading control. For protein immunoreactivity detection, we used
enhanced chemiluminescence method (Thermo-Fisher Scientific Inc., MA, USA).
Images with different exposures of the membrane were analyzed by densitometry
using Imaged software (NIH, Bethesda, MD, USA) and the relative densitometric units
were normalized to timed control and the ratio shown under each time point and

condition.

Xenograft model

To assess the in vivo effect of EZH2 catalytic depletion on tumorigenesis of NB,
NGPwt cells were ex-vivo treated with 0.2 yM with UNC-1999, its analog negative
control UNC-2400, and the vehicle control DMSO for 48h, and after NB cells were
ressuspended in Hank's balanced salt solution and Matrigel (Trevigen) and a 100uL
cell suspension containing 2 x10° cells was placed in the subcutaneous tissue of the
right flanks of 4- to 5-week-old nude mice (Taconic). Three cohorts of mice (10 per

group) were used for the ex-vivo EZH2 catalytic depletion experiments. For chronic
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EZH2 genetic ablation, NGP NB cell lines carrying constitutive shEZH2 and shTRC
(target control), were injected in nude mice as described above. Two cohorts of mice
(20 per group) were used for the experiments. All mice received regular food. Tumors
were excised when tumors reached approximately 1.5 - 2 cm®. The dimensions
[length (L) and width (W)] of the tumors were assessed 3 times a week and the

volume was calculated as (L x W?)/2.

Immunohistochemistry

Paraffin-embedded (5 micron) sections from tumor xenograft samples were
deparaffinized, and stained with either hematoxylin and eosin (H&E) or
immunohistochemistry stains as specified. Heat-induced epitope retrieval was
performed for 36 minutes at 98°C in target retrieval buffer. Immunohistochemistry
staining was performed using antibodies specific for EZH2, Ki67, pH3 (ser10), Cyclin-
D1 (Cell Signaling) and H3K27me3 (Abcam). The image analysis of protein intensity
was performed with at least 3 fields of each xenograft tumor sample using Image J

software with the Immunohistochemistry (IHC) Image Analysis Toolbox.

Statistical Analysis

For statistical analysis, GraphPad Prism version 6.0 was used. Each assay was
performed two or three times in biologically independent assays. The significance of

differences mean + S.E.M. values was analyzed by one-way ANOVA followed by
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Tukey’s multiple comparison test or Student’s f-test. P values of < 0.05 were

considered statistically significant.
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Figure Legends

Figure 1. EZH2 catalytic depletion in neuroblastoma cells. A, In vitro experimental
methodolody scheme of EZH2 catalytic depletion in NB cells. B, Heatmap of the
inhibitory potential of the small molecule EZH2 inhibitors on the growth of control and
NB cell lines during 72 hours. JQ1 was used as a control for growth inhibition. Growth
ICs0 values are determined from 12 points dose response curves (n = 2). C, Average
of growth 1Cso of EZH2 inhibitors between control and NB cells. D, Average of growth
ICs0 between control and NB cells after 72 and 96 hours of UNC-1999 exposure. E,
Heatmap of the inhibitory potential of EZH2 inhibitors on the cell proliferation of
control or NB cells exposed to a dose of 3.75 uyM for 7days, assessed by double
staining EdU/Sytox AAD. The ratio was calculated through the number of EdU-
positive cells by the total number of cells Sytox AAD-positive (n = 2). F, Growth curves
of NGP cells upon EZH2 catalytic depletion by UNC-1999 during 120 hours (error
bars represent the SDs). G, Representative field of phase-contrast (upper panel) and
EdU/Sytox AAD stained (lower panel) of NGP cells exposed for 7 days to 3.75 uM of
UNC-1999 (Scale bar: 300um). H, Growth ICso curves of NGP cells exposed to UNC-

1999 during 120 hours. Data in graphs are shown £S.E.M.; *p < 0.05 vs. control.

176



Figure 2. Effect of EZH2 catalytic depletion on the levels of H3K27me3 and
tumor suppressor genes in neuroblastoma cells. A, H3K27me3 global level in a
time and dose course on indicated EZH2 inhibitors in NGP cells, total histone 3 H3 is
shown as loading control, assessed by western blot analysis. B, Curves of relative
densitometric analysis (RDU) of H3K27me3 global level in NGP cells exposed to
EZH2 inhibitors for 24, 48, and 72 hours. C, Determination of the inhibitory potential of
the EZH2 inhibitors on the EZH2 catalytic function by the H3K27me3 global level in
NGP cells. Target ICsy values are determined from 5 point dose response curves. D,
Heatmap showing CASZ1, NTRK1, RARB, CHD5 mRNA levels in NGP, SY5Y and
IMR-32 NB cell lines exposed to EZH2 inhibitors for 7 days, assessed by qRT-PCR.
The expression of the indicated genes was normalized to the expression level of B-

actin. All treated samples were corrected by the vehicle control (DMSO).

Figure 3. Long-term EZH2 or EZH2 and EZH1 catalytic depletion on the
oncogenic activity of neuroblastoma cells. A, Representative image of long-term in
vitro effect of EZH2 inhibitors on the anchorage independent growth ability of NGP
cells upon 3 weeks. B, Percent colony number, measured by Image J software. EZH2
treated samples were corrected by the vehicle control (DMSO), *p < 0.05, ***p <
0.001 vs. vehicle control. C, Tumor growth curve of NGP cells previously exposed for
48 hours to 0.2 yM of UNC-1999, UNC-2400 or DMSO was injected into the flanks of
Nude mice randomly segregated into 3 cohorts as indicated in the graph (10 mice per
group), the tumor volume measurements were performed from the day 7. The time

points with significant differences (*p < 0.01 vs. vehicle control, DMSO). D, The
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survival curve represents the animal group survival time from the beginning of tumor
measurements, (*p = 0.0491, UNC-1999 vs. vehicle control). Data in the graphs are

shown as mean + S.E.M.

Figure 4. Chronic EZH2 genetic ablation in neuroblastoma cells. A, Protein
expression of EZH2, EZH1 and H3K27me3 in NGP cells expressing constitutively
siRNA against EZH2 (NGPshEZH2) and no target (NGPshTRC). GAPDH and total
Histone 3 H3 were used as loading control. B, Relative densitometric analysis of
EZH2 and H3K27me3. C, Representative images of NGP cells expressing
constitutively shRNA against EZH2 (NGPshEZH2) and no target (NGPshTRC),
double-stained for EdU/Sytox AAD. Scale bar: 300um. D, Ratio between the number
of EdU-positive cells by the total number of cells Sytox AAD-positive. (**p = 0.01, is
related to NGPshEZH2 compared with NGPshTRC. (E) CASZ1, NTRK1, RARB,
CHD5 mRNA levels. The expression of the indicated genes was normalized to the
expression level of B-actin. All treated samples were corrected by NGPshTRC. E,
Chronic in vitro effect of EZH2 genetic ablation on the anchorage independent growth
ability of NGPshEZH2 cells upon 3 weeks in culture. F, Tumor growth curves of
chronic EZH2 genetic ablation in NGP cells expressing constitutively shRNA against
EZH2 (NGPshEZH2) and no target (NGPshTRC). The mutated NGP cell lines were
injected into the flanks of Nude mice randomly segregated into 2 cohorts as indicated
in the graph (20 mice per group), the tumor volume measurements were performed
from the day 7. G, Tumor weight (g). H, Percent of protein intensity of EZH2,

H3K27me3, CyclinD1, H3 phos-S10, Ki67 in NGP xenograft tumors from NGPshTRC
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and NGPshEZH2 cell lines, assessed by immunohistochemistry. (*p > 0.05, **p >
0.01, ***p < 0.001 vs. target control). |, Representative fields of immunohistochemistry

(scale bar: 100um). Data in the graphs are shown as mean = S.E.M.

Figure 5. Model of PRC2-EZH2 functional role in Neuroblastoma. A, As a result of
overexpression, the aberrant activity of PRC2-EZH2 function may result in increased
levels of H3K27me3 that is associated with repression of transcriptional activity. In
NB, EZH2 overexpression is highly correlated with undifferentiated NB tumors and
poor prognosis. Furthermore, low levels of tumor suppressor genes (TSGs) that
control differentiation, such as CASZ1, NTRK1, and high levels of cell cycle genes are
found in these poor prognosis-related NB tumors, whereas the opposite molecular
and cellular features are found in good prognosis-related NB tumors. B,
Pharmacological intervention by UNC-1999 depletes PRC2-EZH2 and PRC2-EZH1
catalytic function, by decreasing H3K27me3, re-establishing transcriptional activity of
TSGs, reduces cell growth and oncogenic activity of NB cells. C, Genetic intervention
by PRC2-EZH2 ablation depletes solely EZH2 level, whereas EZH1 level remains
intact, resulting in a decreasing of H3K27me3. Acute PRC2-EZH2 ablation initially
reduces NB cell growth, however, chronic PRC2-EZH2 ablation, intriguingly recovers
NB cell growth and the remaining NB cells appear to have enhanced oncogenic
activity which may result in tumor progression. Although a significant decrease in

H3K27me3 upon PRC2-EZH2 ablation, no change in TSGs is observed.
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Figure 4.
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Figure 5.
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4. DISCUSSAO

A acetilagcdo e metilagdo (modificagdes poés-traducionais de histonas) sao
componentes abundantes do epigenoma que regulam os estados da cromatina
influenciando diretamente diversos processos celulares criticos como transcricao,
proliferacdo, apoptose, e reparo do DNA. Padrées aberrantes de modificacbes de
histonas tém sido associados a um grande numero de tumores malignos humanos
(ARROWSMITH et al.,, 2012; FEINBERG; TYCKO, 2004; JONES; BAYLIN, 2002).
Com o potencial de reverter esse padrdo epigenético aberrante encontrado no
cancer, atualmente diversas enzimas modificadoras da cromatina tém sido alvo de
estudo e de desenvolvimento para novas estratégias terapéuticas (JONES; ISSA;
BAYLIN, 2016).

Considerando que tumores pediatricos apresentam baixo ou nenhum grau de
diferenciagcdo, uma abordagem farmacolégica utilizando a modulagdo de enzimas
modificadoras da cromatina tem sido uma estratégia para reverter o estado
epigenético aberrante desses tumores, que por consequéncia inibe o crescimento
celular e leva a um estado mais diferenciado. Em nosso primeiro estudo
(apresentado na sec¢ao 3.1) o principal objetivo foi avaliar o efeito in vitro da inibicéo
da atividade de HDAC por NaB sobre o crescimento, proliferacdo, sobrevivéncia e
diferenciacao celular em linhagens de SE (SK-ES1 e RD-ES). Observamos que NaB
inibe eficientemente a atividade global de HDAC em duas linhagens celulares de SE,
bem como o crescimento celular, proliferagado a longo prazo e formagao de colbnias.
Foram observados valores semelhantes de ICsy para a inibicdo da atividade de
HDAC e para diminuicdo do crescimento celular em ambas as linhagens celulares.
Além disso, NaB provocou parada no ciclo celular marcada por um acumulo na fase
G1, o que da suporte a estudos anteriores que demonstraram o efeito de NaB na
inducdo de parada no ciclo celular particularmente na fase G1, acompanhado de

apoptose e/ou diferenciagdo em diversos tipos de células tumorais (incluindo, células
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de linfoma, cancer de mama, cancer de colorretal, osteossarcoma) (ARCHER et al.,
1998; BARNARD; WARWICK, 1993; CHOPIN et al., 2004; JIANG et al., 2012; WANG
et al., 2006; XIE et al., 2016).

A regulagao aberrante do ciclo celular em diversos tumores malignos humanos
€ impulsionada pela superexpressao das ciclinas D (ciclina D1, D2 e D3) (CASIMIRO
et al.,, 2012; HUNTER; PINES, 1994; MUSGROVE et al.,, 2011). A ciclina D1 é
superexpressa em tumores de SE, assim como nas células de SE RD-ES (ZHANG et
al., 2004). Em nosso estudo, a inibigdo de HDAC por NaB resultou huma diminuigao
do nivel da proteina ciclina D1 em ambas as linhagens celulares de SE, o que é
semelhante ao que foi reportado em células neuroblastoma (LORENZ et al., 2011).
Dessa forma, o nivel de expressao da ciclina D1, uma proteina reguladora da fase
G1, pode representar um componente importante para controlar a parada no
crescimento celular antes da diferenciacdo em células de SE.

A indugao do acumulo de células poliploides € um mecanismo proposto pelo
qual HDis controlam o crescimento de células tumorais, através da sintese de DNA
continuada e falha na citocinese (XU et al., 2005). Como por exemplo, SAHA induziu
o aumento de células poliploides em linhagens de céancer de célon e mama,
resultando em inducdo de senescéncia celular. Além disso, este efeito € mais
pronunciado em células que carregam p21WAF1 ou p53 defeituosos (XU et al.,
2005). Além desses estudos foi demonstrado que NaB pode afetar a distribuigdo
cromossOmica, resultando em poliploidia e erros de distribuicdo numérica
cromossbmica (aneuploidia) de linhagens celulares transformadas (GOMEZ-
VARGAS; VIG, 2002). Ao contrario do que a grande maioria dos estudos propdéem na
literatura, no presente trabalho, nés observamos uma significativa redugcdo da
proporgao de células poliploides na linhagem RD-ES apds exposi¢ao ao NaB.

A inibicdo de HDAC induziu uma redugcdo nos niveis transcricionais da
proteina oncogénica EWS-FLI1, bem como alteragcbes em vias que controlam
proliferacdo e sobrevivéncia em células de SE, incluindo componentes da via de
sinalizagdo de neurotrofinas. Em outros tipos de canceres pediatricos e

neuroendodcrinos, a expressao diferencial de neurotrofinas e dos receptores Trk estao
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associados ao prognéstico do paciente assim como propriedades do tumor, que
incluem angiogénese, metastase e quimiossensibilidade (THIELE; LI; MCKEE, 2009).
Recentemente, demonstramos que os tumores de SE expressam os receptores de
Trk e a inibicdo da sinalizacao de Trk resultou em um crescimento celular reduzido e
em uma maior quimiossensibilidade (HEINEN et al., 2016). No presente trabalho,
observamos que os niveis de proteina NGF e BDNF sao reduzidos em células SE
expostas ao NaB, e isto foi acompanhado por redugdes nos componentes das vias
ERK e AKT. Dado que as neurotrofinas medeiam a sobrevivéncia neuronal através
da ativacdo de ERK, fosfatidilinositol 3-quinase (PI3K) e fosfolipase Cy (PLC- y)
(REICHARDT, 2006) os nossos dados sao consistentes com um modelo em que a
inibicdo da atividade global de HDAC suprime a sobrevivéncia mediada por Trk em
células SE.

Além disso, nds observamos uma redug¢ao nos niveis proteicos do marcador
mitético H3 phos-S10 apds a inibicao da atividade de HDAC por NaB em células de
SE. Durante a mitose, em estagios tardios de G2 e mitose do ciclo celular, a
modificagao pds-traducional, fosforilagdo na serina 10 da histona 3 (H3 phos-S10), é
identificada como uma marca caracteristica de cromatina condensada (HANS;
DIMITRQOV, 2001). Niveis elevados de H3 phos-S10 em células transformadas com
oncogenes e em células tumorais estdo associados com a ativagdo amplificada da
via de sinalizagao da proteina cinase ativada por mitdégeno via RAS (MAPK-MSK1)
(STRELKOV; DAVIE, 2002). Além disso, a superexpressdo da H3 phos-S10 esta
relacionada com instabilidade cromossémica desempenhando um papel na
manutencdo da ploidia e carcinogénese (ESPINO et al., 2009; OTA et al., 2002).
Também foi demonstrado um papel indispensavel da fosforilacdo na serina 10 da
histona 3 para ativar o promotor do gene p21 em resposta a inibigcdo da atividade de
HDAC por tricostatina A (SIMBOECK et al., 2010).

Em nossas avaliagdes sobre o efeito antiproliferativo de NaB a longo prazo,

nos observamos uma robusta reducdo na taxa de proliferacdo das células de SE
por um longo periodo (16 d) ap6s a exposicéo das células de SE ao NaB. Além

disso, estas analises demonstraram que NaB produziu um significativo atraso na
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recuperacao do crescimento da populacdo de células de SE, através da analise do
perfil das curvas de duplicagdo cumulativa da populagédo (CPD — cumulative
population doubling) (SILVA et al., 2016). Consistente com esses dados, estudos
em diferentes células tumorais (neuroblastoma, glioma) ja demonstraram um
potencial antiproliferativo de NaB sozinho ou combinado a outros agentes quimicos
(ATRA, quercitina, resveratrol) que é persistente por um longo periodo (ALMEIDA et
al., 2016; VARGAS et al., 2014) Além desses efeitos antiproliferativos de NaB, nos
verificamos que NaB reduziu significativamente a capacidade das células de SE
crescerem em colbnias, estando de acordo com o estudo que demonstrou um alto
potencial NaB para reduzir a capacidade de formagao de colénias de trés linhagens
de meduloblastoma ao longo de 7 a 10 dias (NOR et al., 2013). Estas analises
sugerem que a inibicdo da atividade de HDAC pode representar uma estratégia
terapéutica promissora para reduzir o potencial proliferativo de células de SE. E a
partir destes dados é possivel determinar em que ponto intervir para evitar a
reativacdo do crescimento celular exponencial o que € crucial para eliminar
completamente as células de SE.

A carcinogénese mediada por células tronco tumorais pode ser considerada
uma espécie de reprogramagao epigenética na qual a expressdo de genes
especificos que controlam a diferenciacédo é perdida e a expressao de genes que
controlam caracteristicas celulares mais imaturas ou tronco (stemness) é reativada
(SHUKLA; MEERAN, 2014). Em concordancia com esse racional, nossos resultados
demonstraram que a inibigdo da atividade global de HDAC por NaB possui um
grande potencial para suprimir genes associados a pluripoténcia, e isto esta
associado a um aumento da complexidade celular e da expressdo do marcador de
diferenciagdo neuronal [B-lll tubulina, e consequentemente uma alteragdo na
morfologia das células de SE marcada pelo aparecimento de extensdes curtas do
tipo neuriticas. Uma analise de microarranjo revelou que a inibicdo de HDAC por TSA
suprime genes associados a pluripoténcia, tais como Nanog, Klf4, Sox2 e Sall4, em
células tronco embrionarias, e coordenadamente ativa genes que controlam a
diferenciacao (KARANTZALI et al., 2008). O marcador neuronal de diferenciagao B-llI
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tubulina tem sido empregado para avaliar a diferenciagdo neural em células de SE,
devido a sua expressao presente em estagios pds-mitéticos e em neurdnios recém-
diferenciados (YANG et al., 2004), portanto, este marcador neuronal de diferenciagao
tem sido utilizado para avaliar a diferenciacdo neural em SE (ROCCHI; MANARA,
2010; VENTURA et al.,, 2015). Estes resultados suportam a hipotese de que a
inibicdo da atividade de HDAC por NaB pode reprogramar epigeneticamente as
células de SE para um estado de diferenciacado neural.

A formacao de esferas em culturas de células de cancer € uma plataforma
amplamente utilizada para a expansao de células-tronco tumorais. Em nosso estudo,
nos observamos que as células das tumoresferas apresentaram niveis mais elevados
de genes relacionados a pluripoténcia, tais como Oct3/4 e BMI-1, suportando um
fendtipo de células tronco. Além disso, as tumoresferas apresentaram niveis mais
elevados de TrkB em comparacdo com células cultivadas em monocamada,
sugerindo um possivel aumento na sinalizagdo de neurotrofina em células tronco
tumorais de SE (CHOPIN et al.,, 2016). Adicionalmente, NaB apresentou um
consistente efeito para reduzir a formacédo de tumoresferas, indicando uma potente
capacidade para eliminar células tronco tumorais de SE.

Outra hipotese é a possibilidade de que outros mecanismos de modificagdes
de histonas, diferentes da acetilacdo, possam estar envolvidos nos efeitos de NaB
em células de cancer. Recentemente, a butirilacdo da lisina em histonas foi descrita
como uma nova marca epigenética (modificacdo pds-translacional de histonas) que
pode cooperar ou competir com acetilagao para promover a expressao génica (CHEN
et al.,, 2007; CHOUDHARY et al., 2014; GOUDARZI et al., 2016). Aumentos na
butirilacdo foram relatados em células de neuroblastoma apds exposicdo ao HDi
SAHA (XU et al., 2014). Deve-se observar também que NaB provocou aumento nos
niveis de cAMP e estimulou a ativacdo de multiplas vias de proteina cinase através
de mecanismos de interacbes diretas com a sinalizacdo de cAMP/PKA no
citoplasma, mostrando que os efeitos de NaB sao pelo menos parcialmente
mediados por efeitos independentes de modificagdes epigenéticas (PRASAD;
SINHA, 1976; RIVERO; ADUNYAH, 1996, 1998). Por essa razdo, nao podemos
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excluir a possibilidade de que os efeitos induzidos por NaB também afetem outros
componentes do epigenoma e da maquinaria celular em SE.

Contudo, nosso estudo propde que o mecanismo de NaB através da inibicdo
da atividade de HDAC suprime reguladores transcricionais que controlam o estado de
pluripoténcia em células de SE e reestabelece a atividade transcricional do marcador
de diferenciacdo neural TUBB3. Juntos, nossos resultados indicam que os HDis
podem reduzir o crescimento e a sobrevivéncia, e direcionar células de SE para um
estado diferenciado, representando assim uma estratégia potencialmente util para
tratar tumores de SE.

Na segunda parte deste trabalho (apresentado na secdo 3.2), noés
demonstramos os efeitos celulares e moleculares da deplecdo da fungdo PRC2-
EZH2 no crescimento, diferenciagcdo e atividade oncogénica de células NB. O
complexo repressivo polycomb 2 (PRC2), que promove a trimetilagdo da histona 3 na
lisina 27 (H3K27) mediada pela subunidade catalitica EZH2 ou seu homdlogo EZH1,
foi identificado como um mecanismo enzimatico que esta associado ao silenciamento
génico (CZERMIN et al., 2002). PRC2-EZH2 controla diferentes processos celulares
criticos como proliferagao, diferenciacdo, manutencdo da identidade celular e
plasticidade (MARGUERON; REINBERG, 2011).

Diversos estudos correlacionaram a desregulagdao de PRC2-EZH2 com uma
variedade de canceres. Mutagbes de ganho de fungdo ou superexpressao de EZH2
estdo associadas a metastases e pior progndstico em doencas hematopoiéticas
malignas, bem como em tumores sdlidos, tais como, sarcoma de Ewing,
glioblastoma, rabdomiossarcoma (CIARAPICA et al., 2014; LI et al., 2013; MCCABE
et al., 2012; RICHTER et al., 2009). Os tumores de NB s&o altamente agressivos e
possuem caracteristicas histopatolégicas com pouca ou nenhuma evidéncia de
diferenciacao, nesse sentido, € pensado que estes tumores séo o resultado de uma
falha do desenvolvimento normal, e que se originam de precursores derivados da
crista neural do sistema nervoso simpatico periférico, os quais sofreram uma
diferenciagcdo incompleta (LAWLOR; THIELE, 2012; RATNER et al.,, 2016). Foi

demonstrado que a superexpressdao de EZH2, proteina de PRC2 que limita a
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diferenciagcao em diversos tecidos, € critica para manter o estado indiferenciado de
tumores de NB através da repressdo epigenética de multiplos genes supressores
tumorais, e além disso esta associada com pior prognostico (WANG et al., 2012).

Com base na evidéncia de que EZH2 é superexpresso em uma variedade de
canceres, diversas sondas quimicas para inibir a funcdo PRC2-EZH2 tém sido
desenvolvidas. DZNep, um inibidor hidrolase S-adenosilhomocisteina, foi o primeiro
descrito na literatura que demonstrou atividade para inibir a fungdo PRC2-EZH2, no
entanto o mecanismo pelo qual inibe PRC2-EZH2 é ainda desconhecido (TAN et al.,
2007). Em NB, foi demonstrado um potente efeito antitumoral por DZNep, marcado
pela reducdo nos niveis proteicos de EZH2, e da marca repressiva H3K27me3, e
pela redugao do crescimento de tumores de xenoenxerto de NB (WANG et al., 2012).
Em contrapartida, DZNep demonstrou pouca especificidade, pois apresenta atividade
para inibir outras histonas metiltransferases, tal como SETDB1 (H3K9me3); e além
disso demonstrou alta toxicidade em modelos animais (LEE; KIM, 2013; MIRANDA et
al., 2009).

Com o intuito de melhorar a atividade antitumoral, seletividade e reduzir a
toxicidade, recentemente, diversos inibidores de pequenas moléculas altamente
seletivos para EZH2 (KNUTSON et al., 2012b; MCCABE et al., 2012; Ql et al., 2012)
ou para EZH2 e EZH1 (KONZE et al., 2013) foram desenvolvidos. Estes inibidores
tém sido apresentados como terapias promissoras para canceres que dependem da
funcao catalitica de PRC2-EZH2 ou de ambas subunidades PRC2-EZH2 e PRC2-
EZH1. Em nossa triagem farmacoldgica utilizando inibidores de pequenas moléculas
altamente seletivos para a fungao catalitica de EZH2 (GSK-126 e GSK-343), e para
ambos EZH2 e EZH1 (UNC-1999) n6és observamos que as células NB sdo mais
responsivas a dupla deplegdo catalitica de EZH2 e EZH1 (UNC-1999) em
comparagao a deplecao catalitica de EZH2 exclusivamente. Além disso, o duplo
inibidor de EZH2 e EZH1, UNC-1999, e ndo o seu analogo inativo UNC-2400,
suprimiu potentemente o crescimento de células NB, bem como o crescimento
independente de ancoragem e o crescimento de tumores de xenoenxertos de NB,

avaliado por modelos in vitro e ex vivo. UNC-1999, o primeiro inibidor duplo para
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EZH2 e EZH1 oralmente biodisponivel, foi revelado como uma nova e promissora
terapia para leucemias do subtipo MLL — rearranjadas. Consistente com 0s nossos
resultados, UNC-1999 demonstrou uma potente inibicdo do crescimento de células
de leucemia de subtipo MLL-rearranjadas e prolongou a sobrevivéncia murina em
modelo animal com MLL-AF9 (KONZE et al., 2013). Outros estudos utilizando a
deplecéo da fungdo de PRC-EZH2 como estratégia terapéutica demonstraram que os
inibidores GSK-126 e EPZ6438 tém um potente efeito antitumoral na supressao de
linfomas que carregam mutagdes ativadoras de EZH2 (MCCABE et al., 2012), e de
tumores rabddides que carregam mutagdes inativadoras de SNF5 (subunidade do
complexo remodelador da cromatina SWI-SNF) (KNUTSON et al., 2013),
respectivamente. Além desses, o peptideo com hidrocarbonetos em forma de
grampo, SAH-EZH2, que degrada o complexo PRC2 pela interrup¢cédo da interagao
entre a proteina EED com EZH2 ou EZH1, foi proposto como nova terapia para
supressao de canceres dependentes da fungdo PRC2-EZH2 (KIM et al., 2013).

Quando nds avaliamos o nivel global da marca repressiva H3K27me3 no
contexto celular de NB apds a deplecao catalitica de EZH2, UNC-1999, demonstrou
maior poténcia para reduzir H3K27me3 de um modo dependente de dose e de tempo
em comparagao com GSK-126 e GSK-343. UNC-2400, analogo inativo de UNC-
1999, nao alterou os niveis da marca repressiva H3K27me3. Consistente com esses
resultados foi demonstrado que UNC-1999, e ndo UNC-2400, apresenta maior
eficiéncia para suprimir H3K27me3 ou a proliferacdo de células de leucemia do
subtipo MLL — rearranjada ao passo que GSK-126 falhou (XU et al., 2015a). Ao
contrario do DZNep ou SAH-EZH2, os inibidores UNC-1999, GSK-343 e GSK-126
nao promovem a degradagao de PRC2, o mecanismo envolve a inibicdo da atividade
enzimatica de PRC2-EZH2 através de uma via competitiva S-adenosil-I-metionina; o
que provoca reducao nos niveis de H3K27me3, e consequentemente restabelece a
expressao de genes alvos de EZH2, que possivelmente estavam silenciados (KONZE
et al., 2013; MCCABE et al., 2012; VERMA et al., 2012).

Em NB, ja foi demonstrado que EZH2 se liga aos promotores, e

consequentemente, causa a repressdo de genes supressores tumorais que
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controlam diferenciagao, tais como CASZ1, NGFR, CLU, RUNX3 (WANG et al.,
2012). No presente trabalho, nés observamos uma robusta ativagcéo transcricional
dos genes supressores tumorais CASZ1, NTRK1, RARB e CHD5, mediada pela
deplecéo catalitica de EZH2. Evidéncias substanciais mostram que CASZ1, um gene
frequentemente deletado em 1p36 em diferentes tipos de canceres, desempenha um
papel de gene supressor tumoral controlando a diferenciagdo em NB. A baixa
expressao de CASZ1 esta correlacionada a um pior progndstico, enquanto que a alta
expressao € encontrada em tumores de NB com fendétipo diferenciado. Além disso, a
superexpressao de CASZ1 em células de NB resultou em reducdo no crescimento
celular, migracéo celular, crescimento independente de ancoragem, indugao de
diferenciacao, e supressao do crescimento de tumores de xenoenxerto de NB (LIU et
al., 2011). CHD5, um poderoso gene supressor tumoral candidato, apresenta uma
baixa ou ausente expressao em NB de alto risco, e isto também esta associado a
delecdo em 1p36 e a uma inativagcdo do segundo alelo através do mecanismo
epigenético (FUJITA et al., 2008). Além disso, verificou-se que a perda da expressao
de RARB (CHEUNG et al., 1998) e NTRK1 (LIGHT et al., 2012) em pacientes com
NB esta correlacionada a um pior progndstico. Portanto, nossos resultados indicam
que a deplecao catalitica de EZH2 ou de ambas subunidades EZH2 e EZH1 pode
restabelecer a atividade transcricional de genes supressores tumorais que controlam
a diferenciacdo em NB.

Embora, uma diminuig¢ao significativa no nivel global de H3K27me3 tenha sido
observada apds a ablagcédo genética cronica de EZH2 (utilizando shRNA constitutivo
para EZH2), curiosamente isto ndo reestabeleceu transcricionalmente os genes
supressores tumorais, alvos de EZH2 utilizados neste estudo. Grande parte dos
estudos tem sido dirigido para a inibicdo da funcado catalitica de PRC2-EZH2,
mediada pela trimetilagdo de H3K27, no entanto, alguns estudos demostraram que
EZH2 pode apresentar uma funcido independente de sua atividade como histona
metiltransferase. Como alternativa, EZH2, dependendo do contexto celular, pode agir

como um coativador transcricional interagindo com fatores de transcricao criticos na
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oncogénese, sendo esta uma mudanga funcional dependente de fosforilagdo (LEE et
al., 2011; XU et al., 2012).

A ablagao genética cronica de EZH2 nao aboliu completamente a proliferagcao
celular, e interessantemente, induziu um aumento substancial no crescimento
independente de ancoragem (in vitro) e um aumento nos tumores de xenoenxerto de
NB (ex vivo). Uma possivel hipotese para explicar estes resultados € demonstrada
em estudos que correlacionaram a presenca de mutacdes ativadoras da via RAS-
MAPK (encontradas com alta frequéncia em tumores de NBs recidivados) com a
perda de subunidades de PRC2, pois estas cooperam para a ativacdo de RAS
resultando em progressdo tumoral em tumores do sistema nervoso periférico (DE
RAEDT et al., 2014; ELEVELD et al., 2015). Além disso, a coocorréncia de mutagdes
ativadoras da via RAS com mutagdes em SWI-SNF esta associada a resisténcia a
inibicdo de EZH2 (DE RAEDT et al., 2014; ELEVELD et al., 2015; KIM et al., 2015).
Consistente com esta hipotese, foi demonstrado que a perda de funcdo de EZH2 a
longo prazo também pode cooperar para o desenvolvimento do cancer dependendo
do contexto celular. Em glioblastoma, EZH2 é frequentemente superexpresso, no
entanto, a ablagédo genética prolongada de EZH2 provocou uma robusta mudanga na
identidade dessas células, marcada por um aumento significativo na proliferacéo
celular, reparo de danos no DNA e ativacdo de genes associados a pluripoténcia, o
que levou a uma progressao tumoral (DEVRIES et al., 2015). Estes resultados
levantam uma importante preocupacao sobre o uso da inibicdo de EZH2 como uma
estratégia terapéutica para tratar canceres.

Por outro lado, uma possivel fungao complementar de PRC2-EZH1 também
pode ser considerada como hipétese a ser abordada no contexto das células NB,
uma vez que os niveis de EZH1 permanecem intactos apds a ablagao de EZH2 ou
quando a inibicdo da atividade catalitica é seletivamente maior para EZH2 do que
para EZH1 pelos inibidores GSK-343 ou GSK-126. De acordo com essa hipotese,
diversos estudos evidenciaram fungdes compensatérias ou divergentes das
subunidades cataliticas PRC2-EZH1 e PRC2-EZH2. Apesar de seu papel

compensatoério fraco quando a expressao de EZH2 é perdida no contexto celular de
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células tronco embrionarias (SHEN et al., 2008), na literatura atual ndo esta claro se
a funcao primaria de EZH1 é semelhante ou distinta da funcdo de EZH2 no controle
da transcricdo durante o desenvolvimento (EZHKOVA et al., 2011; MARGUERON et
al., 2008). Em outro contexto celular como na neurogénese e miogénese EZH1 e
EZH2 desempenham papéis opostos, em que EZH1 apresenta a fungao de promover
a elongacao transcricional uma vez que interage com o complexo RNA Pol Il
(HENRIQUEZ et al., 2013; MOUSAVI et al.,, 2012; STOJIC et al.,, 2011). Mais
recentemente, foi demonstrado que durante a diferenciagao eritroide, as subunidades
cataliticas EZH1 e EZH2 sofrem uma mudanca de expressdao controlada por
reguladores mestre linhagem especificos. E além disso, EZH1 juntamente com
SUZ12 formam um complexo PRC2 nao canbnico, no qual ocupa dominios ativos da
cromatina e, consequentemente, modula a expressdo génica positivamente. A perda
da expressédo de EZH2, através de shRNA, resulta no reposicionamento global de
EZH1 em promotores com a marca repressiva H3K27me3 que previamente foram
ocupados por EZH2, tais como o conjunto de genes HOXA e HOXD (alvos
conhecidos de PRC2) (XU et al., 2015b).

Em resumo, nossos dados indicam que a inibicao catalitica de EZH2 e EZH1 é
uma estratégia terapéutica efetiva para suprimir o crescimento das células e tumores
de xenoenxerto de NB. Além disso, a inibicdo catalitica de EZH2 ou de ambas
subunidades EZH2 e EZH1 reativaram programas génicos envolvidos na
diferenciagdo, o que corrobora com a hipotese de que o complexo PRC2-EZH2
medeia o silenciamento epigenético de genes supressores tumorais que controlam
diferenciacdo em NB (WANG et al.,, 2012). Assim, & importante ressaltar que no
contexto celular de NB é possivel que EZH1 desempenhe uma fungao importante,
podendo esta ser complementar quando a expressao de EZH2 é perdida, assim
como observado por Xu e col. (2015b). Adicionalmente, estes resultados
apresentaram implicagdes importantes sobre os efeitos da inibicdo catalitica
exclusiva de EZH2 em células NB, nas quais levantam ressalvas sobre o uso de
inibidores mais seletivos para EZH2 como uma estratégia terapéutica na clinica para

tratar NB. Portanto, a compreensao das funcionalidades das subunidades EZH2 e
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EZH1, dependentes ou ndo do complexo repressivo PRC2 no contexto celular de NB,
€ crucial para que, assim, possamos garantir efeitos benéficos para os pacientes com
NB.
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S.

CONCLUSOES E PERSPECTIVAS

Conclusoes

Manuscrito |

a. A inibicao da atividade global de HDAC por NaB potentemente suprime
a atividade transcricional de EWS-FLI1, bem como vias de proliferacao,
sobrevivéncia e pluripoténcia, provocando uma mudanca na identidade das
células de SE para um estado mais diferenciado (observado pelo aumento da
complexidade celular, TUBB3 e alteracdo morfolégica caracteristica de

extensdo neuritica);

b. O efeito da inibigao da atividade de HDAC por NaB é persistente por um
longo periodo, causando um atraso significativo no recrescimento de células
de SE;

c. A inibicdo da atividade de HDAC (5 mM NaB) suprime completamente o

crescimento e sobrevivéncia de tumoresferas de SE;
d. Portanto, a inibicao da atividade de HDAC por NaB pode representar

uma estratégia farmacoldgica efetiva para reverter o estado epigenético

aberrante de células de SE.

Manuscrito Il

a. UNC-1999, um inibidor de ambas subunidades cataliticas EZH2 e EZH1
de PRC2 representa uma nova e promissora estratégia terapéutica para a

supressao do crescimento de tumores de NB, uma vez que potentemente
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suprimiu a proliferagao celular, o crescimento independente de ancoragem e o

crescimento de tumores de xenoenxerto de NB;

b. A inibicao catalitica de EZH2 (GSK-343 ou GSK-126) ou de ambas
subunidades EZH2 e EZH1 (UNC-1999) reativaram programas génicos
envolvidos na diferenciacdo de NB, através de uma robusta redu¢ao na marca

repressiva H3K27me3;

C. A ablacdo genética cronica de EZH2 provavelmente alterou a
identidade das células de NB, conferindo a elas uma maior capacidade de
crescerem independente de ancoragem, bem como uma maior atividade
oncogénica promovendo progressdo tumoral, observada pelo aumento no

crescimento de tumores de xenoenxerto de NB;

d. Estes resultados apresentam implicagdes importantes sobre os efeitos
da inibicdo exclusiva de EZH2 em células NB, nas quais levantam ressalvas
sobre o uso de inibidores mais seletivos para EZH2 como uma estratégia

terapéutica na clinica para tratar NB.

Perspectivas

Manuscrito |

a. Avaliar os niveis de expressao de proteinas-chave das vias associadas
as CTTs (Wnt, shh, Notch);

b. Investigar o efeito da inibicdo da atividade de HDAC na capacidade de

proliferacdo ilimitada, autorrenovacdo e recapitulagdo de tumores da
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subpopulagao de células tronco tumorais de SE através do ensaio de diluicao

limitante in vivo;

C. Acessar o perfil global do transcriptoma de células e tumores de

xenoenxerto de SE apds a inibigao da atividade de HDAC.

Manuscrito Il

a. Acessar o perfil global do transcriptoma em células e tumores de
xenoenxerto de NB apds a inibicdo catalitica de EZH2 ou de ambos EZH2 e

EZH1 por intervengao farmacoldgica;

b. Acessar o perfil global do transcriptoma em células e tumores de

xenoenxerto de NB apds a ablagdo genética cronica de EZH2;

c. Avaliar o efeito da ablagédo genética cronica de EZH2 por silenciamento
génico em linhagens de NB que carregam mutagdes em SWI-SNF (NB69,
NB16, SMS-SAN);

d. Investigar o papel funcional da subunidade catalitica EZH1, no

crescimento, proliferacdo, diferenciagao celular e no perfil transcricional de

diferentes linhagens de NB através do silenciamento génico.
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Dados suplementares

ANEXO |

Nesta parte da tese sao apresentados dados adicionais relativos a secido de

manuscrito 3.1.
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Figure 19 Distribuicao do ciclo celular das linhagens de sarcoma de Ewing em
diferentes tempos de exposigdao a NaB. (A) Ciclo celular da linhagem SK-ES 1
exposta a NaB por 35 h (a esquerda) e 72 h (a direita). (B) Ciclo celular da linhagem

RD-ES exposta a NaB por 35 h (a esquerda), 60 h (ao meio) e 72 h (a direita).
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SUMMARY

Given the paucity of druggable mutations in high-risk neuroblastoma (NB), we undertook chromatin-focused
small interfering RNA and chemical screens to uncover epigenetic regulators critical for the differentiation
block in high-risk NB. High-content Opera imaging identified 53 genes whose loss of expression led to a
decrease in NB cell proliferation and 16 also induced differentiation. From these, the secondary chemical
screen identified SETD8, the H4"?°™®" methyltransferase, as a druggable NB target. Functional studies re-
vealed that SETD8 ablation rescued the pro-apoptotic and cell-cycle arrest functions of p53 by decreasing
p53K382mel leading to activation of the p53 canonical pathway. In pre-clinical xenograft NB models, genetic
or pharmacological (UNC0379) SETDS inhibition conferred a significant survival advantage, providing evi-
dence for SETD8 as a therapeutic target in NB.

INTRODUCTION propensity to differentiate, is thought to arise from a failure of

sympathoadrenal progenitors to differentiate (Schulte and

Alterations in epigenetic machinery, including mutations or over-
expression of chromatin remodelers and modifiers, as well as
DNA hypermethylation, can disrupt normal development, result-
ing in pathologies, including cancer (Arrowsmith et al., 2012;
Jones and Baylin, 2007). Neuroblastoma (NB) is a neural crest-
derived tumor and, based on its histology, transcriptome, and

Eggert, 2015). Genetic and epigenetic regulators have been
implicated in the undifferentiated status of high-risk NB (HR-
NB) tumors (Lawlor and Thiele, 2012).

NB accounts for 15% of all deaths in children due to cancer.
Despite intense multimedality treatment, the current therapy
for NB is still inadequate for 50% of HR-NB patients and has

Significance

impairs tumor growth in pre-clinical xenograft NB models,

The functional significance of alterations in epigenetic enzymes is incompletely understood in NB. Here, we identify epige-
netic regulators critical for NB proliferation and differentiation. Specifically, combined genetic and chemical screens reveal
the protein lysine methyltransferase SETD8 as a crucial regulator of grewth and differentiation in NB. The rele of SETD8 has
not been intensively studied in tumorigenesis, We demonstrate that inhibition of SETD8 activates the p53 pathway partic-
ularly in MYCN-WT NBs, which account for the majority of high-risk NBs (60%-70%), and we show that SETD8 ablation
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significant toxicities and moerbidities (Maris, 2010). MYCN ampli-
fication is a powerful independent marker of adverse outcome in
HR-NB (Bagatell et al., 2009; Canete et al., 2008). While TP53 is
rarely (<2%) mutated in primary HR-NB, its functional activity is
attenuated in MYCN-amplified (MYCN-amp) NB by a variety of
mechanisms {Petroni et al., 2012; Van Maerken et al., 20086;
Van Maerken et al., 2009). However, the majority (60%-70%)
of HR-NBs do not have MYCN amplification, and mechanisms
that attenuate the activity of p53 in these tumors have not
been intensively studied. So the challenge is to identify novel tar-
geted therapies for HR-ND patients.

Aside from the anaplastic lymphoma kinase ALK, NexGen
sequencing revealed few druggable, recurrent somatic muta-
tions in NBs (Pugh et al., 2013). In older HR-NB patients, studies
identified mutations in the chromatin remodelers ATRX (22%)
and ARID1A/ARID1B (11%) (Alexandrov et al., 2013; Cheung
et al., 2012; Molenaar et al., 2012; Pugh et al., 2013; Sausen
et al., 2013), which are not directly druggable but may exhibit
synthetic lethality in drug combinations (Bitler et al., 2015; Wilson
et al., 2010). Studies showing overexpression of BMI-1 and
KDM1A (LSD1), and our work showing dysregulation of EZH2
and sensitivity to EZH2 inhibitors, indicate a linkage between ab-
errations in epigenetic regulators and NB (Cui et al., 2006; Lawlor
and Thiele, 2012; Schulte et al., 2009; Wang et al., 2012). This led
us to hypothesize that epigenetic dysregulation in sympathoa-
drenal progenitors contributes to the initiation and progression
of NB.

The goal of this study is to survey the epigenetic landscape of
NB in order to identify those regulators that block NB terminal
differentiation. By characterizing critical epigenetic pathways
regulating cell proliferation and differentiation that are altered
in NB tumor cells, we may identify therapeutically relevant
targets.

RESULTS

siRNA Screen of Chromatin Modifiers Identifies
Regulators of NB Cell Proliferation and Differentiation
To identify epigenetic regulators of NB cell proliferation and dif-
ferentiation, we performed a cell-based high-throughput small
interfering RNA (siRNA) screen of almost 400 genes (a pool of
four siBNAs per gene) encoding modulators of chromatin struc-
ture and function (including ~55% of the known epigenetic
enzymes, writers, and erasers) in two NB cell lines, SY5Y
(MYCN-wild-type [WT]) and SK-N-BE2C (MYCN-amp). Nuclei
number (NM) and neurite length (NL) were used as measures of
cell proliferation and morphologic differentiation, respectively
(Figure 1A and Table S1). The primary screen identified 53 genes
whose knock down significantly and substantially reduced cell
proliferation in one or both cell lines (Table 52). Of these, 16
genes also induced differentiation (increased NL) (Figure 1B,
red dots, and Table S2). The reproducibility of replicates was
assessed by Pearson correlation and permutation tests (Figures
51A-81D and Supplemental Experimental Procedures). Four of
the top candidates in the screen, CENPE (Balamuth et al.,
2010), BRD4 (Puissant et al., 2013), CHAF1A (Barbieri et al.,
2014), and KDM4B (Yang et al., 2015), were already character-
ized as required for NB cell survival. We performed a validation
screen using individual siRNAs against select candidate genes

in SYSY and BE2C (Figure 1C, for selection and validation
criteria, see Supplemental Experimental Procedures). For all
selected genes, silencing led to a statistically significant reduc-
tion in NN. Silencing of SETD8, CTCF, CENPE, INCENP, and
ACTRS also significantly increased NL (Table S3). Representa-
tive images showing decreased cell number and increased
neurite formation after silencing of selected hits are shown (Fig-
ure 1D). Thus, we identified 16 genes whose silencing led to
significant reduction in NB cell proliferation and induction of
morphologic differentiation, nine of which were validated for
NN and five for NL.

A Chemical Screen Confirms Inhibition of SETD8
Activity as a Vulnerability in NB

We next performed a chemical screen using 21 epigenetic
chemical probes, provided by the Structural Genomics Con-
sortium, and targeting 90% of proteins with enzymatic activity
that were targeted by the siRNA library. This chemical library in-
cludes pharmaceutical tool compounds in the drug-develop-
ment pipeline. Each compound was evaluated in eight NB (four
MYCN-WT and four MYCN-amp) and two immortal but non-
transformed (HEK293T and ARPE-19) cell lines using 12 concen-
trations (0.1-30 uM). Cell viability was assessed over 7 days
(Figures 2A and 2B). JQ1-3, a BRD4 inhibitor (Puissant et al.,
2013), was the most potent and showed the expected difference
in sensitivity between MYCN-WT and MYCN-amp cells (Table
54). Pan-lysine demethylase, pan-histone acetyltransferase,
and pan-bromodomain inhibitors also showed high potency.
The targets of JQ1 (BRD4, BRD2) and Cpd50 (KDM4B) were
among the genes whose siRNAs inhibited cell growth and
induced differentiation in the genetic screen (Figure 1B). Interest-
ingly, a selective, substrate-competitive inhibitor of SETDS,
UNCO0379 (Ma et al., 2014a), was one of the most active com-
pounds, exhibiting a relatively low average half maximal
inhibitory concentration (ICsg) (2 M) (Figure 2B) and a highly sig-
nificant p value for the in vitro therapeutic index (IVTI) (Figure S2
and Table S4) across the 8 NB cell lines compared with control
cell lines. Median ICg, values for the NB cell lines following
UNCO0379 treatment at 24-96 hr are depicted in Figure 2C, with
96-hr 1Cs values ranging from 0.64 to 7 uM (95% confidence in-
terval 0.98, 3.82). A representative experiment shows the effects
of UNCO379 on the NB cell growth (Figures 2D and 2E).
Together, the genetic and chemical-based screens suggest
that SETD8 regulates NB cell growth and differentiation.

SETDS8 Is Overexpressed in NB Cells and High SETD8
Expression Correlates with Poor Outcome in MYCN-WT
HR-NB Patients

SETD8 is a histone methyltransferase that specifically catalyzes
monomethylation of K20 on histone H4 (H4¥29™") | evels of
SETD8 and its target H4¥20mel grg increased during mitosis
and required for cell proliferation in human cell models (Wu
and Rice, 2011; Wu et al., 2010). To assess the expression of
SETDS8 in NB, we cultured NB cells and harvested them during
exponential growth. We found elevated levels of both SETD8
(3.6-fold) and its target H4*?%™" (2 6-fold) in NB cells compared
with non-transformed normal cell lines. SETD8 levels were
higher when normalized to the M-phase fraction (Figure 3A).
This is consistent with previous studies showing overexpression
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Figure 1. Epigenetic-Focused High-throughput RNAI Screen of NB Cells Reveals 16 Vulnerability Genes

(A) A flow chart of the high-throughput imaging assay identified key steps. A library of siRNAs against ~400 chromatin-focused genes was reverse transfected
into NB celllines. After 3 days of culture, the cells were fixed and stained. A high-throughputimaging assay was used to determine nuclei number (NN) and neurite
length (NL). NB cells driven to differentiate by retinoic acid treatment (upper panel) were visualized using stably expressed GFP and a nuclear stain (Hoechst
33342). Nuclei (blue outline) and neurite outgrowths (red line segment) were detected by an automated image analysis algorithm {lower panel).

(B) Scatterplots showing statistically significant genes in SY5Y (left panel) and SK-N-BE2C (right panel). siBNAs that met both parameters: decrease of NN and
increase of NL (red dots). Venn diagrams showing statistically significant genes for which siRNAs decreased NN (blue) or increased NL (purple) or both (red).
(C) Heatmaps showing the results of the secondary screen performed with a siRNAs library with four deconvoluted sequences and smartpool siRNAs (pooled): 12
statistically significant genes were analyzed in SY5Y on the basis of NN {red heatmap) and NL (green heatmap). The positive controls used were an siRNA that
induced cell death (NN) and retinoic acid (NL).

(D) Stably expressed GFP and Hoechst 33342 (pseudocolored as red) were used to label SY5Y celis. Representative images show effects on cell number and
morphology after silencing of CENPE, SETDS, and BRD4 compared with non-targeting siRNA.

See also Tables 51, 52, and S3 and Figure S1.
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Figure 2. Chemical Screen of 21 Epigenetic Probes Identifies SETDS8 Inhibitor as One of the Top Compounds with the Lowest ICg

{A) Flow chart of the chemical screen: 21 epigenetic probes were tested in the indicated cell lines and images were recorded by an IncuCyte Zoom System in order
to calculate |Csg values.

(B} Heatmap showing the average ICx values of the indicated epigenetic chemical probes at 96 hr in four MYCN-WT and four MYCN-amp NB cell ines compared
with two control cell lines (ARPE-19 and 293T). The color key represents the average ICs, values (uM): red indicates low IC 5o, whereas purple represents high ICe,.
Cell confluence was recorded by an IncuCyte Zoom System. The average G, values were calculated based on the cell confluence values of three biclogical

replicates across eight NB cell lines at 96 hr using GraphPad Prism. For in vitro therapeutic index (IVTl} and p values, see Frgure S2 and Table S4,

(C) In vitro UNCO0379 treatment of NB cell lines and control cell lines ARPE-19 and 293T (;

age of three biological r

(D and E) A representative experiment showing effects of in vitro treatment of SK-N-AS cells with UNCO0379 at indicated times (D) and concentrations (E). Bars
show the average of three replicates + SD. In (D) the images were captured by an IncuCyte Zoom. Scale bars, 300 pm.

See also Table 54 and Figure S2.

of SETD8 in various types of cancer (Takawa et al., 2012).
Although the levels of SETD8 expression were not significantly
different between MYCN-WT and MYCN-amp NB cells (Figures
3B, S3A, and S3B), the levels of H4%2°™e! were higher in MYCN-
WT compared with MYCN-amp NB cell lines in vitro (Figure 3C).
This may be due to higher levels of PHF8, the demethylase
for H4"2%™' in MYCN-amp HR-NBs (database: R2 http:/r2.
amc.nl/ Kocak stage 4 tumors, p=1.3 x 10 Y.In primary NB tu-
mors (database: R2 Kocak NB; n = 476 tumers), elevated levels

of SETDB mRNA are significantly correlated with poor prognosis
(Figure 3D; Bonferroni p = 4.9 x 109, In addition, stage 4 HR-
NB patients whose tumors had high levels of SETDS tend to do
worse, although the correlation does not reach statistical signif-
icance (p = 0.068) (Figure 3D, middle left panel). However,
elevated levels of SETD8 are associated with worse prognoses
in stage 4 MYCN-WT tumors (p = 0.032) (Figure 3D, middle right
panel), but not MYCN-amp tumors (p = 0.96) (Figure 3D, right
panel). The prognostic significance of SETD8 in MYCN-WT
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Figure 3. SETD8 Is Overexpressed in NB Cells and High SETD8 Expression Is Associated with Worse Prognosis in MYCN-WT Tumors

(A) Immunoblots show SETD8 and H4"**™*" lavels in NB cells compared with control cells. SETD8 protein levels normalized to M phase % in NB compared with
normal cells were calculated as relative densitometric units (RDU) (p = 0.04). Bars show the mean + SEM.

(B} Immunoblot showing SETDB protein levels in MYCN-WT and MYCN-amp NB cells.

(C) Western blot (left) and densitometric analysis (right) of H4"29™1 protein levels normalized to H4 protein levels in 14 NB cell lines were calculated as RDU
(p = 0.036) using ImageJ software.

(D) Kaplan-Meier plots based on the expression of SETDS in tumors from NB patients at all stages (left panel) er in tumors from stage 4 (middle left panel) NB
patients (R2 database: Kocak raw, p = 1.1 % 10~7, Bonferroni, p = 4.9 x 10°%; p = 0.068). Kaplan-Meier plots based on the expression of SETD8 in MYCN-WT
{middle right panel) or MYCN-amp (right panel) tumors from stage 4 NB patients (R2 database: Kocak. n = 105, MYCN-WT, stage 4 NB tumors, p = 0.032; n= 41,

MYCN-amp, stage 4 NB tumors, p = 0.96).
See also Figure 53.

primary tumors was replicated in two additional R2 databases:
SEQC-498 and Seeger (Figures S3C-S3E). Focal amplifications
of Chr12g24 occur in a region that encompasses KMT5A
(SETD8) in almost 22% of MYCN-WT and 6% of MYCN-amp
HR-NB tumors (Schnepp et al.,, 2015; Woll et al., 2010} and
may contribute to the association of elevated SETD8 mRNA
levels with poor outcome in NBs.

SETDS Silencing Rescues p53 Function by Decreasing
p53%382met | ayels

Since SETD8 activity has been implicated in multiple biologic
processes, including control of cell division and modulation of
transcription, RNA-sequencing (RNA-seq) transcriptome ana-
lyses after SETD8 silencing were performed in order to gain

54 Cancer Cell 31, 50-63, January 9, 2017

insights into potential mechanisms contributing to the SETD8-
mediated growth inhibition and differentiation in NB cells. Prelim-
inary studies established conditions for effective silencing of
SETD8 while minimizing effects on cell viability (Figures S4A-
S4G and Supplemental Experimental Procedures). The top
differentially up- and downregulated genes, ranked by statistical
significance based on edgeR software analysis and a false dis-
covery rate (FOR) < 0.001, are depicted as a clustered heatmap
in Figure 4A (see also Table S5). Ingenuity Pathway Analysis (IPA,
www.ingenuity.com) of the differentially expressed genes identi-
fied p53 signaling and neuronal differentiation-associated path-
ways among the most significantly upregulated (Figure 4B).
Gene set enrichment analysis (GSEA) showed enrichment in
several p53 pathways (Figure 4B and Table S6), SETDE silencing

245



=]

Relative mRNA level

SiCTR siSETD8 B oy logpvele) c
- S p value Threshold
5 CDKNIA p53 Signaling

Glioma Signaling

sICTR siSETD8

ILK Signaling

Glicblastoma Multiforme Signaling
Wnt/B-catenin Signaling

Axonal Guidance Signaling
Ephrin Receptor Signaling

HER-2 Signaling in Breast Cancer

ERK/MAPK Signaling

il

MNeurctrophin/TRK Signaling

i

000 025 050 075 100
Ratio

T

PID_p53_DOWNSTREAM_PATHWAY

8

it
i

£
s

&
£}
(ES)
P
=

Nominal p value: 0.00
FDR q value: 0.17
NES: 1.76

2
E

Nominal p value: 0.03
FOR q value: 0.03
NES:[4.,37

Si §§§§

B
nrichme

i
Ei

2-score
E 23 F s
B i ET 10 x
SiCTR - - 2% 3
SISETDB#2 - + - hg“ ‘é
SISETDB#3 - - + ‘; o ’ B
SETDS 2310 ;
[p53Kasamel iﬁns l
p53 g2 oo g =
21 = 15 s B
P 820 £2 < 00001 z
GAPDH ;5” I g
E -
KMT5A  TP53 COKNIA FAS Hgraomet o 2
(S=108) H4 F R C
@ SISETDB
G MYCN-WT MY CN-amplified
P T
= .
Li0gf) o < 2 o
I-I'-‘:f'>-|:|- c?wmzmmOmf!%a? oo 2 o
Z.z.mmgz.gmgu—comzzmmm‘—‘—n. @ ™ p=0.04
zz}IIxmm,.mmmgtoEEmmmw L L5
DO NNNZZOZZODIX=NWZZZZ =
=0
p53Kaszmet @ =
= L]
p53 § 2
-
© -
GAPDH 8 .. = .
ol BE2C

* = p53 mutated

MYCN-WT MYCN-amp.

(legend on next page)

Cancer Cell 31, 50-63, January 9, 2017 55

246



resulted in increased expression of biochemical markers of neu-
ral differentiation (TUBB3, MAP2, and DPYSL3) (Choi et al,
2005), and GSEA showed an enrichment in the Frumm NB differ-
entiation signature (Frumm et al., 2013) (Figure 4C and Table S7),
supporting the morphological differentiation noted in the siRNA
screen (Figures 1B-1D). The alteration in the expression of
selected genes following silencing of SETD8 was confirmed (Fig-
ure 4D). These data suggest that SETD8 ablation leads to
increased differentiation and activation of the p53 canonical
pathway.

In tumor and normal cell ines, SETD8 attenuates the pro-
apoptotic and cell-cycle arrest functions of p53 through methyl-
ation of lysine 382 (p53%%2™Y) (Shi et al., 2007). To test whether
the elevated levels of SETDS in NB may inhibit the activity of p53
through increased p53"*®™ |evels, we evaluated p53 expres-
sion and activity in SETD8-silenced SY5Y cells. Decreased
expression of SETD8 was associated with reduced HaK20me!
and p53"3#2me! |ayels, and increased p53 and p21 protein levels
(Figures 4E, S4A, and $4D). Depletion of SETDS led to increased
apoptosis (Figure 4F).

Analysis of p53 methylation levels across a panel of NB cell
lines showed higher p53%3#2™#1 levels in MYCN-WT compared
with MYCN-amp NB cells (Figure 4G). Among the p53-mutated
NB cell lines, SK-N-BE2C ard SK-N-F| were less sensitive to
the SETD8 inhibitor (UNCO379) and showed relatively low
p53%382met |ayals compared with SK-N-AS, which was sensitive
to UNC0379 (Figure 4G). These observations demonstrate that
SETDS silencing decreased p53<°*™ jevels and rescued the
pro-apoptotic and growth-arrest functions of p53 through acti-
vation of the p53 canonical pathway.

Comparison of Pharmacologic and Genetic Inhibition of
SETD8 in MYCN-WT NB

To determine the molecular mechanisms of NB cell growth inhi-
bition by a small-molecule SETD8 inhibitor, we treated SY5Y
cells with UNC0379 and examined effects on target levels, cell
cycle, and cell growth for up to 48 hr (Figures S5A-S5C and
Supplemental Experimental Procedures). UNCO379 is a sub-
strate-competitive inhibitor selective for SETD8 (Ma et al,
2014a) compared to five other methyltransferases in SY5Y

cells (Figure S5D). Analysis of protein lysates harvested after
12 hr indicated a dose-dependent decrease in the SETD8
targets H4%20me! and p53K382met (g, e 5A). The decrease in
p53K382mel jovels was accompanied by an increase in p53 levels
and induction of p21 (Figures 5A and S5A). Activation of the p53
pathway was accompanied by a dose-dependent increase in
apoptotic cells (Figures 5B and S5E). UNCO379-induced cell
death was blocked by pre-incubation with the pan-caspase in-
hibitor Z-VAD-FMK, indicating a caspase-dependent mode of
cell death (Figure 5B). UNC0379 treatment led to increased
expression of neural differentiation markers and increased NL
(Figure 5C). These functional studies suggest that the pharmaco-
logic inhibition of SETDS led to a similar decrease in p53*<3&2me?
levels, activation of the p53 pathway, and increased differentia-
tion, as had been detected after genetic silencing of SETD8.

Transcriptional changes in SY5Y cells treated with 4 pM
UNC0378 for 12 hr were investigated using RNA-seq as both his-
tone and non-histone targets were inhibited with minimal cell
death. The top 50 differentially up- and downregulated genes
are depicted as a clustered heatmap (Figure 5D and Table S5).
At least 10% of the upregulated genes were involved in the
p53 pathway, including COKN1A (p21) as the most upregulated
P53 target gene (Figure 5D, red marked genes). IPA of the RNA-
seq data revealed that, among the top ten pathways, p53
signaling was the most significantly upregulated (Figures 5E
and S5F). Interestingly, cholesterol biosynthetic and mevalonate
pathways were the most differentially regulated (Figures 5E and
S5F). GSEA showed enrichment in several p53 pathways (Fig-
ures 5F and S5G, Table 56) after SETD8 pharmacological inhibi-
tion. gRT-PCR analysis confirmed upregulation of several of the
identified p53 target genes (Figure 5G).

Activation of the p53 pathway was common to both the ge-
netic and pharmacologic inhibition of SETD8: approximately
half of the differentially expressed p53 target genes identified
following SETDS8 silencing overlapped with those affected by
UNCO0379 treatment (Figure 5H). Interestingly, the eight p53
target genes differentially expressed only after genetic silencing
of SETD8 included oncosuppressors and oncogenes such as
BRCA1, E2F1, and JUN, suggesting that UNC0379 treatment
only partially recapitulates the effects of SETD8-specific genetic

Figure 4. Genetic Inhibition of SETD8 Leads to Activation of the p53 Canonical Pathway by Decreased p53“***™" Levels

(A) Heatmap showing the top up- and downregulated genes ranked by

36 hr of SETD8 silencing in SY5Y cells. Data are presented

as normalized expression values of two biclogical replicates based on edgeR software analysis and FDR <0.001. The color key represents the normalized

expression values: blue (low) to red (high).
(B) The top ten differentially exp canonical p

Y

after SETD silencing in SYSY cells defined by Ingenuity Pathway Analysis (IPA) based on edgeR

software analysis and FDR <0.001 (upper panel). Gene set enrichment analysis (GSEA) of the p53 downstream pathway (lower panel, nominal p = 0.00,
FDR = 0.17, normalized enrichment score [NES] = 1.76) after SETDS8 silencing.

(C) Immunefluorescence analysis showing the expression of TUBB3 (red) after SETDS silencing for 72 hrin SY5Y cells counterstained with DAPI (blue). Scale bars,
100 pm (upper panel). Immunoblot of proteins from SY5Y cells 72 hr after transfection with control siRNA and SETD8 siRMAs and blotted with antibodies
detecting TUBB3, MAP2, and DPYSL3 proteins (middle panel). GSEA of the Frumm NB differentiation signature (lower panel, nominal p = 0.03, FDR = 0.03,
NES = 1.37) after SETDS silencing.

(D) gRT-PCR analysis showing relative mRNA levels of the indicated genes after SETDS silencing for 36 hr. Bars show the mean + SEM of three replicates. ns, not
significant.

(E) Immunoblot analysis of SY5Y (MYCN-WT) cells upon treatment with either of two different siRNAs targeting SETDS for 72 hr. Densitometric analysis of SETD8
protein levels normalized to GAPDH (upper right panel), of p53“*™*" protein levels normalized to p53 (middle right panel) and of H4"*™™*" protein levels
normalized to H4 (lower right panel) after SETD8 silencing calculated as RDU using Image.J software.

(F) Caspase-3/7 activity and number of TUNEL-positive cells upon SETDS silencing in SY5Y cells. Bars show the average of three replicates + SD.

(G) Immunoblot (left) and densitometric analysis (right) of pS3"2#2™" protein levels normalized to ps3 protein levels in 20 NB cell lines were calculated as RDU
(p = 0.04) using ImageJ software. Bars show the mean = SEM.

See also Tables 85, 56, and 57 and Figure 54,
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Figure 5. SETD8 Pharmacological Inhibition Reduces Cell Growth and Activates p53 Pro-apoptotic and Growth-Arrest Functions in SY5Y
Cells

(A Western blot of SY5Y (MYCN-WT) cells treated with UNCO379 at the indicated concentrations (left panel). Densitometric analysis of p53kasamel jayalg
nomalized to p53 protein levels (upper right) and of H4K20me1 |ovals normalized to HA protein levels {lower right) after treatment with the SETDS inhibitor,
UNCO0379, for 12 hr calculated as RDU using ImageJ software.

(B) Caspase-3/7 activity upon SETD8 pharmacological inhibition for 12 hr in SY5Y cells. Bars show the mean + SD of three replicates {upper graph). The effects of
caspase inhibitor Z-VAD-FMK on UNCO379-treated SY5Y cells (lower graph). SYSY cells were pretreated with 10 uM Z-VAD for 3 hr, followed by treatment with
10 pM UNCO379 for 48 hr, or treated with UNCO0379 or Z-VAD alone for 48 hr. An MTS assay was used to detect cell survival. Data represent mean + SD of two
independent experiments (p < 0.001).

(C} Immunofi ce St ing the ion of TUBB3 (red) after treatment with 4 uM UNC0379 for 72 hrin SYSY cells. Nuclei are stained with DAPI
(blue). Scale bars, 100 um (upper panel). NL in SYSY treated with 3.3 and 10 pM UNCO0379 for 72 hr, measured by the Opera microscope. Bars represent the
mean + SD of three replicates (middle panel). Immunoblot of proteins from SY5Y cells treated with 3.3 and 10 uM UNCO379 for 72 hr and immunoblotted with
antibodies to TUBB3, MAP2, and DPYSL3 (lower panel).

(D} Heatmap of the top 50 up- and downregulated genes in SYS5Y cells ranked by statistical significance following 12 hr of treatment with 4 uM (1Cap) UNC0379.
Data are pr as i ion values of two bi ical replit based on edgeR software analysis and FDR <0.001. The color key represents the
normalized expression values: blue (high) to red (low).

flegend continued on next page)
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Figure 6. SETD8 Inhibition-Mediated Cell
Death Is p53 Dependent

(A) Immuncblot analysis showing p53 and/or
SETD8 protein levels upon treatment with two
different siRNAs targeting p53 alone or in combi-
nation with siSETDB #3 for 48 hr in SY5Y cells.

(B) Caspase-3/7 activity calculated as RLU (rela-
tive luminescence units) upon treatment with two
different siRNAs targeting p53 alone or in combi-
nation with siSETD8 #3 for 72 hrin SY5Y cells, Data
represent mean + SD of two independent experi-
Null ments {p < 0.001).

(C) Caspase-3/7 activity calculated as RLU after
SETDB knock down for 72 hr in two p53 mutated
{SK-N-Fl and BE2C) and in ene p53 null (LAN1) NB
cells compared with p53 WT SYSY. Data represent
mean = SO0 of two independent experiments
{p < 0.001). ns, not significant.

(D) Caspase-3/7 activity calculated as RLU with
overexpression of p53 WT or p53%2#R and treat-
ment with UNCO379 8 uM for 24 hr in LAN1, p53
null NB cells. Data represent mean = SD of
two independent experiments (p < 0.001) (upper
panell. Immunoblot analysis showing p53 levels
under indicated conditions (lower panel). ns, not
significant.
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ablation (Figure 5H). These observations indicate that either ge-
netic or pharmacological inhibition of SETD8 leads to activation
of pb3 canonical transcriptional pathways.

SETDS Inhibition Induces p53-Dependent Cell Death in
NB Cells

To evaluate whether SETD8 inhibition-mediated cell death was
p53 dependent, we silenced SETDS8 alone or in combination
with different siRNAs targeting p53 (Figures 6A and S6A). The
silencing of SETD8 induced increases in caspase-dependent
cell death that were blocked upen p53 inhibition (Figures 6B
and S6A). SETDS silencing led to increased caspase-3/7 activity
in p53 WT NB cells (SY5Y), while the levels were relatively un-
changed in p53 mutant (SK-N-Fl and BE2C) or p53 null (LANT)
NB cell lines (Figures 6C and S6B). In addition, the p53 mutant
and null NB cell lines were less sensitive to UNC0379 compared

CHX (minjow 2288 80w 22 R8

e mmemeer]

netic rescue experiments indicated that
WT p53 but not mutant p53%*#2R medi-
ates increased UNCO379-induced cell
death in p53 null LAN1 cells (Figure 6D).
SETDS silencing increased the p53 half-
life by approximately 10-fold (Figure 6E
and Supplemental Experimental Procedures). These results indi-
cate that SETD8 inhibition leads to increases in p53 stability and
that SETD8-induced cell death is p53 dependent.

Genetic Inhibition of SETD8 and Ex Vivo Treatment with
SETDS Inhibitor Impairs Tumor Growth and Significantly
Prolongs Murine Survival in In Vivo Models of NB

We evaluated the effects of SETDS8 inhibition on in vivo tumor
growth. Bioavailability and animal toxicology precluded treat-
ment of mice with the SETD8 inhibitor UNC0379 (Ma et al.,
2014a). We therefore performed an ex vivo tumorigenicity assay
by exposing NB cells to 2 yM UNCO0379 or control solvent
for 24 hr in vitro, then subcutaneously implanting treated NB
cells into nude mice and monitoring tumor growth. Pharmaco-
logic inhibition of SETD8 showed decreased NB tumor growth
in vivo and significantly reduced SY5Y (p < 0.01) and NGP

(E} The top ten differentially expressed canonical pathways after SETD8 pharmacologic inhibition defined by IPA based on edgeR software analysis and
FDR <0.001. Pathways related to p53 signaling are among the top differentially expressed pathways.

{F) GSEA of the p53 downstream pathway (nominal p = 0.00, FDR = 0.20, NES = 2.05) after UNCO379 treatment.

{G) gRT-PCR analysis showing relative mRNA levels of the indicated genes after SETD8 pharmacologic inhibition. Bars show mean + SEM of three replicates.
{H) Venn diagram showing numbers of differentially expressed p53 target genes from genetic and pharmacologic inhibition of SETDS.

See also Tables S5 and 56 and Figure 55,
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Figure 8. Model of SETD8 Normal Function and Role in NB

(A) Model showing H4"°™" and p53"**™" as major targets of SETD8
Monomethylation of p53 K382 by SETDS attenuates p53 pro-apoptotic and
growth-arrest function.

(B) In NB, SETD8 may be overexpressed, resulting in increased levels of
p53*¥382™T anq inactivation of p53. Genetic or pharmacologic inhibition of
SETDS rescues p53 function by decreasing p53%*°™" and activating p53
canonical pathways.

(p = 0.026) tumor growth (Figure 7A). Assessment of tumor
lysates indicated that UNCO0379 treatment reduced levels
of p53*382mel madification in xenografts (Figure 7A, insets).
Kaplan-Meier survival curves revealed a statistically significant
survival advantage for mice bearing ex vivo UNC0379-treated
NGP or SY5Y NB cells compared with control-treated NB cells
(Figure 7B). These results suggest that a small-molecule inhibitor
of SETD8 may have therapeutic relevance.

To determine whether inhibition of SETDS affected the growth
of established NB tumors, we generated stable TET-inducible
shRNAs targeting SETD8 in SY5Y (SY5Y-Tet-shSETD8) and
NGP (NGP-Tet-shSETD8) NB cell lines. SY5Y-TET-shSETDS or

NGP-TET-shSETD8 cells were implanted subcutaneously into
nude mice. SY5Y-Tet-TRIPZ control and NGP-Tet-TRIPZ control
cell lines showed that doxycycline-containing chow (DOXY-
chow) did not significantly affect tumor growth (Figures S7A
and S7B). When tumors reached ~100 mm?®, animals were strat-
ified into cohorts that receivec DOXY-chow or regular chow.
Tumor growth was monitored at least three times a week.
Assessment of tumor protein lysates showed reduced levels of
SETD8 protein, decreased levels of the p53" %™ (Figure 7C,
insets), and increases in neural differentiation markers (Fig-
ure 57C) in tumors laken from mice receiving DOXY-chow
compared with those receiving normal chow. Tumor RNA
(qRT-PCR) showed upregulated p53 and its targets after
SETD8 genetic inhibition (Figure S7D). Mice receiving DOXY-
chow had significantly reduced tumor size in both the SY5Y
(p < 0.001) and the NGP cell Ines {(p < 0.01) (Figure 7C) and
increased overall survival (Figure 7D) compared with those
receiving normal chow.

We propose a model in which, in NB, SETD8 may be overex-
pressed, resulting inincreased levels of p53%3#2™e1 and inactiva-
tion of p53. Genetic or pharmacologic inhibition of SETD8
rescues p53 function by decreasing p53¥%®2Mme! and activating
p53 canonical pathways (Figures 8A and 8B). These studies
demonstrate that targeting SETD8 expression in NB cells signif-
icantly inhibited tumor xenograft growth and prolonged survival
of mice. Thus, the biochemical, cell, and animal model data sup-
port SETD8 as a bona fide target in NB.

DISCUSSION

Our genetic and chemical screens revealed vulnerabilities in NB
tumor cells that are relevant to HR-NB patients and are poten-
tially druggable. The siRNA screen identified 53 genes whose
silencing reduced NB tumor cell growth, 16 of which also
induced differentiation. We focused on the role of SETD8 based
on the siRNA screen and the results of the chemical screen
involving the recently developed small-molecule inhibitor of
SETD8, UNC0379. Mechanistically, our studies show that ge-
netic or pharmacological inhibition of SETD8 results in activation
of the p53 pathway in NB cell lines. Moreover, pre-clinical tumor
models showed pharmacologic or genetic ablation of SETDS8 in-
hibits tumor xenograft growth and extends murine survival,
DNA replication, recombination, repair, and cell cycle were the
major pathways (IPA) implicated after downregulation of the 53
growth-inhibiting genes. Some 60% of these genes had never

Figure 7. and Phar I

ic Inhibition of SETD8 impairs Tumor Growth and Prolongs Murine Survival in an In Vivo Model of NB

(A} SYSY (left) and NGP {right) cells were treated ex vivo for 24 hr with 2 uM UNCO0379, SETD8 inhibitor, and then injected in‘o nude mice. Day 0 indicates the day of
cellimplantation. Immunoblot of proteins from two tumors randomly chosen from each group (untreated and ex vivo UNC0379 treated) collected 20 days after the
injection and blotted with antibodies to SETD8, p53%%2™m1 153 and GAPDH (insets). Bars show the tumor size average of 15 mice/group + SEM. Slopes of the
growth rate were compared by t test.

(B) Kaplan-Meier graphs showing the murine survival upon ex vivo treatment of SYSY (left) and NGP (right) with UNC0379. The statistical significance between two
treatment groups was evaluated using a log rank test,

(C) SY5Y-NB (left) and NGP-NB (right) xenograft tumor size in mice treated with doxycycline (DOXY) after tumors reached 75-100 mm®. Day 0 indicates the day of
cellimplantation. After 9 days, mice were divided into two groups: untreated and DOXY-treated. Immunobiot of proteins from two tumors randomly chosen from
each group 20 days after the injection and blotted with ar to SETDS8, p53 , P53, and GAPDH (insets). Bars show the tumor size average of 15 mice/
group + SEM. Slopes of the growth rate were compared by 1t test.

(D) Kaplan-Meier graphs showing the murine survival upon SETD8 silencing in SY5Y-NB (left) and NGP-NB (right) tumor-bearing mice. The statistical significance
b n two treatment groups was i using a log rank test.

See alsc Figure 57.
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before been implicated in limiting NB tumor cell growth and,
importantly, more than 30% have enzymatic activities that are
potentially druggable. Of the 16 genes whose silencing also
induced NB differentiation, over half have not been described
in NB, with TAF6L and SETD8 having enzymatic activities. The
potential relevance of these genes is supported by the findings
that expression of high levels of 9 out of the 16 genes (EZH2,
ACTRS5, CTCF, BRD4, TAF6L, CHAF1A, CENPE, INCENP, and
SETDB8) are associated with poor prognosis in primary NB tu-
mors (database: R2 http://r2.amc.nl, Kocak). Furthermore,
high-level expression of TAF6L, CENPE, INCENP, and SETD8
is significantly associated with poor prognosis in MYCN-WT
stage 4 patients.

Our finding that high-level expression of SETD8 is associated
with poor prognosis in NB may be due in part to focal DNA copy-
number gains at chr12g24, in the region including SETD8
(Schnepp et al., 2015; Wang et al, 2011; Wolf et al., 2010).
Chr12g24 gain is significantly associated with the high-risk
MYCN-WT subset, and several geres in this region, including
SETDS, are significantly differentially expressed when compared
with MYCN-amp NB tumors {Schnepp et al., 2015). However,
only 33% of MYCN-WT HR-NB tumors harbor Chr12g24 gains
(Schnepp et al., 2015; Wolf et al., 2010), indicating that other
mechanisms contribute to elevated levels of SETDS. Increased
SETD8 expression has been found in lung cancers and this
may reflect the tight regulation of SETD8 during the cell cycle
(Takawa et al., 2012). During anaphase through early G1,
SETDS protein levels are negatively regulated by the APC®®"!
E3-ubiquitin ligase (Beck et al., 2012). In NB, DNA hypermethy-
lation of CDOH1 (Hoebeeck et al., 2009) and low-level expression
of CDH1 are associated with poor prognosis (database: R2
Kocak NB). As CDH1 is required for recognition and recruitment
of SETDS to the APC E3-ubiquitin ligase complex, low levels of
CDH1 in NB may impair appropriate cell-cycle regulation of
SETDB. CDH1 is implicated as a tumor and metastasis suppres-
sor as well as a regulator of genomic stability (Garcia-Higuera
et al., 2008). Interestingly other APC*®"" E3-ubiquitin ligase sub-
strates (Aurora B kinase and BARD1) have been shown to have a
role in NB susceptibility or tumorigenesis (Bosse et al,, 2012;
Schnepp et al., 2015).

Our functional siRNA and chemical screens indicated that in-
hibition of SETDS led to decreased NB cell growth and induction
of differentiation. The transcriptome data indicate that a major
driver is SETD8-mediated methylation and inactivation of the
p53 pathway. SETDB is the sole monomethyltransferase of lysine
20 on histone H4 (H42°™") and this histone mark is critical in
regulating DNA replication and chromosome condensation dur-
ing mitosis. In many studies (Beck et al., 2012), loss of SETD8
leads to DNA damage, which may also contribute to the p53 acti-
vation we detect in NB cells. SETD8 also methylates non-histone
proteins including proliferating cell nuclear antigen (PGNA), the
p53-stabilizing factor NUMB, as well as the p53 tumor suppres-
sor (Dhami et al., 2013; Takawa et al., 2012}, which are critical for
cell-cycle progression. Dysregulation of SETD8 mostly has been
implicated as a driver of oncogenesis. SETD8-mediated methyl-
ation of PCNA promotes tumor cell proliferation (Takawa et al.,
2012), and its interaction with TWIST leads to H4*20™e! of the
N-cadherin promoter, a TWIST target stimulating invasiveness
(Yang et al., 2012). SETD8 methyltransferase decreases the ac-

tivity of the p53 tumor suppressor by two distinct mechanisms:
monomethylation of NUMB, which inhibits NUMB-dependent
stabilization of p53, and the K382 monomethylation of p53,
which decreases the transcriptional activity of p53 in non-
damaged cells (Shi et al., 2007). In NB, our findings are consis-
tent with a model in which SETD8-mediated cell death is p53
dependent and [.')53":53‘2 is important for this activity.

In primary NBs, TP53 is rarely mutated (<2%) and this study
identifies SETD8 methylation as a mechanism that attenuates
the activity of p53 in NB cells. Previous studies, primarily in
MYCN-amp NB cells, have implicated cytosolic sequestration
and deregulation of the p14 “"F/MDM2/p53 axis as mechanisms
contributing to p53 inactivation (Tweddle et al., 2003). Aside from
mutations in p14*"F, mechanisms that attenuate the activity of
p53in MYCN-WT NB have not been well described, even though
MYCN-WT tumors comprise almost 60% of stage 4 HR-NB
patients (Van Maerken et al., 2009). Here, we find that SETD8
inhibition leads to decreased levels of p53“*#2M®1 decreased
cell growth, and increased p53 activity in both MYCN-WT
and MYCN-amp cell lines in vitro and in vivo. Since SETD8
methylation activity is part of the normal cell-cycle progression,
it is expected that SETD8 would play a role in both HR-NB sub-
sets. However, SETD8-mediated mechanisms of p53 inactiva-
tion may be more relevant in MYCN-WT NB tumors because:
(1) MYCN-WT NB cell lines have relatively higher levels of
p53%382meT compared with those in MYCN-amp NB; (2) the levels
of SETD8 are associated with a poor prognosis in both subsets.
but this association is statistically significant only in stage 4
MYCN-WT tumors; (3) Chr12q24 gain is significantly associated
with MYCN-WT HR-NB (Schnepp et al., 2015); and (4) low mRNA
levels of SETD8-ubiquitin ligases, CHD1, and BTRC (Wang et al.,
2015) are associated with poor prognosis in stage 4 MYCN-WT
tumors (database: R2 Kocak).

Pharmacologic approaches that lead to activation of p53
have been a long-term goal of cancer therapeutics ever since
its tumor suppressor function was identified. Most studies
have been focused on Nutlin-3 in NB (Van Maerken et al.,
2011; Zawacka-Pankau and Selivanova, 2015), Here, we identify
that UNCO0379, a small-molecule inhibitor of SETDS, leads to
activation of p53 in NB tumor cells. UNCO0379 is a recently
discovered substrate-competitive SETD8 inhibitor with prefer-
ential selectivity for SETD8 compared with 15 other methyltrans-
ferases (Ma et al., 2014a). In our study, UNC0379 demonstrated
in vitro and in vivo efficacy at low micromolar concentrations in
both MYCN-WT and MYCN-amp NB cell lines, although p53
mutant cell lines exhibited lower sensitivity compared with p53
WT cell lines. The IVTI of UNCO379 in NB cells was highly signif-
icant when compared with normal cells, suggesting that its char-
acteristics warrant further development. The recent elucidation
of structure-activity relationships among SETD8 inhibitors (Ma
etal., 2014b) and the identification of other small-molecule inhib-
itors of SETD8 (Blum et al., 2014) should lead to compounds with
increased activity and selectivity (A.M., unpublished data). As
with many targeted compounds, combination studies may prove
more efficacious, and further studies of inhibitors of SETDS with
Nutlin-3 or DNA damaging conventional cytotoxic agents will be
explored,

By integrating a high-content imaging siRMA screen with a
chemical screen we identified SETD8 as a crucial regulator of
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NB proliferation and differentiation, and UNCO0379 as a small-
malecule inhibitor with anti-tumor growth activity. This study re-
veals inhibition of SETD8 as a mechanism in NB to activate p53
by decreasing p53ms!'“‘“. A few studies have implicated SETD8
as a putative target, but this study also shows that genetic tar-
geting of SETD8 in pre-clinical xenograft tumor models affects
in vivo growth and confers a significant survival advantage.
Collectively, our work sheds light on the chromatin modifier
SETDS and its role in NB tumorigenesis, providing evidence for
a therapeutic strategy to activate p53 function in HR-NBs.

EXPERIMENTAL PROCEDURES

Cell Culture

NB celllines were cultured in RPMI-containing media; ARPE-19 and HEK293T
were grown in DMEM/Nutrient Mixture F12. Further details are provided in the
Supplemental Experimental Procedures.

Real-Time PCR Analysis

Total RNA extraction was carried out using an RNeasy Plus Kit (QIAGEN) and
qRT-PCR was performed as described previously (Veschi et al., 2014). For
primer sequences, see Supplemental Experimental Procedures.

siRNA Transfection in a 384-Well Format and Automated Imaging
SIGENOME pools and ONTARGETplus pools of four siRNA oligos per gene
were purchased from Dharmacon. The epigenetic-focused siRNA library tar-
gets 395 known modulators of chromatin structure and function. siRNA oligos
targeting genes in the primary ing are inTable S1. A

imaging was performed using an Opera high-throughput confocal microscope
(PerkinElmer). The methadology is detailed in the Supplemental Experimental
Procedures.

Animal Experiments

All xenograft studies were approved by the Animal Care and Use Committee of
the National Cancer Institute, and all mouse treatments, including their hous-
ing, were in accordance with the institutional guidelines (PB-023). The method-
ology used is detailed in the Supplemental Experimental Procedures.

Statistical Analysis

Statistical analyses were performed using Microsoft Excel, standard
two-tailed Student's t test, and the software GraphPad Prism 6.0. Statistical
methodology for gene expression profiling, for siRNA and chemical screens,
and for the animal experiments is d in the Supr Expari-
mental Procedures. Imaged software was used for quantification of selected
immunoblots.

ACCESSION NUMBERS

The RNA-seq data were deposited in the GEO r

GSES1626).

y at the NCBI(GEO:

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
elight figures, and seven lables and can be found with this article online at
http:/dx.doi.org/10.1016/.ccell.2016.12.002.
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16. X Reunidao Académica da Biologia da UNISINOS, 2005. (Encontro)

17.  Apresentacdo de Poster / Painel no (a) 4° Mostra de Trabalhos de Iniciagao
Técnico-Cientifica - UFRGS, 2004. (Encontro)

Analise de Cloreto em agua de Caldeira.
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18. Apresentacdo de Poster / Painel no (a) XXIV Encontro de Debates sobre o
Ensino de Quimica - Saberes e Fazeres do Educador em Quimica: Fenébmeno de
Multiplas Areas - UCS, 2004. (Encontro)

Projeto-Piloto: Empresa Chemie-EIf (Domissanitarios).

19. IX Reuniao da Biologia da UNISINOS - RABU, 2003. (Encontro)
Organizagao de evento

1. Souza, Barbara K.

Best of ASCO Annual Meeting' 12, 2012. (Congresso, Organizagao de evento)
Totais de producao

Producao bibliografica

Artigos completos publicados em periddiCo............ccovvvrveiiiiiiiiiiiieeeeeeeeeee,
Artigos aceitos para publiCagao...........ccooviiiiiiiiiii i

Trabalhos publicados em anais de eventos...........c.ccoeeeeeiiiiiiiiiec e,

Producgao técnica

Curso de curta duragao ministrado (extensao)..........ccovvvvvvviviiiiiieiiiieeeeeeeee, 2
Curso de curta duragao ministrado (OULro)........ccceeeeeeiieeiiiiieceeen, 1
Eventos

Participagdes em eventos (CONGreSS0)......uuuururuuiiiieiiiieeeeeeeieeeeeeeereennes 5

Participagdes em eventos (SIMpPOSIO)........coevevviiiiiiiiiiiiie e eeee e,
Participagdes em eventos (€NCONTIO)..........ceeeeeeeiieeieeeeeeeeeee e 11

Organizagao de evento (CONGrESSO0)......uuuurruuuiiiiiieeeieeeeeeeeeeeeeeeeeerias 1

265





