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RESUMO

Neuroblastoma é um tumor do sistema nervoso periférico e uma das principais causas
de mortalidade infantil por cancer no Brasil e no mundo. A caracteristica marcante
desses tumores é sua heterogeneidade clinica — as apresentacdes variam desde formas
benignas e trativeis até variantes extremamente agressivas, que levam o paciente a 6bito
em poucos meses. A fim de determinar as melhores estratégias para o tratamento desse
cancer, um grande nimero de pesquisadores tem procurado por novos biomarcadores e
alvos terapéuticos. Atualmente, o melhor marcador biolégico para a progressdo de
neuroblastoma é a amplificacdo do gene MYCN, que ocorre na maioria dos casos mais
agressivos. Entretanto, esse marcador ndo é capaz de discriminar entre todos os tipos de
pacientes, demonstrando a necessidade de encontrarmos outros marcadores. Neste
trabalho, reconstruimos a rede de regulagdo génica de neuroblastoma utilizando
ferramentas de bioinformética e biologia de sistemas a fim de buscar novos
biomarcadores e alvos terapéuticos para esta doenca. Através dessa rede, analisamos
uma assinatura de genes diferentemente expressos em metastases agressivas, buscando
fatores de transcri¢cdo que pudessem estar envolvidos na progressdo tumoral. Através
dessa analise, observamos que MAX é um dos reguladores mestres do processo, e
variacdes em sua expressdo estavam correlacionadas com o desfecho de pacientes,
sugerindo seu potencial como biomarcador. Além disso, também observamos o
aumento do conteddo de MAX em células de linhagem de neuroblastoma humano
durante um protocolo de diferenciacdo experimental, sugerindo que essa proteina tem
um papel muito mais central no controle do balango entre proliferagdo e diferenciagéo

do que previamente descrito.



ABSTRACT

Neuroblastoma is a peripheral nervous system tumor and one of the main causes of
children cancer mortality in Brazil and in the rest of the world. The hallmark of these
tumors is their clinical heterogeneity — presentations vary from benign and treatable to
extremely aggressive variants, the latter leading the patient to death in just a few
months. In order to come up with the best strategies for treatment and management of
this cancer, a great number of researchers have been searching for novel biomarkers and
therapeutic targets. To this date, the best neuroblastoma biomarker is the amplification
of MYCN oncogene, which occurs in the majority of aggressive cases. However, this
biomarker alone does not suffice to discriminate among all patients types, illustrating
the need for finding other biomarkers. In this work, we reverse engineered the
neuroblastoma gene regulatory network using systems biology and bioinformatics tools
in order to find novel biomarkers and therapeutic targets. Using this network, we
analyzed an aggressive metastasis gene signature to find transcription factors that could
be involved in tumor progression. Through this analysis, we observed that MAX was a
master regulator of this process, and that changes in its expression were associated with
patient survival, suggesting its role as potential biomarker. Additionally, we observed
that MAX content was increased in human neuroblastoma cell lines undergoing
experimental differentiation. These results suggest that this protein has a much more
central role in regulating the balance between proliferation and differentiation than

previously described.
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1. INTRODUCAO
1.1 Neuroblastoma
1.1.1 Caracteristicas gerais

Neuroblastoma é um tumor infantil que afeta o sistema nervoso simpatico. Do
ponto de vista epidemioldgico, este tumor é responsavel por uma significativa parcela
da mortalidade infantil por cancer no mundo (Howman-Giles et al., 2007; Maris et al.,
2007; Parise et al., 2006; Spix et al., 2006). Em funcdo de sua importancia, um grande
namero de investigagdes esta sendo feita a fim de trazer avangos no entendimento de
sua biologia e tratamento. Os maiores grupos de estudo e classificacdo de
neuroblastoma atualmente sdo o International Neuroblastoma Risk Group (INRG) e o

Children’s Oncology Group (COG) (Monclair et al., 2009).

A caracteristica mais marcante dos neuroblastomas é sua heterogeneidade
clinica. Os desfechos possiveis variam desde a remissdo espontanea até um avango
agressivo, que leva o paciente a morte mesmo com terapias multimodais avancadas.
Notavelmente, um dos desfechos atribuidos a esse tumor € sua diferenciagcdo espontanea
em ganglioneuromas benignos, um processo unico deste tipo de cancer. Devido a sua
excepcional capacidade de metastase, podem gerar processos de invasdo em
praticamente todos os tecidos do corpo humano, incluindo ossos, figado e encéfalo
(Howman-Giles et al., 2007; Mills, 2002). Do ponto de vista clinico, o foco de origem
mais comum de neuroblastoma € o tecido simpatico das glandulas adrenais (35%), que é
originario de elementos embrionarios da crista neural. Igualmente comum, sdo os
ganglios paraespinhais (35%), mas também sdo descritos casos onde esta malignidade
se apresenta incialmente em tecidos simpaticos do abdome e toérax (20%), pescogo

(<5%) e pélvis (<5%) (Howman-Giles et al., 2007). Além disso, aproximadamente



metade dos pacientes apresentam metastases ja no diagnéstico, o que torna necessario

um tratamento de urgéncia logo que a doenca é detectada.

A faixa etéria de incidéncia mais comum ocorre entre seis meses e trés anos de
idade, e estd diretamente correlacionada com o desfecho da doenca. Metade dos
pacientes apresentam os sintomas antes dos dois anos de idade, e mais de 90% antes dos
cinco anos. A apresentagdo dos sintomas antes dos 18 meses de vida esté relacionada
com um prognostico positivo, correspondendo a uma taxa de sobrevivéncia em seis
anos superior a 90%. Entretanto, pacientes diagnosticados apds 18 meses apresentam
menos de 25% de sobrevivéncia durante o mesmo periodo (Monclair et al., 2009;

Schmidt et al., 2000, 2005).

1.1.2 Diagnostico clinico e a busca por biomarcadores

As apresentacfes clinicas mais comuns desta doenca sdo o aparecimento de
massas abdominais causadas pela presenca do tumor. Também comum é o aparecimento
de feridas em volta dos olhos, causadas pelo frequente acometimento dos 0ssos e
tecidos moles ao redor das Orbitas. Algumas criancas podem apresentar sintomas
similares ao de leucemia, como anemia, febre e dor nos 0ssos, e criangas mais velhas
também podem apresentar dificuldades de locomocéo sugestivas de artrite (Howman-
Giles et al., 2007). Dependendo da localizacéo, os tumores podem causar obstrucéo da
saida urinaria e também causar hipertensdo e irritabilidade devido & secre¢do de
catecolaminas. Esse aumento de catecolaminas pode induzir diarreias, que também
podem ser usadas para detectar a doenca. A forma de diagnostico mais utilizada na
clinica, além da inspecdo pelo pediatra, € o exame rotineiro de raios X na regido

toréacica (Schwab et al., 2003).



Os tratamentos para neuroblastoma sdo baseados nas classificagdes de subtipos,

que dependem de dados de imagem, parametros bioldgicos e bioquimicos (Ambros et

al., 2009). Varios esforcos tém sido feitos para classificar os neuroblastomas em

diferentes grupos de risco e, atualmente, o sistema de classificacdo mais utilizado € o

International Neuroblastoma Staging System (INSS). Este sistema classifica os tumores

levando em conta a localizagdo do tumor e o grau de comprometimento de outros

tecidos (Tabela 1).

Tabela 1: Sistema de classificagdo INSS

Estagio Caracteristicas

1

2A

2B

4S

Tumor unilateral localizado, sem comprometimento de outros 6rgaos e
nodulos linfaticos. Pode ser removido por ressec¢do cirurgica apenas.

Tumor unilateral localizado, mas que ndo pode ser totalmente removido
cirurgicamente. Sem comprometimento de outros 6rgdos e nddulos
linfaticos.

Idem ao estagio 2A, mas com comprometimento de nodulos linfaticos
ipsilaterais ao tumor primario.

O tumor ndo comprometeu para partes distantes do corpo, mas pode:

a) N&o ser completamente removido cirurgicamente e cruzar a linha medial,
comprometendo ou ndo nodulos linfaticos proximos.

b) Ainda estar no local primério sem atravessar a linha medial, mas
comprometendo nédulos linfaticos contralaterais proximos.

c) Estar no centro do corpo, crescendo para os dois lados (diretamente ou
através de nodulos linfaticos). Nao pode ser removido por resseccdo
cirurgica apenas.

O tumor comprometeu areas distantes, como nddulos linfaticos distantes,
pele, figado, 0ssos, medula Gssea ou outros 6rgaos.

Similar ao estagio 4, mas a crianga tem menos de um ano de vida. O tumor
se apresenta unilateralmente e comprometeu nodulos ipsilaterais distantes,
mas nao contralaterais. O neuroblastoma pode comprometer figado, pele e
medula 6ssea, entretanto, menos de 10% das células da medula podem ser
cancerosas.

Do ponto de vista molecular, o uso de informagdes gendmicas especificas desses

tumores tem sido incluido nas abordagens de estratificacdo de riscos. Entretanto, ainda

sdo poucos os marcadores capazes de oferecer pistas sobre o desfecho do paciente.
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Estudos citogenéticos em biopsias sugerem que alteracdes segmentais ou ganhos
cromossomicos inteiros sdo um importante separador de desfecho em pacientes (Ooi et
al., 2012). Alteracbes cromossdmicas especificas estdo associadas com mau
prognostico. Destas, destaca-se a perda de 11g, ganhos na regido 17q e perda de
heterozigosidade em 1p. Ganhos de cromossomos que resultam em hiperploidias,
entretanto, sdo indicadores de bom progndstico e baixo risco para 0s pacientes (Maris e

Matthay, 1999; Schwab et al., 2003).

A aplicacdo de técnicas citogenéticas em nivel clinico, todavia, é restrita devido
ao custo e as dificuldades do protocolo. Uma alternativa que surge é o uso de genes
marcadores, que podem ser facilmente detectados com técnicas rotineiras de biologia
molecular. Alguns avangos recentes permitiram melhorar o entendimento da
predisposicdo de neuroblastoma familiar, uma variante mais rara da doenga que
corresponde a cerca de 1-2% dos casos (Tonini et al., 2003). Apesar de sua baixissima
incidéncia entre essa classe de tumores, a identificacdo dos genes de suscetibilidade
guiou estudos correlacionados em neuroblastoma esporadico. Os casos esporadicos sdo
provavelmente decorrentes da interacdo entre polimorfismos relativamente comuns em
multiplos alelos, mas com baixa penetrancia, caracterizando um tipico caso de uma
doenca geneticamente complexa. A fim de esclarecer os fatores de suscetibilidade para
as variantes esporadicas, estudos de associacdo gendmica (genome-wide association
study, GWAS) estdo sendo aplicados em neuroblastoma. Em uma revisdo recente
(Deyell e Attiyeh, 2011), foi apontado que mutacBes deletérias em alelos dos genes
PHOX2B e ALK correspondem a 90% dos casos de neuroblastoma familiar. Para os
casos esporadicos, entretanto, o repertério de polimorfismos apontados €

consideravelmente mais extenso (Tabela 2).



Os padroes de expressdo g@énica em neuroblastoma espelham sua
heterogeneidade clinica. Sdo descritas inimeras assinaturas de genes diferencialmente
expressos em varias analises de microarranjos. Alguns estudos apontam expressao
aberrante de membros da via de sinalizagéo das neurotrofinas, que regulam processos de
crescimento e diferenciacdo celular. Nesses estudos, foi sugerido que a alta expressdo de
TRKA (NTRK1) e TRKC (NTRK3) estda associada com prognosticos favoraveis,
enquanto que a alta expressdo de TRKB (NTRK2) estd envolvida com desfechos
desfavoraveis (Deyell e Attiyeh, 2011; Schramm et al., 2005).

Tabela 2: Resultados de GWAS em neuroblastoma esporadico (adaptado de Deyell e
Attiyeh, 2011)

Localizacéo Fenotipo de
Gene o
cromossomica neuroblastoma
FLJ22536 6p22 Alto risco
BARD1 2035 Alto risco
LMO1 11p15 Alto risco
DUSP12 1923 Baixo risco
DDX4 5911 Baixo risco
IL31RA 5911 Baixo risco
HSD17B12 11pl1 Baixo risco
NBPF23 1921 Né&o-especifico

Atualmente, o melhor marcador genético conhecido para a progressdo de
neuroblastoma é a amplificacdo do oncogene MYCN (Bagatell et al., 2009; Tonini et al.,
1997; Westermann e Schwab, 2002). Estudos realizados durante as Ultimas décadas
detectaram correlagdes significativas do nimero de copias desse gene com o desfecho
negativo de pacientes. Amplificacbes menores (i.e. menores que trés copias) podem
apresentar desfechos positivos, mas dificilmente pacientes com mais de 10 copias
sobrevivem a doenca. Em casos extremos, ja foram detectados nimeros superiores a
400 copias (Oberthuer et al., 2010, material suplementar). Esses pacientes apresentam
tumores metastaticos resistentes a praticamente todos os tratamentos conhecidos.
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Apesar de ser um relativo bom marcador, a amplificagdo de MYCN ndo pode ser
amplamente aplicada na clinica, uma vez que as existem variantes de neuroblastoma
que n&o apresentam amplificacdo deste oncogene e se apresentam com 0s mais variados
graus de letalidade. Algumas dessas, inclusive, sdo extremamente agressivas e

igualmente resistentes a tratamentos multimodais (Asgharzadeh et al., 2006).

1.1.3 Relevancia da pesquisa e a situacéo brasileira

A busca de novos marcadores para 0s casos citados anteriormente € de grande
importancia para o bem-estar dos pacientes. Por serem criangas ou recém-nascidos, 0s
pacientes de neuroblastoma estdo ainda passando por etapas fundamentais de seu
desenvolvimento. O wuso de tratamentos antiproliferativos em criancas com
neuroblastoma esta associado a sequelas permanentes como surdez parcial ou total e
danos no sistema respiratorio, sendo imperativo que seu tratamento seja feito com a
maior parcimonia e precisdo possivel (Wagner e Danks, 2009). A fim de buscar esses
novos marcadores, inimeros estudos estdo sendo feitos no mundo todo. Esses estudos
tém por objetivo buscar relagdes entre mutacOes e alteracfes na expressdo de diversos
genes com a apresentacdo clinica dos tumores e seu desfecho. Em um conjunto de
estudos recentes, que utilizou técnicas de mineracdo de dados em bidpsias de
neuroblastomas, foi inferida uma assinatura de 59 genes com uma boa capacidade
preditiva, mas apenas quando utilizada em conjunto com outros dados clinicos, como
estagio INSS, idade dos pacientes e amplificacdo do préprio MYCN (De Preter et al.,
2010). Apesar desses esforcos, a biologia desse cancer continua elusiva e ainda néao foi
possivel detectar novos marcadores com o poder de discriminacdo atribuidos a

amplificacdo de MYCN.



No Brasil, neuroblastoma ocupa uma posicao relevante nas estatisticas oficiais.
Esses tumores sdo responsaveis por cerca de metade dos casos de neoplasias malignas
em infantis lactentes! e por até 10% de todos os canceres em criangas com idade inferior
a 15 anos (Cartum, 2012). Embora pouco documentados no resto do pais de uma
maneira geral, existem estudos demonstrando o perfil epidemiolédgico dessa doenca na
Regido Sul, que sugerem indices de incidéncia semelhantes ao resto do mundo (Parise

et al., 2006; Pianovski et al., 2006).

1.2 Abordagens high-throughput para o estudo patologias humanas
1.2.1 A biologia de sistemas

Com a popularizagdo das técnicas de alto desempenho (high-throughput) para
geracdo de dados gendmicos, transcriptdbmicos e interatbmicos, um novo paradigma tem
surgido na biologia moderna. O desenvolvimento de ferramentas de coletas de alta
densidade de dados gendmicos e metabolicos (microarrays, yeast two-hybrid screens,
etc.) permitiu, nas duas Ultimas décadas, acesso a uma parcela significativa dos
componentes de uma célula em qualquer dado instante, tornando possivel vislumbrar a
intrincada dindmica das redes gendmicas e proteicas (Figura 1). Para analisar este
grande volume de dados ¢ necessaria a elaboracdo de avancados modelos matematicos e
estatisticos que compreendam as mudancas topoldgicas e propriedades dindmicas
oriundas dessas interacfes tdo multiplices, de forma a criar uma visdo quantitativa e,
portanto, comparavel das complexas redes que regulam e determinam o comportamento

celular (Harrington, Jensen e Bork, 2008). Do ponto de vista da pesquisa, se torna um

! Criancas entre 28 dias e dois anos de idade.



grande desafio analisar e interpretar essa sempre crescente quantidade de dados a fim de

se buscar resposta em perguntas bioldgicas de grande relevancia.

Uma disciplina que tem galgado um lugar de destaque nesta busca € a biologia
de sistemas, que, auxiliada por ferramentas de bioinformatica, possibilita uma
interpretagédo coerente desse imenso volume da informagéo. Esse foco de estudo surgiu
a partir da compreensdo de que as caracteristicas estruturais das redes de interagdes
moleculares de uma célula sdo compartilhadas em grande grau com outros sistemas
complexos j& estudados (Hartwell et al., 1999; Yamada e Bork, 2009). Esta
universalidade inesperada indica que leis similares podem reger a formagéo e evolugéo
de redes de alta complexidade na natureza, permitindo que utilizemos o conhecimento
adquirido no estudo de sistemas ndo bioldgicos bem mapeados para a caracterizacdo das
relacfes intrincadas contidas na organizacdo das funcgdes celulares (Barabéasi e Oltvali,

2004).

E=D
==

'
- o)

Figura 1. Mapa das redes bioguimicas de referéncia para Homo sapiens no repositorio

de dados interatdmicos KEGG (http://genome.jp).
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1.2.2 Um novo paradigma no estudo de patologias

A pesquisa de novos tratamentos para as mais variadas patologias humanas vem
se beneficiando significativamente com a biologia de sistemas e a bioinformética nos
ultimos anos. Com a capacidade de analisar um sistema biologico simultaneamente em
seus diferentes niveis de complexidade (i.e. organismo, 6rgdos, tecidos, células e
biomoléculas), estudos utilizando as ferramentas de biologia de sistemas e
bioinformatica puderam trazer avancos sélidos no tratamento e diagndstico de diversas
doencas. Uma das estratégias mais comuns é a busca por conjuntos de biomarcadores
capazes de discernir entre estados patoldgicos e seus respectivos estados normais, 0 que
permitiria estratificar pacientes usando dados de gendmica funcional. Destaca-se a
busca de genes que podem ser determinantes para um processo particular, como por
exemplo, o desenvolvimento de agressividade em um tumor ou diferenciacdo de tipos
celulares distintos. Para esse tipo de estudo, usualmente sdo coletados dados de
expressao globais de um numero suficiente de amostras representativas de cada estado.
Essas amostras sdo entdo comparadas por meio de estatisticas apropriadas para
expressao diferencial (e.g. regressdo linear) a fim de se procurar genes diferencialmente

expressos entre os estados.

A pesquisa em cancer, particularmente, tem avancado muito com essas técnicas.
Existem atualmente inimeros repositorios de dados especificos para cada tipo de tumor,
oferecendo informacdes sobre mutacGes gendmicas (i.e. dados de SNPs, delecdes e
ganhos cromossomais), perfis de expressdo génica associados a dados de sobrevivéncia
ou informacdes clinicas, etc. Esses repositorios podem ser publicos, apoiados ou até
gerenciados por agéncias como o NCBI e o EMBL. Essa quantidade de dados,
entretanto, ainda carece de ferramentas suficientemente poderosas para utilizar
plenamente seu potencial de melhorar o diagnostico e o tratamento de pacientes. A fim
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de tentar reverter esse quadro, uma comunidade crescente de pesquisadores,
profissionais e desenvolvedores estd se unindo para gerar novas ferramentas de analise.
Das vérias iniciativas existentes atualmente, destaca-se o grupo Bioconductor
(Gentleman et al., 2004), que tem se tornado um dos mais importantes diretorios de
desenvolvimento de ferramentas para bioinformatica. A contrapartida tecnoldgica
dessas questbes também é muito relevante, ja que a validagdo de novas ferramentas de
bioinformatica para estudos de associacdo gendmica é mister para a descoberta de novos

farmacos, novas abordagens terapéuticas e novos testes diagndésticos.

Recentemente, estudos utilizando técnicas de alto desempenho possibilitaram o
desenvolvimento de metodologias para gerar redes transcricionais (Babu, Lang e
Aravind, 2009; Basso et al., 2005; Margolin et al., 2006). Essas técnicas utilizam
modelos estatisticos robustos para determinar relacdes direcionais entre fatores de
transcrigdo e genes-alvos. Somente nos Ultimos anos foi possivel a geracdo de dados em
quantidade suficiente para esse tipo de analise, uma vez que se necessita de um volume
consideravelmente alto de informacéo para diminuir a relacdo ruido/sinal dos perfis de
expressao. Uma das metodologias mais consolidadas na reconstrucdo de redes
regulatérias envolve o uso de ferramentas de teoria da informacdo para inferir essas
redes através de correlacdes sutis entre os padrdes de co-expressdao de milhares de genes
(Margolin et al.,, 2006). A partir de uma rede modelada, é possivel fazer
guestionamentos sobre quais fatores de transcricdo potencialmente influenciam
determinadas assinaturas génicas, possibilitando estabelecer relacbes causais entre
estados patol6gicos e um ou mais genes reguladores. Essa analise aprofundada permite
ndo s6 o descobrimento de novos biomarcadores e alvos terapéuticos como também tem
ampliado significativamente 0 nosso entendimento sobre 0s mecanismos de agdo de

alguns fatores de transcrigao.
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O grupo de pesquisa liderado por Andrea Califano, da Universidade de
Columbia, nos Estados Unidos, tem aplicado com sucesso essa metodologia no estudo
de diversos tipos de cancer. Dentre as aplicacbes bem-sucedidas, destaca-se a
reconstrugdo das redes regulatorias de glioma (Carro et al., 2010) e de células B
(Lefebvre et al., 2010), que permitiram descobertas relevantes a respeito da regulacéo
dos processos de transformacéo celular e malignidade. Essas abordagens apontam novos
alvos génicos para o tratamento de glioma e linfoma. Seguindo as mesmas premissas,
Fletcher e colaboradores (Fletcher et al., 2013) reconstruiram a rede regulatoria de
cancer de mama a partir de dados de expressdo de bidpsias humanas e explicaram o
papel do fator FGFR2 nesta doenca. Este gene é constantemente trazido a tona em
estudos de associacdo gendmica, entretanto, seu papel permanecia completamente
desconhecido. Utilizando células tratadas com moléculas perturbadoras de FGFR2,
esses autores conseguiram determinar quais os fatores de transcri¢do que respondem a
essa sinalizacdo, explicando 0os mecanismos bioldgicos pelos quais esse fator atua na

progressao tumoral do cancer mamario.
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2. OBJETIVOS

Tendo em vista 0 exposto na Introducéo, este trabalho teve por objetivo ampliar
0 conhecimento atual sobre neuroblastoma, visando propor novos alvos terapéuticos ou
marcadores para a progressao desta doenga. Mais especificamente, postulamos que a
utilizacdo de ferramentas modernas de biologia de sistemas e bioinformatica seriam
capazes de oferecer uma abordagem eficaz no diagndstico desse tumor. Sendo assim, 0s

objetivos especificos deste trabalho foram:

1) Reconstruir a rede regulatoria de neuroblastoma utilizando dados publicos de
expressao génica;

2) Sobre a rede inferida, analisar uma assinatura de tumores agressivos a fim de
buscar unidades regulatorias que possam estar enriquecidas no fenotipo
tumoral;

3) Verificar em conjuntos de dados independentes a validade das unidades
regulatorias na discriminacao entre coortes de pacientes de neuroblastoma;

4) Validar in vitro, utilizando cultura de células de neuroblastoma humano (SH-
SY5Y), os efeitos das unidades regulatorias sobre parametros de progressao

tumoral.
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Abstract

Neuroblastoma is the most common extracranial tumor and a major cause of infant cancer mortality worldwide.
Despite its importance, little is known about its molecular mechanisms. A striking feature of this tumor is its clinical
heterogeneity. Possible outcomes range from aggressive invasion to other tissues, causing patient death, to
spontaneous disease regression or differentiation into benign ganglioneuromas. Several efforts have been made in
order to find tumor progression markers. In this work, we have reconstructed the neuroblastoma regulatory network
using an information-theoretic approach in order to find genes involved in tumor progression and that could be used
as outcome predictors or as therapeutic targets. We have queried the reconstructed neuroblastoma regulatory
network using an aggressive neuroblastoma metastasis gene signature in order to find its master regulators (MRs).
MRs expression profiles were then investigated in other neuroblastoma datasets so as to detect possible clinical
significance. Our analysis pointed MAX as one of the MRs of neuroblastoma progression. We have found that higher
MAX expression correlated with favorable patient outcomes. We have also found that MAX expression and protein
levels were increased during neuroblastoma SH-SY5Y cells differentiation. We propose that MAX is involved in
neuroblastoma progression, possibly increasing cell differentiation by means of regulating the availability of
MYC:MAX heterodimers. This mechanism is consistent with the results found in our SH-SY5Y differentiation protocol,
suggesting that MAX has a more central role in these cells differentiation than previously reported. Overexpression of
MAX has been identified as anti-tumorigenic in other works, but, to our knowledge, this is the first time that the link
between the expression of this gene and malignancy was verified under physiological conditions.
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Introduction

Neuroblastoma is the most common extra-cranial solid tumor
and one of the leading causes of cancer mortality in children
worldwide [1-4]. These tumors are originated from embryonic
elements of the neural crest and sympathetic nervous system,
usually developing in the adrenal glands, but also arising in
nervous tissues of the neck, thorax, abdomen, and pelvis. The
metastatic capacity of this type of cancer is notable, being able
of compromising almost any tissue in the human body [2,5].
Another distinguishing feature of this disease is its clinical
heterogeneity. The possible endpoints span from complete
remission to patient death, even with advanced multimodal

PLOS ONE | www.plosone.org

therapy [6]. Numerous efforts have been made in order to sort
neuroblastoma patients in separate risk groups, such as the
International Neuroblastoma Risk Group (INRG) staging
system [7], which is based on clinical factors and imaging
studies, and the Children’s Oncology Group (COG) risk
stratification schema, which complements the former with
molecular aspects. The molecular approaches for assessing
patient clinical outcome are made by detecting DNA copy
number alterations or by searching for more specific segmental
aberrations, such as chromosomes 11q loss and 17q gain
[8,9]. The most reliable molecular classifier, however, is the
amplification of the MYCN oncogene, which is linked to grim
prognosis in the majority of cases [10-12].
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Lower grade neuroblastoma patients can be treated with
surgical resection alone, and may even be subject to
spontaneous remission without any intervention. Patients with
metastatic MYCN amplified tumors have the highest mortality
rate and are usually unresponsive to advanced multimodal
treatment [6,7,13,14]. Patients with MYCN non-amplified
metastatic tumors, however, present highly variable outcomes,
but few endpoint predictors have been described for this group.
Currently, the best known prognostic indicator is the age at
which the tumor is diagnosed [7]. Patients younger than 18
months usually have better prognosis, with more than 90% 6-
year event-free survival for patients younger than one year.
Patients older than 18 months, on the other hand, suffer higher
mortality rates and may present less than 25% 6-years event-
free survival [15,16]. Several high-throughput studies have
been made over the last years to understand the biology
underlying this clinical variability, and at least one of them was
aimed exclusively at these metastatic MYCN non-amplified
patients [17]. Despite intensive study, few predictors have been
brought forward, demanding increased efforts to understand
this remarkable disease.

In recent years, the availability of gene expression studies
has allowed novel strategies for understanding cancer biology.
One of such is the use of mutual information models for
inferring the regulatory networks of transcription factors (TFs)
and their transcriptional targets (or regulons) in the gene
expression profile of a given set of samples [18-20]. This
methodology allows the detection of potential causal
relationships between TFs and specific cancer signatures. As
these statistics depend on rather large sample sizes (n>80),
only recently are they being successfully applied in biology
[21-23]. In this paper, we have reconstructed the
neuroblastoma regulatory network in order to find TFs involved
in the transition from primary tumors to highly aggressive bone
marrow metastasis. We have found evidences that MAX is one
of the master regulators of tumor progression, possibly by
being an additional regulatory step for the availability of
MYC:MAX heterodimers to regulate transcription and increase
proliferation. We have also found evidences that MAX plays a
more prominent role in SH-SY5Y cells differentiation than
previously described.

Results

Neuroblastoma regulatory network and master
regulator analysis

Through our regulatory network reconstruction workflow
(Figure 1), we have identified 15,713 targets for 1,363 TFs in
the first reconstructed neuroblastoma regulatory network
(GSE16476), and 4,039 targets for 705 TFs in the second
(GSE3960) (Figure 2). We have found eight master regulators
(MRs) common to both networks (Table S1) using as query an
aggressive neuroblastoma metastatic gene signature. We have
chosen only regulons common to both networks so as to
improve the specificity of our MRs analysis. However, by this
criterion alone, there was still an elevated chance of finding
nonspecific TFs. To overcome this problem, we have used the
metastatic neuroblastoma gene signature to query a healthy
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mammary tissue network (GSE10780) [24] and use it as a
positive control to detect MRs that are not tissue-specific to
neuroblastoma. We then re-ran the MR analysis within the two
neuroblastoma networks using as query the meta-PCNA
proliferative gene signature [25]. This last step was performed
in order to exclude MRs that were directly involved with
proliferation. Of the eight MRs common to both networks, only
MAX, TFEC, and ZNF101 remained after these specificity
tests.

Regulon overlap and motif analysis

In order to validate the power of our pipeline for detecting
biologically significant regulons, we have compared the
composition of each regulon across the two neuroblastoma
networks and verified whether their members were enriched
with the binding site motif of its MR. We have found less than
1% overlap in the genes potentially regulated by MAX and
ZNF101 in both networks, and 25% for TFEC. We proceeded
to search for regulatory motifs in the targets sequences
flanking regions. Because there are no available motifs for
TFEC and ZNF101 in public databases, we could only query
for the known MAX motif VSMAX, obtained at the JASPAR
database [26,27]. We have found significant enrichment for V
$MAX motif in both networks (p=0.038), indicating that our
pipeline predicted correctly both MAX regulons, albeit their
different compositions. Although there is no public TFEC motif
available, this transcription factor is a member of the MITF
bHLH family, which is closely related to MAX and MYC families
[28]. Members of these families have similar CACGTG binding
motifs, meaning that we can query the TFEC regulon using V
$MAX motif to determine whether it is regulated by a bHLH
transcription factor. TFEC regulon was significantly enriched
with this motif (p=0.003), suggesting that it is indeed regulated
by a bHLH factor.

Given that the MYC/MAX/MAD network may regulate up to
15% of the human genome [29-31], one would not expect
finding substantial overlap in both networks, particularly when
taking into account the significant genetic heterogeneity across
tumors of the same type, which could greatly affect the
specificity of such an important regulatory system. Taking this
into consideration and the fact that both MAX regulons were
significantly enriched with VSMAX binding motif, we chose to
carry our analysis with this gene. ZNF101 was not analyzed
further because it did not have corresponding probes the
datasets below.

Clinical relevance of MAX and TFEC expression in
neuroblastoma

To access whether MAX and TFEC expression could be
related to patient outcome, we have analyzed the GSE3446
dataset [17]. This dataset consists of expression profiles of
primary tumor biopsies obtained at diagnosis from
neuroblastoma patients who (i) either had relapse after five
years (n=46), (i) did not present disease progression in the
same period (n=56), and (i) from tumors obtained at
progression (n=12 + 3 obtained both at diagnosis and relapse).
All patients in this study had untreated metastatic MYCN non-
amplified tumors. 74 of the 102 patients studied at diagnosis
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Figure 1: Schematic representation of the workflow used for
reconstructing the neuroblastoma network and searching for
master regulators of a metastatic gene signature.

Figure 1. Schematic representation of the workflow used for reconstructing the neuroblastoma network and searching

for master regulators of a metastatic gene signature.
doi: 10.1371/journal.pone.0082457.g001

were considered high risk by COG risk stratification, and the present disease setback in five years as opposed to those who
rest was ranked as intermediate risk. We have found that MAX had or were already in relapse (Figure 3), indicating that this
expression was significantly higher in patients who did not
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Figure 2: The neuroblastoma reconstructed regulatory network. Principal components of
the regulatory networks inferred using GSE3996 (A) and GSE16476 (B) datasets. Each node
represents a regulon, which is named by its regulator transcription factor. Node sizes are
proportional to the number of regulon members, node colors are representative of
enrichment significance, and edges widths are proportional to regulon overlap (using
Jaccard similarity).

Figure 2. The neuroblastoma reconstructed regulatory network. Principal components of the regulatory networks inferred
using GSE3996 (A) and GSE16476 (B) datasets. Each node represents a regulon, which is named by its regulator transcription
factor. Node sizes are proportional to the number of regulon members, node colors are representative of enrichment significance,
and edges widths are proportional to regulon overlap (using Jaccard similarity).

doi: 10.1371/journal.pone.0082457.9002
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gene plays an important role in disease progression. We did
not find any significant alterations in TFEC expression.

We have also analyzed two neuroblastoma survival cohorts
with gene expression data. In the first cohort (E-TABM-38,
n=130) [32], we have found that lower MAX expression
correlated with decreased patient survival (Figure 4a),
corroborating our previous result. However, this was not the
case with the second cohort (E-MTAB-179, n=478) [33], in
which higher MAX expression significantly correlated with poor
survival (Figure 4b). We could not analyze TFEC because
these studies were made with custom array platforms that did
not contain probes for this gene. This was also the case with
the regulons members themselves, which were poorly
represented in these platforms and could not be analyzed
further. We chose to analyze these genes in other types of
cancers so as to detect if there was a general trend for their
expression which could confirm our previous results with MAX
and shed some light at TFEC. Using the Kaplan-Meier Plotter
web tool [34,35], we have found that higher MAX expression
was associated with improved prognosis in breast cancer
(Figure S1), in lung cancer (Figure S2), and not related to
prognosis in ovarian cancer cohorts (Figure S3). As for TFEC,
we have found association with higher expression of this gene
and improved lung cancer survival (Figure S4). We have not
found associations with TFEC expression in breast and ovarian
cancer outcome (Figures S5 and S6, respectively). Detailed
results from this analysis are presented in Table 1.

Role of MAX and TFEC in SH-SY5Y differentiation

To understand whether the alterations detected previously in
MAX expression could be involved in neuroblastoma cells
differentiation and, as such, provide an explanation to why
there seems to be a correlation with patient outcome, we chose
to study a dataset of neuroblastoma SH-SY5Y cells undergoing
differentiation (GSE9169) [36]. In this study, the authors
differentiated cells by treatment with retinoic acid for 8 days,
with further addition of brain-derived neurotrophic factor
(BDNF) after the 5" day. We have found a significant increase
in MAX expression starting at the 3@ and 5" days, which lasted
until the end of the differentiation protocol (Figure 5). We have
not found any significant alterations in TFEC expression during
the course of this experiment (data not shown).

We have also performed a similar SH-SY5Y differentiation
protocol in our laboratory and quantified MAX protein content
during differentiation. We have found an increased amount of
MAX after the 4" day of experiment (Figure 6), demonstrating
that the changes in mMRNA expression are indeed reflected at
protein level in neuroblastoma cells.

Discussion

Neuroblastoma is clinically very heterogenic, and one of the
possible outcomes for this disease is spontaneous tumor
regression [1,2]. There are reported cases of differentiation of
these tumors into benign ganglioneuromas, but the
mechanisms by which this processes can occur are still
unknown [8,37,38]. We have queried our reconstructed
neuroblastoma network with a genetic signature related to
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bone marrow metastases, which are considered grim clinical
prognosis for neuroblastoma patients [3,39]. We have
observed that MAX regulon was significantly enriched with
differentially expressed genes, suggesting its role as a master
regulator of the transition from primary tumor to metastasis.
Also, this regulon was not enriched in a healthy control
network, neither involved with a nonspecific proliferative
signature, corroborating that it is related to neuroblastoma-
specific pathways.

MAX expression was significantly altered in three
independent gene expression studies. In the first, we have
observed that neuroblastoma patients who did not present
disease relapse in five years had significant higher levels of
MAX expression than patients who either had or were already
at relapse. Of important note is that only 3 of the 15 patients
studied at relapse were from those included at the beginning of
the study, meaning that we can treat this last group
independently. This result suggests that higher MAX levels are
associated to improved patient prognosis in patients with high
risk, MYCN non-amplified metastatic neuroblastoma.
Corroborating this data, we have analyzed a survival cohort of
neuroblastoma patients and found that individuals with lower
MAX expression had significantly decreased survival rates than
the others. However, we have found the opposite results in a
second neuroblastoma cohort. In this study, patients with
higher MAX expression levels presented lower survival rates
than the rest. It is possible that this incongruence is brought by
the great variability in the two survival cohorts. Patients in
these studies, albeit having mostly MYCN non-amplified
tumors, were sorted across all risk stages and were subject to
different types of therapy, thus making difficult our attempts at
understanding this data. Nevertheless, we have also found
positive association of MAX expression and improved
prognosis in two independent cohorts of breast and lung
cancer patients, corroborating its role in disease progression.

To address whether MAX expression could affect
neuroblastoma by activating a differentiation pathway, we have
analyzed a dataset of MYCN non-amplified neuroblastoma
cells SH-SY5Y subjected to a differentiation protocol. Strikingly,
we have found a peak of MAX expression between the third
and fifth days of differentiation, lasting to the end of the
experiment. This data makes us believe that MAX is one the
late effectors SH-SY5Y differentiation, suggesting that its
expression is implicated in favorable outcomes for MYCN non-
amplified neuroblastoma patients by means of enhancing cell
differentiation and/or impairing proliferation. These results are
further corroborated by the increase of MAX protein levels we
have observed in our SH-SY5Y cells differentiation protocol.

The MYC/MAX/MAD network is a key axis in the cell
decision-making for differentiation and proliferation, and it is
altered in several types of cancer [40—42]. Much has been said
about the oncogenic roles of MYC family genes, but, other than
being the obligatory heterodimer of MYC and MAD families of
proteins, little is known about how variations in MAX
expression can affect cell-cycle progression. In earlier cell
differentiation studies, it was found that MAX expression
remains constant throughout the process [43] (for a review, see
[44] and references therein). One study demonstrates that
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Figure 3. MAX expression in the GSE3446 patient cohort. Boxplots representations of patients who did not present relapse in
five years, and patients that either had or were already at relapse, respectively. y-axis represents relative MAX expression
(normalized sample value divided by MAX mean across all samples). Boxplot bars indicate lower and upper quartiles, central bar
indicates mean, whiskers indicate one standard deviation of mean, and box widths are proportional to sample size. Double asterisks

indicates significant differences from the first group (p<0.001, two-tailed pairwise t-tests with Bonferroni correction).
doi: 10.1371/journal.pone.0082457.g003

PLOS ONE | www.plosone.org 6 December 2013 | Volume 8 | Issue 12 | 82457



Understanding the Neuroblastoma Regulatory Network

A
©
=
c
-]
w
(b}
()]
0
-—
=
g 0.2
o HR=0.45 | — High MAX
p=0.008 | — Low MAX
0.0 -
[ I I |
0 50 100 150
Months
B
©
=
c
-}
wn
()]
-
IS
c
Q o]
T HR=1.556 | — High MAX
p=0.01 | — Low MAX
o |
= I T T I T 1
0 50 100 150 200 250

Months

Figure 4: Kaplan-Meier plot of E-TABM-38 (A) and E-MTAB-179
(B) patient cohorts. x-axis indicates event-free survival time.
y-axis represents the percentage of patients event-free
survival. The red line represents patients with lower MAX
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Figure 4. MAX expression and patient survival. Kaplan-Meier plots of E-TABM-38 (A) and E-MTAB-179 (B) patient cohorts. x-
axis indicates event-free survival time. y-axis represents the percentage of patients event-free survival. The red line represents

patients with lower MAX expression, and the blue line, patients with higher MAX expression. Crosses mark censored data.
doi: 10.1371/journal.pone.0082457.g004
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Table 1. Survival statistics for MAX and TFEC in other type
of cancers.

Gene Cancer Hazard Ratio p value n

MAX Breast 0.75 1.E-06 2,878
Lung 0.45 1.E-14 1,404
Ovarian ns ns 1,171

TFEC Breast ns ns 2,878
Lung 0.57 1.E-09 1,404
Ovarian ns ns 173

doi: 10.1371/journal.pone.0082457.1001

MAX - mice are subject to early embryonic lethality [45],
indicating that this gene plays a vital role in development.
These results suggest that this gene is indispensable to
differentiation and proliferation processes, albeit only as an
accessory part of its network. Lindeman and colleagues [46],
however, have elegantly demonstrated that MAX has a more
active role decreasing the size and frequency of tumors when
overexpressed in lymphoma susceptible mice. In their study,
authors have transfected mice lineages with two different MAX
transgenes. They observed that both strains presented
impaired lymphoproliferation and delayed tumor onset when
co-expressed with a highly active MYC transgene.
Interestingly, the authors noted that the MAX transgene with
higher activity presented more pronounced tumor impairing
capacity than the less active one, indicating that MAX has
indeed tumor suppressing properties, and that the latter may
be dose-dependent. These results are in accordance to related
papers that link MAX overexpression with increased
differentiation in other cell lines [47,48], and particularly, the
work of Peverali and colleagues using neuroblastoma cells
[49]. This author demonstrated that retinoic acid-treatment in
SK-N-BE neuroblastoma cells overexpressing MAX induced
differentiation more than twice as fast as with retinoic acid
alone. Curiously, this cells are MYCN amplified, suggesting
that MAX expression is sufficient to revert proliferation even in
more aggressive neuroblastoma cell variants.

Because these studies were made using overexpression
techniques, one may argue that they are not accurate
reflections of biological processes occurring at more
physiological conditions. The only currently known association
with MAX and tumor biology in humans comes from studies of
pheochromocytoma and paraganglioma patients. Several
independent research centers have observed -correlations
regarding possible inactivating mutations in MAX exons and
the appearance of these tumors [50-54]. These results further
suggest the tumor suppressing properties of MAX. To our
notice, the spontaneous increase in MAX expression during
SH-SYS5Y retinoic acid-induced differentiation was the first of
this kind to be reported, and leads us to question whether this
gene could have a more prominent role in neuroblastoma
progression and neuronal cells progenitors development than
previously described.

It is known that the MAX:MYC heterodimer induces cell
proliferation by interacting with the TRRAP complex and
histone acetyltransferases to transcriptionally activate cell cycle
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activators such as cyclins, and possibly repressing cell cycle
inhibitors [55-57]. The MAX:MAD/MNT complex and the MAX
homodimer, on the other hand, are proliferation repressors and
inducers of terminal differentiation in various cell types [58-60].
The heterodimerization of MYC and MAX is preferential
because the stabilization of their bHLH is thermodynamically
more favorable than that of MAD and MNT with MAX [61].
Being the limiting factor of its network, one possible
mechanism for how changes in MAX expression can interfere
directly with proliferation/differentiation fate in cell is by
regulating the amount of MYC that can activate gene
expression. Lower quantities of MAX would bind preferentially
with  MYC and change the network balance towards
proliferation. As MAX levels rise, all the available MYC binding
sites would be occupied and more MAD:MAX, MNT:MAX and
MAX:MAX dimers would be formed, switching the balance
towards differentiation (Figure 7). In MYCN amplified tumors, a
larger fraction of MAX would be used to form pro-proliferative
MAX:MYCN heterodimers, explaining how these cells are more
resistant to exit division [47]. In line with this, there have been
studies with compounds that are able to disrupt the MYC:MAX
complex in order to decrease malignancy [62,63]. Of particular
relevance is the recent work of Montagne and colleagues [64],
that used MAX bHLH as a protein transduction domain for
decreasing MYC availability to interact with MAX, thus
impairing proliferation in HeLa cells. These results demonstrate
MAX capacity of directly interfering with MYC activity. Put
together, this data bring MAX forward as a central player in its
network, and urge us to dedicate more research in this
intriguing subject.

There are questions made during this work that must be
addressed in the near future. It would be interesting to compare
whether MAX levels are different in stage 4s patients in order
to clinically corroborate our findings with SH-SY5Y cells. There
is also the putative role of ZNF101 and TFEC, which were
pointed as master regulators but could not be implicated in this
disease by means of their expression. We have found an
indication that the latter is associated in lung cancer outcome,
suggesting its importance may be greater than previously
thought. The accurate roles of these genes in neuroblastoma
progression are an open question and additional assays are
needed to address this matter.

Conclusions

We have found evidences that MAX expression plays a role
in neuroblastoma biology that has not been previously
described, possibly as an additional regulator of the availability
of MYC:MAX heterodimers and the balance of proliferation/
differentiation. Our analyses also point that this gene may be
used as a candidate predictor for positive clinical outcomes of
MYCN non-amplified neuroblastoma patients. We have
detected significant associations between higher MAX
expression and improved survival rates for breast and lung
cancer patients, suggesting that the clinical predictor potential
can also be extended to other types of tumors. Lastly, we have
observed that MAX expression was significantly altered during
SH-SY5Y retinoic acid-induced differentiation, providing a
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Figure 5. MAX expression in SH-SY5Y cells differentiation. x-axis indicates the time course of differentiation (times preceded
by “b” indicate the addition of BDNF in the experimental protocol). y-axis indicates relative MAX expression (normalized sample
value divided by MAX mean across all samples). Triple asterisks indicates statistically significant differences from the first three

days (p<10, two-tailed pairwise t-tests with BH correction).
doi: 10.1371/journal.pone.0082457.g005

mechanism for which this gene could be linked to tumor
progression.

Materials and Methods
Neuroblastoma regulatory network reconstruction and
master regulator analysis

The neuroblastoma regulatory network was reconstructed
and plotted using, respectively, the RTN [65] and RedeR [66]

PLOS ONE | www.plosone.org

packages for R Statistical Computing, available at
Bioconductor [67]. This analysis uses the information-theoretic
content (i.e. mutual information) of the gene expression profile
for inferring relevant pairwise interactions among genes.
Regulatory networks were reconstructed from the
neuroblastoma biopsies datasets GSE16476 [68] and
GSE3960 [69]. Human transcription factors were gathered from
the Animal Transcription Factor Database [70]. Master
regulator analyses were made using as query a genetic
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Figure 6.

MAX immunocontent in differentiating SH-SY5Y neuroblastoma cells treated with retinoic acid for 10

days. Asterisks indicate statistically significant (p<10-%) changes in the MAX/B-actin ratio in relation to the first day.

doi: 10.1371/journal.pone.0082457.g006

signature obtained from aggressive metastases. For assessing
this metastatic signature, we have used Limma R package [71]
on the GSE25623 dataset [72] in order to discover differentially
expressed genes between neuroblastoma primary tumors and
bone marrow metastases (for a schematic description of this
workflow, we once again refer the reader to Figure 1). Master
regulators DNA-binding motifs were searched using the FIMO
tool for transcription factor binding site prediction [73]. We have
considered target genes only those that had at least one motif
occurrence in their flanking regions (either 2.5 Kb up and
downstream from the gene start codon [74]). To assess
whether regulons were significantly enriched with genes
regulated by its transcription factor, we verified if our prediction
was significantly higher than randomly sampling all human

PLOS ONE | www.plosone.org
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genes 100,000 times using regulon-sized samples. Statistical
significance was calculated using one-tailed z-tests.

SH-SY5Y differentiation and Western blot analysis

Human neuroblastoma SH-SY5Y cells were obtained from
the American Type Culture Collection (ATCC, Rockville, MD).
Cells were cultivated using Dulbecco's Modified Eagle's
Medium supplemented with 10% heat-inactivated fetal bovine
serum, L-glutamine (2mM), and 0.28 mg/ml of gentamycin
sulfate in a 5% CO, humidified incubator at 37°C.
Differentiation protocol consisted in reducing fetal bovine
serum concentration to 1% and adding retinoic acid (10uM)
during 10 days. The culture medium was replaced every three
days. Cells were grown in 6-well cluster dishes.
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Figure 7. Schematic representation of MAX expression in neuroblastoma cell behavior. Cells with lower MAX concentration
preferentially form pro-proliferative MYC:MAX heterodimers, leading to increased proliferation and de-differentiation (A). With higher
MAX levels, there is no more free MYC available and more MAD:MAX heterodimers and MAX homodimers are formed, shifting

balance towards differentiation (B).
doi: 10.1371/journal.pone.0082457.g007

Proteins (20ug) were separated using SDS-PAGE - 10%
(w/v) acrylamide, 0.275% (w/v) bisacrylamide gels — and
electrotransferred onto nitrocellulose membranes. Membranes
were then incubated in Tris-buffered saline Tween-20 [TBS-T;
20 mM Tris—HCI, pH 7.5, 137 mM NaCl, 0.05% (v/v) Tween 20]
for 1h at room temperature. Subsequently, membranes were
incubated for 12h with polyclonal rabbit anti-MAX (1:1.000
dilution; Cell Signaling). After washing in TBST, blots were

PLOS ONE | www.plosone.org
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incubated with rabbit peroxidase-linked anti-immunoglobulin G
(IgG) antibodies (1:10.000 dilution) for 1.5h at room
temperature. Chemiluminescent bands were detected, and
densitometric analysis was performed by Image-J® software.
All analyses were performed in triplicate.
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Statistical analyses

Unless stated otherwise, all statistical analyses were made
using two-tailed f-tests. Pairwise f-tests were made with
Bonferroni and BH p-value corrections when more than two
groups were analyzed. The latter was used when testing for
more than four groups. Survival curves for gene expression
were drawn using Kaplan-Meier plot and tested with Cox
proportional hazards model using the Survival [75] and
Survcomp [76] packages for R statistical computing. The best
cutoff for samples split was chosen by plotting all percentiles of
gene expression between the upper and lower quartiles and
selecting the best performing threshold. For breast, lung and
ovarian cancers, statistics were made using the Kaplan-Meier
Plotter web tool. Parameters used in all analyses were auto
select split cutoff and only the JetSet best probes were
selected [77]. All gene expression profiles used in this paper
were obtained from Gene Expression Omnibus and
ArrayExpress public databases.

Supporting Information

Figure S1. Kaplan-Meier plot of the 2012 breast cancer
patient cohort available at the Kaplan-Meier Plotter web
tool. x-axis indicates event-free survival time. y-axis represents
the percentage of patients event-free survival. The black line
represents patients with lower MAX expression, and the red
line, patients with higher MAX expression. Crosses mark
censored data.
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Figure S2. Kaplan-Meier plot of the unified lung cancer
patient cohort available at the Kaplan-Meier Plotter web
tool. x-axis indicates event-free survival time. y-axis represents
the percentage of patients event-free survival. The black line
represents patients with lower MAX expression, and the red
line, patients with higher MAX expression. Crosses mark
censored data.

(TIFF)

Figure S3. Kaplan-Meier plot of the 2013 ovarian cancer
patient cohort available at the Kaplan-Meier Plotter web
tool. x-axis indicates event-free survival time. y-axis represents
the percentage of patients event-free survival. The black line
represents patients with lower MAX expression, and the red
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4. DISCUSSAO

Neuroblastomas podem ser considerados o exemplo classico de uma doenca
multifatorial complexa (Tonini et al., 2003). Cada caso possui suas proprias
particularidades moleculares e clinicas, de forma que um mesmo fenétipo pode ser
causado por inimeras alteracfes genéticas. Entretanto, é sabido que todos os tumores
necessitam realizar alguns passos-chaves para se estabelecer com sucesso no corpo e
evitar o complexo conjunto de mecanismos de defesa que possuimos; e 0s
neuroblastomas ndo sdo uma excec¢éo. Partindo dessa premissa, acreditamos que a busca
de marcadores efetivos para a progresséo e tratamento dessa doenca pode ser auxiliada

com as técnicas robustas de analise de dados oferecidas pela biologia de sistemas.

Através da reconstrucdo da rede regulatéria de neuroblastoma e de uma bateria
rigorosa de validacdes, conseguimos verificar a existéncia de pelo menos uma unidade
regulatéria que estava enriquecida com os genes diferencialmente expressos entre
tumores primarios e metastases de medula 6ssea — consideradas uma das formas mais
agressivas e terminais de neuroblastoma. Nossa analise demonstrou que o fator de
transcricdo MAX estava alterado nas metastases, sugerindo sua participacdo na
progressdo tumoral. Similarmente, encontramos indicativos de que os fatores TFEC e
ZNF101 também estavam enriquecidos nesse processo. A fim de determinar de fato
qual a importancia desses fatores no desenvolvimento tumoral, analisamos todos os
conjuntos de dados independentes de pacientes disponiveis em bancos de dados
publicos, de forma a buscar correlacbes entre a expressdo desses genes e o fendtipo
tumoral. Infelizmente, a maioria das plataformas analisadas ndo possuiam sondas para
0s genes TFEC e ZNF101, impedindo que estes fossem analisados rigorosamente no

contexto da progressdo de neuroblastoma. Sendo assim, nossa discussdo se focara
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apenas nos aspectos analisados do gene MAX, cujo provavel mecanismo de atuagdo em

neuroblastoma sera postulado no decorrer deste trabalho.

O primeiro conjunto de dados analisado corresponde a uma coorte de pacientes,
cujas biopsias foram classificadas a posteriori referentes a recidiva ou ndo em um
periodo de cinco anos pds-diagndstico. Interessantemente, observamos que a expressao
de MAX estava aumentada nos sujeitos que ndo tiveram recidiva do tumor no periodo,
sugerindo um efeito protetor desse gene na doenca. Complementarmente, esse conjunto
de dados também possuia uma terceira coorte de pacientes, cujas biopsias foram
retiradas de pacientes que retornavam ao hospital (i.e. da propria recidiva). Apenas trés
dos 15 pacientes desse grupo faziam interseccdo com a coorte dos pacientes com as
bidpsias analisadas no diagndstico, de forma que podem ser considerados um terceiro
grupo independente. Quando analisamos a expressao dessa coorte, também observamos
que a expressdo de MAX estava diminuida nesses pacientes em relacdo aos que se
curaram, reforcando a ideia que este gene pode estar envolvido na progressdo de

neuroblastoma.

A etapa seguinte deste estudo consistiu em verificar se a expressdo de MAX era
suficiente para discriminar curvas de sobrevivéncia de pacientes de neuroblastoma. Para
esse fim, analisamos duas coortes independentes de pacientes de neuroblastoma que
possuiam informacBes de sobrevivéncia. Em uma dessas coortes, observamos uma
separacdo de curvas de sobrevivéncia reminiscentes aos resultados anteriores — 0s
pacientes com maior expressdo de MAX apresentavam um quadro de evolucdo da
doenga melhor que os outros. Esse resultado, entretanto, ndo foi corroborado pela
segunda coorte; 0s pacientes com alta expressao desse gene apresentaram desfechos

piores que os demais. Esses resultados sugerem que, embora a expressdo de MAX tenha
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influéncia no desfecho de pacientes, ela ndo pode ser utilizada por si s6 como marcador

de progndstico.

A literatura cientifica aponta o neuroblastoma como um dos Unicos tumores que
pode sofrer diferenciacdo espontanea. S&o descritos casos de cura de pacientes que
apresentavam avancadas doencas metastaticas e cujos tumores se diferenciaram em
ganglioneuromas benignos (Bhatnagar e Sarin, 2012; D’Angio, Evans e Koop, 1971).
Entretanto, 0 mecanismo desse processo permanece desconhecido. Neste trabalho,
postulamos que o papel de MAX na progressdo de neuroblastoma poderia envolver uma
via de controle de proliferacdo/diferenciacdo. A fim de determinarmos se esta hipdtese
era verdadeira, analisamos um experimento de diferenciacdo de células de
neuroblastoma humano SH-SY5Y sofrendo diferenciacdo por tratamento com acido
retinoico®. Surpreendentemente, observamos que a expressio de MAX estava aumentada
a partir do 5° dia de tratamento. Esse resultado foi posteriormente corroborado pela
imunoquantificacdo de MAX, que apontou um aumento do conteldo desta proteina a

partir do 4° dia de tratamento com &cido retinoico.

4.1 MAX e a rede MYC/MAX/MAD

O gene MAX foi descoberto na era pré-genémica como um dos fatores que
interagiam com MYC (Blackwood e Eisenman, 1991). Os primeiros estudos com esse
gene desvendaram as diretrizes basicas de seu funcionamento — quando este formava
dimeros MYC:MAX, era capaz de induzir a célula a um estado proliferativo através da

ativacdo de genes ligados ao ciclo celular. Poucos anos depois, foi descoberto um novo

3 Algumas linhagens de células de neuroblastoma, quando tratadas com esse composto, ativam
uma via de diferenciacdo diminui significativamente sua taxa de proliferagdo e induz mudangas
morfologicas e bioquimicas relacionadas a maturacdo neuronal (e.g. prolongamentos dendriticos,
expressdo de marcadores neuronais e producdo de neurotransmissores).
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parceiro funcional desse gene — o fator MAD* (Ayer, Kretzner e Eisenman, 1993).
Comecava assim o entendimento de que MYC, que h& décadas estava associado com o
surgimento de tumores, ndo era um fator solitario. Muito pelo contrario, ele integra uma
complexa rede que € responsavel pela tomada de decisdes acerca do destino celular. No
centro dessa rede, esta a proteina MAX, que, dependendo de seu parceiro funcional,
poderia guiar a célula para um estado proliferativo ou induzir a diferenciacdo (Ayer e

Eisenman, 1993).

Devido ao papel central de MYC em quase todos os tipos de tumores (Dang,
2012), este é de longe o mais estudado dos elementos da rede MAX. Basta uma busca
na base de dados Pubmed — Gene de Homo sapiens (acessado em 03/01/2014, as 13h55)
para observarmos que existem 1.288 entradas para MYC (incluindo sua isoforma
MYCND), e apenas 120 entradas para MAX e 145 para MAD (isoformas MXD1, MXI1,
MXD3 e MXD4). Esse resultado demonstra quao desbalanceado é nosso conhecimento
sobre essa importante rede regulatéria. Entretanto, ja existe corpo de evidéncia para
delinearmos de uma maneira geral tanto os papéis dessas proteinas no funcionamento

sadio do organismo quanto seu envolvimento na progresséo de algumas patologias.

Tanto MAX quanto MYC e MAD séo fatores de transcricdo da familia MITF
bHLH, caracterizados pela presenca de um dominio hélice-volta-hélice. Essa estrutura
secundaria permite que essas proteinas se liguem ao DNA em sitios especificos
CACGTG para regular a transcricdo génica (Ledent, Paquet e Vervoort, 2002). Em
MAX, essa afinidade é modulada dependendo dos cofatores associados: quando ligado

com MYC, ele permite a ativagdo de genes proliferativos (Hurlin e Dezfouli, 2004); e,

4 Mais tarde se determinou que o fator MAD era, na verdade, uma subfamilia composta por
quatro isoformas com funcBes distintas (revisado em Rottmann e Luscher, 2006). Para fins de
simplificacdo, tratarei todas apenas como MAD, a ndo ser quando a distingao se torne necessaria.

> Da mesma forma que com as isoformas de MAD, nao farei distincdo entre MYC e MYCN ao
discutir a rede MAX neste trabalho. Ao leitor que deseja se aprofundar nas diferencas entre essas
isoformas, sugiro a leitura da excelente revisdo de Pirity (2006) e suas referéncias.

33



guando ligado as isoformas de MAD ou homodimerizado (i.e. MAX:MAX), ele inibe a
transcricdo de genes ativadores do ciclo celular tanto por inibicdo direta quanto pela
ativacdo de outros genes inibidores, como TP53 (Rottmann e Luscher, 2006). Alguns
estudos recentes determinaram que somente o dimero MYC:MAX ¢é capaz de regular de
10 a 15% do genoma humano (Fernandez et al., 2003; Yap et al., 2011). Isso torna claro
que se trata de uma rede de extrema importancia para o desenvolvimento celular. Em
acordo com isso, existem varios estudos que tentaram, ao longo das ultimas décadas,

determinar as origens e funcGes dessa rede.

Do ponto de vista evolutivo, a rede MAX é bastante antiga — sua apresentacdo
usual (i.e. MYC, MAX e MAD) surge antes da divergéncia do nosso ultimo ancestral
comum com os coanoflagelados (McFerrin e Atchley, 2011; Young et al., 2011). Os
primeiros estudos com alteragdes nessa rede revelaram um papel fundamental no
controle do desenvolvimento em diversos organismos modelos. A delecdo experimental
do ortologo de MYC em Drosophila acarreta um fenétipo diminuto, muito pouco viavel
(Gallant et al., 1996). Em camundongos, essa mesma ablacdo acarreta a morte
embrionaria entre 0 9° e 10° dias (Davis et al., 1993). Similarmente, a delecdo de MAX
também € responsavel por ocasionar morte embrionaria (Shen-Li et al., 2000), o que
sugere seu papel essencial no desenvolvimento. De fato, supde-se que o Gnico motivo
pelo qual esses mutantes murinos sobrevivam nos primeiros dias seja as reservas
maternas da proteina MAX presentes no zigoto. Os estudos com ablacdo das isoformas
de MAD, no entanto, ndo demonstraram um papel essencial no desenvolvimento
(Baudino e Cleveland, 2001), o que condiz com seu surgimento relativamente tardio no

panorama evolutivo (Dalmolin et al., 2011).

Acredita-se que o papel principal da rede MAX seja integrar informagdes das
mais variadas cascatas de sinalizacdo a fim de decidir o destino da célula entre
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proliferacédo e diferenciacdo. Essa decisdo culmina no tipo de dimerizagdo que serd feita
com MAX: com MYC, para proliferar; ou com MAD, para diferenciar. Esse controle é
feito basicamente através da regulacdo da expressdo desses dois parceiros funcionais.
Alguns estudos com células de linhagem humanas e murinas observaram que tanto a
entrada quanto a saida do ciclo celular é acompanhada por alteragdes no perfil de
expressdao de MYC e MAD (e.g. Ayer and Eisenman, 1993; Pulverer et al., 2000).
Quando a célula esta proliferando, a expressdo das isoformas de MAD estdo reprimidas,
0 que permite a formacdo preferencial de dimeros MYC:MAX para manutencdo do
estado proliferativo. Quando a celula é induzida a diferenciar ou entrar em GO por
algum fator interno ou externo, ocorre uma diminuicdo da expressdo de MYC seguido
de um aumento da das isoformas MAD®, de forma a suspender a replicagdo e ativar
processos envolvidos na diferenciacdo. Em todos os tipos celulares estudados até agora,
a expressdo de MAX permanece constante durante todo o processo, sugerindo que,
embora seu papel seja essencial, ele ndo esta sujeito a variagdes’. Os fatores que levam
a formacdo desses dimeros ainda ndo sdao completamente conhecidos — supde-se que
somente 0 maquinario que acompanha o dimero MYC:MAX seja composto por pelo
menos mais de duas dezenas de proteinas, cada uma com diferentes caracteristicas
regulatorias e responsivas aos mais diversos tipos de sinais (Cole e Nikiforov, 2006).
Esse maquinario intricado permite uma grande versatilidade na capacidade de respostas
dessa rede, que, em ultima andlise, regula o destino de quase todas as células nos

organismos complexos.

8 E interessante ressaltar a isoforma MAD3 (MXD3) é a Unica cujo efeito da dimeriza¢do com
MAX ¢ proliferativo. Essa proliferagdo, curiosamente, ndo esta associada com a manutencéo da fase de
replicacdo, mas sim com um burst proliferativo que € necessario ocorrer antes de alguns tipos celulares
entrarem efetivamente na diferenciacdo terminal (em algumas outras células, o pico de MAD3 pode ser
substituido por uma expresséo transiente de MY C) (Hurlin e Huang, 2006; Rottmann e Liischer, 2006).

7 Neste trabalho observamos uma possivel nova etapa regulatéria associada diretamente a
expressdo de MAX, que sera abordada nos proximos topicos.

35



4.2 Alteracdes na rede MAX e suas implicacdes

Seria de se esperar, dada a complexidade de fatores acima e abaixo da cascata
causal da rede MAX, que esta seja uma rede particularmente sensivel a perturbagdes
externas. Na secdo anterior, vimos que sua regulacdo se da primariamente pelo controle
da expressdo dos genes MAD e MYC, que levam a célula a um caminho de diferenciacéo
ou proliferacdo. Em tumores, uma das primeiras alteracdes que ocorre nesta rede é a
perda da capacidade da atividade de MYC ser inibida pelo aumento de seu préprio
contetido (Penn et al., 1990). Em tecidos sadios, altas quantidades® da proteina MYC
ativam uma alca de retroalimentacdo negativa que impede a transcricdo desse gene e
previne a célula de entrar em um estado proliferativo descontrolado. Simultaneamente,
praticamente todas as principais rotas de sinalizagdo conhecidas potencialmente atuam
na regido cis-regulatdria de MYC, conferindo um terreno fértil para o estabelecimento
de mutagdes oncogénicas (revisado em Liu e Levens, 2006). A expressdo de MAD, por
outro lado, estd diminuida em alguns tumores, de forma a impedir a diferenciacédo

celular e manter a célula permanentemente se dividindo (Han et al., 2000).

Os niveis de MAX parecem se manter constantes nos processos fisioldgicos de
diferenciacéo e proliferacdo. Entretanto, essa afirmacdo ndo parece ser verdadeira para
alguns tumores. Estudos envolvendo o0 sequenciamento de amostras de
feocromocitomas® detectaram associagdo dessa doenca com mutagdes possivelmente
inativantes de MAX, sugerindo que aberracGes em seu funcionamento possam induzir

um estado proliferativo (Burnichon et al., 2012)°. Essa observacéo servira de ponto de

8 Em células sadias, os niveis de MYC sio de fato muito baixos. Algumas estimativas sugerem
gue existe apenas uma Gnica molécula do RNAmM de MYC em 40% das células adultas, enquanto que em
células embrionarias, este nimero chegue a cinco moléculas. Em células terminalmente diferenciadas,
MY C esta irreversivelmente silenciado (Liu e Levens, 2006; Warrington et al., 2000).

® Tumores de glandula adrenal.

10 Ver também Comino-Méndez et al., 2011; Galan e Kann, 2013; Welander, Soderkvist e
Gimm, 2011.
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partida para o restante desta discussdo, onde analisarei os resultados de meu trabalho a
luz de alguns estudos realizados ao longo das duas Ultimas décadas, que sugerem um

papel mais complexo para MAX do previamente descrito.

4.3 O papel de MAX na regulagdo do destino celular

Até agora, discutimos a regulacdo da rede MAX como dependente unicamente
das flutuacdes dos contetdos de MYC e MAD. Embora aparentemente verdade para
alguns tipos celulares, o papel regulatério de MAX parece ser mais complexo do que
simplesmente servir de ponto de apoio para a heterodimerizagdo de seus parceiros

funcionais.

As primeiras investigacdes acerca do papel regulatério de MAX comegaram na
década de 1990. Lindeman e colaboradores, em um artigo publicado no periddico
Oncogene (1995), observaram que a superexpresséo de MAX em camundongos
geneticamente suscetiveis a linfomas era capaz de diminuir a frequéncia de
aparecimento e o tamanho dos tumores. Para isso, eles compararam os efeitos da
superexpressdo MYC pareada ou ndo com a de MAX. Como esperado, 0s camundongos
com apenas a expressao de MYC em células linfoides apresentaram um aumento na taxa
de surgimento de tumores. Entretanto, quando pareado com uma superexpressao de
MAX, o efeito de MYC foi drasticamente diminuido; os tumores ocorreram em menor
namero, com apresentacdes mais brandas e mais tardias. Esse efeito, inclusive, foi capaz
de afetar positivamente a sobrevivéncia dos camundongos. Ainda referente a esse
estudo, é importante destacar que foram testadas duas variantes de transgenes com

atividades distintas. Interessantemente, a supressao dos efeitos de MYC era diretamente
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correlacionada com a atividade do transgene, sugerindo um efeito supressor tumoral*!

dose-dependente.

No ano seguinte, Peverali e colaboradores publicam no mesmo periddico
(Peverali et al., 1996) o relato de um estudo envolvendo o uso de um transgene de MAX
durante o processo de diferenciacdo de células de neuroblastoma humano SK-N-BE
com é&cido retinoico®2. O trabalho desse autor utilizou um protocolo de transfeccéo de
um transgene de MAX, que foi capaz reduzir pela metade o tempo necessario para a
diferenciacdo dessas células. Esse resultado, no entanto, parece ser especifico para
células de neuroblastoma e alguns outros tipos celulares, mas ndo para todos. Carfielles e
colaboradores (1997) observaram que a superexpressao de MAX induzia a diferenciagéo
de eritrécitos, mas 0 mesmo protocolo experimental em outro estudo ndo surtiu 0 menor
efeito sobre a diferenciacdo de precursores de macrofagos (Lerga et al., 1999). Esses
resultados sugerem que a rede MAX, e mais especificamente o proprio MAX, esta
sujeito a um complexo sistema de regulacdo que varia dependendo do tipo celular em

que esta sendo expresso.

4.4 MAX e neuroblastoma

Os resultados de Lindeman, apresentados na secdo anterior, demonstraram que
MAX pode ter um papel supressor tumoral em alguns tipos de tumores. O trabalho
subsequente de Peverali aproxima ainda mais a discussdo aos nossos resultados ao

demonstrar o papel desse gene na diferenciacdo de células de neuroblastoma. Uma

1 Lindeman afirma no final de seu artigo:

“The effects of MAX overexpression observed here were antiproliferative in nature. No evidence
was found that max can act as an oncogene.”

Embora ele ndo postule exatamente com essas palavras, esse € o primeiro estudo que define
categoricamente MAX como um potencial gene supressor tumoral. Essa definicdo sd serd retomada
efetivamente nos Gltimos anos.

12 1dem a nota n°2.
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critica que poderia ser feita a esses estudos quanto a sua implicacéo é que eles envolvem
a superexpressao de MAX e, portanto, correspondem a alteragfes que ndo condizem com
0 que é observado em nivel de organismo (analogamente, seria uma situacdo similar aos
trabalhos expressio de PAX6!® em drosdfilas — importantes do ponto de vista
mecanicista, mas ndo relacionados a nenhum fendtipo observavel na natureza'*). Nossos
resultados, no entanto, fazem a primeira ponte desses resultados com um possivel
fendmeno que ocorre in vivo. A regulacdo da prdpria expressdo de MAX pode ser um
dos passos-chaves necessarios para o estabelecimento de neuroblastomas, sugerindo um
novo campo para busca de alvos terapéuticos. Sendo assim, esses dois trabalhos
formardo o alicerce para discutirmos o papel de MAX na progressdo de neuroblastoma

no restante desta discussao.

Apesar de ndo relacionado diretamente com a progressdao de neuroblastoma
anteriormente, a ideia de usar MAX como alvo terapéutico ndo é exatamente nova.
Montagne e colaboradores (2012) utilizaram o dominio hélice-volta-hélice de MAX
para inibir o crescimento de células HeLa®. O principio da técnica € relativamente
simples — a superexpressao desse dominio ocuparia 0s sitios ativos das moléculas de
MYC, impedindo que este se ligasse com MAX para induzir a proliferacdo. Esse insight
parece ser contraintuitivo com o gque observamos em nosso trabalho, uma vez que a
ideia dos pesquisadores é justamente impedir a heterodimerizacdo de MYC e MAX.

Para entendermos melhor como a alta expressdo de MAX poderia ser benéfica para o

13 A expressdo de PAX6 é o sinal homedtico para iniciar a cascata de formacgio de estruturas
oculares em bilatérios. Os mutantes com PAX6 expresso ectopicamente desenvolvem olhos rudimentares
em outras partes do corpo (Bonini et al., 1997).

14 Embora 0 mau funcionamento de ortélogos de PAX6 esteja sabidamente relacionado com erros
no desenvolvimento de olhos e outras estruturas sensoriais, ndo ha, para conhecimento deste autor, um
Unico caso descrito na literatura de superexpressao ectopica desse gene em organismos que nao seja de
forma experimental.

15 A primeira célula de linhagem humana, desenvolvida nos anos 1950. Oriunda de cancer
cervical.
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organismo, é necessario nos debrugarmos sobre mais um estudo importante realizado na

Ultima década.

Banerjee e colaboradores (2006) determinaram as propriedades termodinamicas
das ligagdes MYC:MAX, MAD:MAX e MAX:MAX. Eles observaram que o
heterodimero MYC:MAX é o mais estavel de todos, e sua formacédo é preferencial na
presenca dos outros parceiros funcionais. Pensando em um cenario onde a expresséo de
MAX parece sofrer regulacdo, podemos postular que niveis baixos desta proteina
favoreceriam a formacdo dos dimeros proliferativos e, a medida que os niveis de MAX
aumentam, todos os sitios de MYC se tornam ocupados e se muda o balanco para a
formacdo dos outros dimeros ndo proliferativos. Partindo dessa premissa, poderiamos
esperar que, levando somente em conta a expressdo de MAX, pacientes com baixos
niveis desta proteina apresentariam desfechos piores do que os com niveis mais altos. E
claro que em um cenario real, a quantidade de fatores que interagem diretamente nessa
dindmica € muito alta, e essa afirmativa talvez ndo se traduziria para a clinica. Nossos
resultados, entretanto, demonstram exatamente o contrério; a alta expressdo de MAX
correlacionou com um prognostico favoravel em duas coortes independentes de
pacientes. 1sso sugere que este gene esta de fato envolvido diretamente na progressao de

neuroblastoma.

Ao analisarmos o conteudo de MAX durante a diferenciacdo de células de
neuroblastoma, descrevemos pela primeira vez que ele se altera espontaneamente
durante esse processo. Esses resultados fortalecem as duas premissas citadas

anteriormente, de que 1) MAX esté de fato sofrendo algum tipo de regulagdo em células
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de neuroblastoma e 2) os altos niveis desta proteina ocorrem na etapa de efetivacdo®® do
fendtipo neuronal dessas células, implicando sua correlagdo com um fendtipo
clinicamente favoravel. Dessa forma, acreditamos ter chegado em uma base sélida para

implicar o envolvimento desse gene na progressao de neuroblastoma.

16 por efetivacéo, refiro-me a apresentagdo de facto do fendtipo neuronal (i.e. prolongamentos
dendriticos, etc.), que so ocorre a partir do quarto dia, justamente quando foi observado o aumento da
expressdo de MAX.
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5. CONCLUSOES

5.1 Cumprimento dos objetivos

Tendo em vista 0s quatro objetivos expostos no inicio deste trabalho, podemos
afirmar que todos foram cumpridos. Sendo assim, este trabalho foi capaz de responder

todas as perguntas que se propusera inicialmente:

1) Fomos capazes de reconstruir ndo apenas uma, mas duas redes regulatéria de
neuroblastoma utilizando dados de expressdo publicos, 2) que puderam ser utilizadas
para analisarmos uma assinatura metastatica e definir MAX como um dos reguladores
mestres do fendtipo tumoral. 3) Observamos que a expressao de MAX correlacionou
com o desfecho de pacientes de neuroblastoma, validando seu papel como possivel
biomarcador. 4) Por udltimo, verificamos que o conteido de MAX estava aumentado
durante a diferenciacdo de células de neuroblastoma, indicando seu provavel papel na

progressao da doenca.

5.2 Consideracdes finais e perspectivas

Ao longo deste trabalho, observamos o possivel papel de MAX na progressao de
neuroblastoma. Entretanto, algumas perguntas ficaram em aberto e deverdo ser
respondidas em um futuro préximo. Primeiro, se 0 mecanismo que postulamos esta
correto, por que a expressdo de MAX ndo correlacionou com o desfecho dos pacientes
da terceira coorte de sobrevivéncia? Outros fatores ndo tdo evidentes devem ser levados
em conta antes de adotarmos esse gene como um marcador. Além disso, também ha o
papel dos fatores TFEC e ZNF101, que foram apontados como reguladores mestres da

progressao dessa doenca. A expressdo de TFEC foi capaz de discriminar pacientes de
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cancer de pulméo quanto a sua sobrevivéncia, sugerindo que esse gene deve ser alvo de
estudos futuros. Por ultimo, devemos entender exatamente qual o papel de MAX na
diferenciacdo neuronal. Vimos que ele esta aumentado no decorrer do processo, mas
ndo h& como implicar seu papel diretamente. Serdo necessarios estudos de ganho e

perda de funcdo para que entendamos mais profundamente seu funcionamento.
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Chemoreception is among the most important sensory modalities in animals. Organisms use the ability to perceive chemical
compounds in all major ecological activities. Recent studies have allowed the characterization of chemoreceptor gene families.
These genes present strikingly high variability in copy numbers and pseudogenization degrees among different species, but the
mechanisms underlying their evolution are not fully understood. We have analyzed the functional networks of these genes,
their orthologs distribution, and performed phylogenetic analyses in order to investigate their evolutionary dynamics. We have
modeled the chemosensory networks and compared the evolutionary constraints of their genes in Mus musculus, Homo sapiens,
and Rattus norvegicus. We have observed significant differences regarding the constraints on the orthologous groups and network
topologies of chemoreceptors and signal transduction machinery. Our findings suggest that chemosensory receptor genes are
less constrained than their signal transducing machinery, resulting in greater receptor diversity and conservation of information
processing pathways. More importantly, we have observed significant differences among the receptors themselves, suggesting that

olfactory and bitter taste receptors are more conserved than vomeronasal receptors.

1. Introduction

The ability to evaluate the environment has always been of
vital importance to all organisms. In order to find food, detect
dangers, and search for reproductive partners, a constant
appraisal of the outside world must be made by any organism.
Chemosensory reception is one such tool for this task, and
it is present in all life forms. Over the last decade, several
studies were conducted in order to characterize the different
chemosensory receptors (CR) genes [1-4]. In vertebrates,
they are coded by six major multigene families: the trace
amine-associated receptors (TAAR) [5], the olfactory recep-
tors (OR) [6], the type I and II vomeronasal receptors (VIR
and V2R) [3, 4, 7], and type I and II taste receptors (T1R and
T2R) [1, 2]. All proteins coded by these genes are G protein-
coupled proteins [8].

Different from other environmental appraisal systems
such as vision and hearing, which remained relatively stable
once they were formed, chemosensory reception must be
constantly tuned to an ever-changing environment of odors
and toxins. This need for variability is reflected in the organi-
zation of the CR genes in the genome. In all studied species,
it was found that these genes occur in great numbers, and
there are considerable numbers of CR pseudogenes [4, 9-11],
suggesting that they are prone to duplication and inactivation
events. There are theories to explain the evolution of CR genes
[9, 11-14], but several gaps regarding this subject still remain.
For instance, there are no currently available data regarding
the evolutionary dynamics of the chemosensory apparatus as
a whole (i.e., the CR and its signal transducing machinery).
Equally unclear are the differences in evolutionary dynamics
among the CR families.



In this work, we have tackled the evolution of the
mammalian CR gene families and their signal transducing
machinery from a systems biology-oriented approach. We
have analyzed the orthologs distribution of the chemosensory
machinery, their functional networks topologies, and their
phylogenetic diversity in Mus musculus, Rattus norvegicus,
and Homo sapiens. We have found evidences that there are
distinct evolutionary dynamics in the CR genes and the signal
transducing apparatus. More importantly, we have observed
significant differences among the CR gene families, suggest-
ing distinct evolutionary dynamics for each receptor type.

2. Methods

2.1. Data Collection. In order to determine which receptors
are involved in each sensory modality, we have gathered data
from the Gene Ontology (GO) Consortium [15] regarding
Homo sapiens, Mus musculus, and Rattus norvegicus. GO
groups used were 0004984—MF Olfactory receptor activ-
ity, 0007608—BP Sensory perception of smell, 0008527—
MF Taste receptor activity, 0050909—BP Sensory percep-
tion of taste, 0016503—MF Pheromone receptor activity,
0019236—BP Response to Pheromone. We have chosen
these three species for our study due to robustness of their
genomic/proteomic data available in databases. Studied genes
were sorted in groups according to their receptor modality:
olfactory receptors; taste receptors; and vomeronasal recep-
tors. We made one further division of the GO taste group to
separate taste receptors type 1 and 2 and study them sepa-
rately because of their functional differences. TAAR genes
were withdrawn from our analysis due to lack of data in
the databases. Also due to lack of available data, we have
combined the two vomeronasal families (VIR and V2R) and
studied them as a single group (VN). We have sorted all genes
in GO groups into two functional categories: the first con-
sisted of genes coding the proteins directly involved in bind-
ing chemical stimuli (the chemosensory receptors per se),
and the second consisted of the rest of the genes related to
signal transduction machinery (STM).

Functional network parameters of proteins coded by CR
genes were gathered using STRING database (String-DB),
version 8.3 [16], using their corresponding ENSEMBL IDs. To
assemble these IDs, a cross-search was performed between
GO, String-DB, HUGO Gene Nomenclature Consortium
[17], Mouse Genome Informatics [18], Rat Genome Database
[19], and BioMart [20] databases. Genes that presented
ID divergences among databases were manually curated or
removed from our analysis. String-DB analyses were made
with a 0.7 combined score and only interactions generated
from experiments and databases were used. This is a medium
to high stringency parameter.

2.2. Topology and Evolutionary Plasticity Analysis. Topolo-
gies of the receptors functional networks were analyzed
by connectivity [k(i)] and clusterization [c(i)] indexes of
their components. k(i) index is calculated by the number of
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neighbors that an i node has in a network, and c(i) by the
equation

. 2n;
c(i) = ————,

TRy =
which represent general interactivity of i’s neighbors, where
n; represents the number of their connections among each
other. Evolutionary Plasticity Index (EPI) of the orthologous
groups of these proteins was calculated by equation

H(X
EPI=1- )

VD,

where H, is the ortholog diversity in the eukaryotic tree,
calculated using how many species the ortholog is found, and
D, is its abundance, calculated by the number of ortholog
members found in each species [21]. Orthology data of these
proteins was also gathered using String-DB. All statistical
analyses were made using one-way ANOVA with Tukey’s test.
k(i) and c(i) indexes were compared by the Shannon diversity
(S) of their distribution, using equation

S=—Zplnp, (3)

where p is the probability of a value occurrence in any dataset.
Entropy calculation was used in a complementary way in
order to mathematically support or refute any observations
in the connectivity and clusterization distribution behavior.
In order to generate the graphical representations of the CR
network, we have plotted String-DB interactions of all Gene
Ontology groups proteins among each other using RedeR R
package [22]. The list of all the genes analyzed in this work is
presented in the Supplementary Material available online at
http://dx.doi.org/10.1155/2014/696485.

2.3. Phylogenetic Analysis. Chemoreceptor genes sequences
were gathered from the Chemosensory Receptor Database
[23]. Alignments and trees were made with the MEGA 5.2
software [24], using, respectively, the Muscle alignment algo-
rithm [25, 26] and the Tamura-Nei model [27]. Parameters
used were the default for each algorithm. Branch reliabil-
ity was calculated using bootstrap method. 100 bootstrap
replications were performed for TIR, T2R, and VN and 50
replications for OR. For entropy analysis, we have calculated
the Shannon diversity of the phylogenetic trees by subsetting
each tree into n consecutives samples of w size, where # is
the tree size and w is the maximum tree depth (i.e., number
of levels). This was made to detect whether tree diversity
was consistent throughout the entire tree radius. One-way
ANOVA was used in order to compare these results. We have
chosen w as the number of levels as a means for defining
proportional windows for each tree.

3. Results

3.1. Differences between the Chemosensory Receptors and the
Signal Transducing Machinery. We have calculated separately
the Evolutionary Plasticity Index (EPI) [21] of the CR genes
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FIGURE 1: Mean EPI values of chemoreceptors (red) and signal
transducing machinery (blue). The edges of the boxes indicate the
upper and lower quartiles. The line at the center of each box indicates
the median, the square represents the mean, and whiskers represent
the standard deviation. Asterisks indicate statistically significant
data (P < 0.001).

and their signal transducing machinery (STM). We have
observed that CR genes as a whole have significantly higher
plasticity values than the STM (Figure 1), indicating that CR
genes have a broader ortholog distribution than the STM,
meaning that the latter was subject to less variation during
the course of evolution. To further corroborate these findings,
we have compared each CR family separately to its signal
transducing machinery. We have found that, in all cases
but one, the EPI of each CR family was significantly higher
than its STM (Figure 2). The exception was the human vom-
eronasal (VN) genes, which lack their STM due to the loss of
the TRPC2 channel [28, 29].

Next, we have compared the network topologies of each
CR family and their STM. We have observed that most CR
genes are functionally less connected than their STM. Most
CR genes are connected only to their respective G proteins,
indicating that they are located in the periphery of their
functional networks (Figures 3 and 4). This assumption is
further supported by analyzing the Shannon diversity of
the connectivity and clusterization indexes. We have found
that the STM has higher diversity values for these indexes
(P < 0.05), suggesting that they occupy a broader range of
niches in their network. Exceptions to this are some olfactory
receptors, which presented higher connectivity and clusteri-
zation values among each other.

3.2. Differences among the Different Chemosensory Families.
We have compared the EPI of the different CR families with
themselves in order to identify differences in their orthologs

Mus OR
Mus TIR
Mus T2R

Mus VN

Homo OR
Homo T1R
Homo T2R

Homo VN
Rattus OR
Rattus TIR
Rattus T2R
Rattus VN

B Receptors
B STM

FIGURE 2: Mean EPI values of chemoreceptors families (red) and
their respective signal transducing machineries (blue). Plasticity
values are shown in the vertical axis and the different subgroups
are listed on the horizontal axis. Whiskers represent the standard
deviation. Statistically significant data are indicated by double (P <
0.001) and single (P < 0.05) asterisks.

distribution. Due to lack of data regarding the VIR and V2R,
we have considered these genes as a single group in our
analysis (VN). Strikingly, we have observed that CR families
can be sorted in two groups regarding their plasticity. The
OR and T2R have significantly lower plasticity than the TIR
and VN in the three mammals we have studied, indicating
that they had evolved under different constraints in these
species (Figure 5). To further assess these differences, we have
reconstructed the phylogenetic relationships among each CR
family. We have observed that the OR, TI, and T2 genes
form branches preferentially with their orthologs in other
species, whereas the VN genes branches with their inparalogs
(Figure 6). These results are further supported by calculating
the Shannon diversity index stepwise for each CR tree. We
have found that the VN tree had significantly lower diversity
values (P < 107'%) than the other CR, suggesting that the VN
genes are less conserved than the other CR. The original trees
with bootstrap replications confidence values can be found in
the Supplementary Material.

3.3. The Functional Organization of the CR Genes Network.
Finally, we have reconstructed the CR genes network in
order to visualize its functional organization. We can observe
that even though they form completely separate functional
clusters, all the CR families, with the exception of VN, share
the same STM cluster (Figure 7). This indicates that the STM
machinery is essentially the same in every CR cell type.

4. Discussion

Chemosensory perception is one of the most important
systems for appraisal of the environment. It is of vital neces-
sity to every organism that the chemical species detected
by each chemoreceptor are tuned to tastes or odorants
which bring meaningful information from the outside world.
Unlike physical sensory modalities, whose stimuli nature is
constant (e.g., light, sound), chemical perception may be
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subject to radical changes in very short time windows. For
instance, some plants are able to change their repertory of
toxic secondary compounds in just a few generations [30],
forcing herbivorous species that can potentially ingest these
compounds to keep equally updated their ability for detecting
these toxins. From an evolutionary point of view, this means
that the genes coding these receptors must have a more

relaxed behavior in order to accommodate novelties in the
environment.

When comparing all CR genes to their STM, we have
observed that CR have higher evolutionary plasticity values,
suggesting that they were more subject to variation in the
course of evolution than the STM. This indicates that the
STM has remained relatively unchanged since its appearance,
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while the receptors themselves were free to experiment with
the environment. By analyzing the network topology of the
CR and STM, we have observed that CR occupy a peripheral
position in their functional network. It has been proposed
that proteins located in the periphery of their respective
functional networks have elevated propensity to duplicate
and undergo positive selection [31, 32]. This happens because
poorly connected and loose clusters are able to more effi-
ciently accommodate evolutionary novelties such as gene
duplications, deletions, and changes of function, and thus
they become the “evolutionary motors” of their biological
networks [33-35]. D’Antonio and Ciccarelli have recently
demonstrated evidences supporting this assertion [36]. In
their paper, these authors have thoroughly analyzed network
properties, sequences, and orthology data from E. coli, yeast,
fly, and human. They observed that genes acquired during
evolution encode less connected and less central proteins that
are subject to more duplication events. Conversely, it has been
observed in other types of signal transducing cascades that
the receptors are more constrained than the intermediate
elements of their networks [37-40]. These studies, however,
were made with pathways such as those of insulin/TOR,
which integrate information from inside the organism. As
corporeal composition remained relatively the same through-
out vertebrate evolution, intra- and extracellular components
are not subject to radical variation, making necessary that
internal signal transducing cascades must be more tightly
constrained in order to consistently maintain their behavior.
The environment, however, is constantly subject to changes,
and the chemoreceptors cannot be too tightly constrained in

order to accommodate these fluctuations. Our data support
that CR are a special case of signal transducing pathways that
have loosely constrained receptors.

Our subsequent insight into CR evolution was made
when comparing the receptors with themselves. We have
observed striking evidences suggesting that the vomeronasal
receptors are less constrained than the other CR families.
First, their plasticity is significantly higher than the other
CR, suggesting that this gene family was probably more
subject to duplications and deletions than the other receptors.
This is further supported by their phylogenetic tree, which
is grouped by inparalogs rather than orthologs, suggesting
that these genes have arisen from recent duplications and,
therefore, are probably less constrained. This finding is
similar to what Grus and Zhang observed when studying
the dynamics of vomeronasal and olfactory receptors in
vertebrate species [41]. Lastly, we have observed that their
functional network is completely detached from the other
receptors, making them the most peripheral CR. From an
evolutionary point of view, one would be tempted to think
that the VN code the least important CR in terms of
individual survival. The T2R are responsible for detection of
bitter tastes. In general, these tastes are typically associated
with toxic nitrogenated compounds, such as alkaloids and
amines [42]. The perception of these toxins is a major issue
in the survival of any organism that has chances of ingesting
them. Equally important to their survival is the detection of
food, predators, and members of the same species by OR.
Conversely, the VN genes likely give clues about potential
reproductive partners by detecting genetic likeness and even
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immune compatibility [43, 44]. These characteristics, albeit
very important to long term adaptation and survival of the
species as a whole, are not a major issue in direct survival of
the individual.

An apparent contradiction in our analysis was the case of
the TIR, which code sweet and umami receptors. From our
phylogenetic analysis, these receptors are tightly constrained.
All three species have the same number of these receptors,
each branching more closely with its orthologs in other
species rather than the others of the same species. This finding
is supported by an earlier analysis that found the same pattern
in all vertebrate species [45]. However, by their ortholog dis-
tribution, we have found high EPI values. These receptors are
grouped in the KOGI1056 group, which encompasses 1790
proteins in 52 species, with most varied functions (e.g., bride
of sevenless, a homeotic gene). The high-plasticity values

of TIR family are owed to the comprehensive reach of this
orthologous group, suggesting that these receptors are con-
strained members of a larger and more dynamic family of
proteins. Albeit instigating, these assumptions can only be
confirmed with further in-depth study of this interesting
orthologous group.

From a systems perspective, we have found evidences that
the CR evolved through duplication events that resulted in
gain of function. We have observed that all CR families share
the same STM cluster, suggesting that the latter is an older
transducing core that was reused in several cell types. The
CR, on the other hand, are specific and only expressed in
their appropriate cell type. The only CR family that diverges
fromz this behavior is the vomeronasal receptors, which were
adapted to convey their signal directly to an ion-channel. This
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deviation may be the reason why these receptors are under
different evolutionary constraints.

Our results suggest that genes coding chemoreceptors
were subject to more variation in the course of evolution
than those coding signal transducing machinery, reflecting
their distinct functional roles in organisms. We have also
found significant variation even among the different receptor
modalities, suggesting, for the first time to our notice, that
olfactory and bitter taste receptors are, albeit less constrained
than the transduction machinery, more conserved than
vomeronasal receptors. These differences are due to the
distinct ecological roles played by the receptors, with the low-
plasticity olfactory and bitter taste receptors taking major part
in direct survival of the organism, whereas high-plasticity
vomeronasal receptors contribute to overall adaptation of the
species. Sweet/umami receptors cannot be analyzed by their
orthologous distribution alone due to the large variability of
their ortholog group, and further studies are needed in order
to understand the selective pressures imposed on them. We
believe that the chemoreceptor networks case is illustrative to
demonstrate the generation of novelties through evolutionary
tinkering. During the course of evolution, the chemosensory
cells generated novel receptor clusters probably by dupli-
cating older ones in order to perceive different sensory
inputs. Even among these clusters, there is a great deal of
evolutionary experimentation, so that the organisms can be
kept up to date with their environment. The signal transduc-
tion machinery and other information pathways, however,
remained essentially the same throughout generations.
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