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RESUMO

O glioblastoma multiforme (GBM) é um tipo de tumor bastante agressivo,
que apresenta uma elevada taxa de proliferacdo e um comportamento altamente
invasivo. A ecto-5’-nucleotidase (e5SNT/CD73) é uma enzima expressa de forma
bastante ampla, a qual age na hidrélise do AMP extracelular, com consequente
formacéao de adenosina, molécula com diversas fungdes celulares. Além da funcao
enzimatica, foi mostrado que a e5NT/CD73 também exerce importante papel na
interacdo célula-célula e célula-matriz. Muitas evidéncias apontam para fung¢des
de promocao tumoral desempenhados pela e5NT/CD73, a qual se apresenta
expressa em altos niveis em diferentes tumores. No presente estudo
caracterizamos o papel desempenhado pela eSNT/CD73 no crescimento de GBM
in vitro e in vivo através do silenciamento de sua expressao e atividade em células
de glioma de rato C6. A e5NT/CD73 foi silenciada por RNA de interferéncia
estavel através de lentivirus e o silenciamento foi caracterizado por métodos de
imunofluorescéncia e atividade enzimatica. Além disso, investigamos parametros
de malignidade in vitro, como adesao e migracao celular. Para uma melhor anélise
do papel da proteina no crescimento tumoral, implantamos as células C6
silenciadas em um modelo de glioma em ratos. Andlises patolégicas e
imunohistoquimicas usando o marcador nestina foram realizados. Foram obtidos
dois clones silenciados de forma estavel, C6-c54 e C6-c56, os quais tiveram uma
significativa redugao na expressao e atividade da eSNT/CD73. Foi observada uma
significativa alteracdo no parémetro de adesao in vitro de ambos clones
silenciados, e esse efeito deve-se provavelmente a funcdo de adesao exercida
pela proteina e ndo da sua atividade enzimatica, uma vez que o uso do inibidor
APCP nao foi capaz de diminuir a capacidade de adesao das células wt. Além
disso, o implante das células silenciadas ndo foi capaz de gerar uma massa
tumoral in vivo, o que foi confirmado posteriormente por analise
imunohistoquimica. Ndo obstante, todos tumores C6 wt cresceram com todas
caracteristicas histopatolégicas de GBM. O crescimento dos tumores C6 nao foi
bloqueado pela co-inje¢do com o inibidor enziméatico APCP. Desse modo, nossos
resultados corroboram outros dados da literatura que indicam um papel crucial da
sinalizagdo purinérgica na progressdo de GBM. Estudos complementares s&o
necessarios para o estabelecimento de novas e mais eficazes terapias contra
esses tumores, utilizando a eSNT/CD73 como alvo.

Palavras-chave: Gliomas; ecto-5’-nucleotidase/CD73; adenosina; silenciamento
por RNA:; modelo de implante in Vivo.



ABSTRACT

Glioblastoma (GBM) is a very aggressive tumor that presents a high
proliferative and invasive behavior. Ecto-5’-nucleotidase (e5NT/CD73) is a widely
expressed enzyme that hydrolyses extracellular AMP, producing adenosine, an
important molecule in several cell functions. Besides that, eSNT/CD73 has been
shown to exert an important role in cell-cell and cell-matrix interactions. Several
evidences suggest that eSNT/CD73 has tumor-promotion functions, being up-
regulated in several tumors. In this study we aimed to better characterize the role
of eSNT/CD73 in glioma progression by silencing its expression in a rat C6 glioma
cells and analyzing the in vitro and in vivo growth of GBM. Knockdown (KD) of
e5NT/CD73 was obtained through stable RNA interference mediated by lentivirus
and KD cells were analyzed through immunofluorescence and activity methods
such as HPLC and malaquite-green. We also assessed parameters of malignancy
in vitro, such as cell adhesion and migration. For a deeper investigation, we
implanted KD C6 cells in rat striatum and performed pathological and
immunohistochemical analyses to assess tumor size and malignancy. Two stable
e5NT/CD73 KD clones of C6 glioma cells were obtained, named C6-c54 and C6-
c56, and these clones presented a large reduction in expression and AMPase
activity of eSNT/CD73. A significant alteration in adhesion parameter of silenced
cells was observed in vitro possibly due to the loss of the adherence function of
e5NT/CD73 per se. In addition, eSNT/CD73 KD cells were not able to develop a
tumor mass in the striatum of rats, which was confirmed by immunohistochemistry
analyses, whereas all rats injected with C6 wt cells developed tumors with all
histopathological features of GBM. Tumor growth of C6 wt cells was not blocked by
the co-injection with the enzymatic inhibitor APCP. Taken together these results
reinforce the crucial involvement of purinergic signaling in the GBM progression.
Further studies are necessary to establish new and powerful therapies against
these tumors using eSNT/CD73 as target.

Key words: Gliomas; ecto-5’-nucleotidase/CD73; adenosine; knockdown; rat glioma
model.
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LISTA DE ABREVIATURAS

ADA — adenosina deaminase (Adenosine deaminase)

ADP - adenosina difosfato (Adenosine diphosphate)

AMP - adenosina monofosfato (Adenosine monophosphate)

APCP - 5’-a,3-metileno-ADP

ATP - adenosina trifosfato (Adenosine Triphosphate)

CNTF - fator de crescimento neurotréfico ciliar (Ciliary neurotrophic factor)
eSNT/CD73 — ecto-5"-nucleotidase/CD73

EGFR - receptor do fator de crescimento epidermal (epidermal growth factor
receptor)

E-NPPs - ecto- nucleotideo pirofosfatase/fosfodiesterase (Ectonucleotide
pyrophosphatase/phosphodiesterase)

E-NTPDase - ecto-nucleosideo trifosfato difosfoidrolase (Ectonucleoside
triphosphate diphosphohydrolase)

FGF2 - fator de crescimento de fibroblasto 2 (Fibroblast growth factor- 2)

GBM — Glioblastoma (previamente conhecido como Glioblastoma Multiforme)

GPI — glicosilfosfatidilinositol (Glycosylphosphatidylinositol)

HPLC - Cromatografia liquida de alta performance (High performance liquid
chromatography)

IL-2 - interleucina-2 (Interleukin-2)

IL-10 - interleucina-10 (Interleukin-10)

IL-12 - interleucina-12 (Interleukin-12)

INF-y - interferon gama (interferon gamma)



RNAi — RNA de interferéncia

shRNA — RNA em forma de alga curta (short hairpin RNA)

MAPK - proteina cinase ativada por mitbgenos (Mitogen-Activated Protein Kinase)
MAT — macr6fagos associados a tumores (Tumor-associated macrophages)

MEC — matriz extracelular

MRNA — RNA mensageiro

OMS - organizag&o mundial da saude

P1 - receptor purinérgico metabotrépico para adenosina, dividido em quatro
subtipos: A1, Aza, Az € Az

P2X - receptor purinérgico ionotrépico

P2Y - receptor purinérgico metabotropico

p53 - proteina supressora tumoral (ftumor protein p53)

PDGF - fator de crescimento derivado de plaquetas (platelet-derived growth factor)
PIP3 — fosfatidilinositol  (3,4,5)trisfosfato  (Phosphatidylinositol  (3,4,5)-
trisphosphate)

PKA — proteina cinase A (protein kinase A)

PKC - proteina cinase C (protein kinase C)

PTEN - homélogo fosfatase e tensina deletado do cromossomo 10 (Phosphatase
and tensin homologue deleted on chromossome 10)

SNC — sistema nervoso central

TNF-o - fator de necrose tumoral- alfa (Tumor Necrosis Factor alpha)

Wt — Wild-Type



1. INTRODUCAO

1.1. Os Gliomas

Gliomas sao os tumores primarios mais comuns do sistema nervoso central
(SNC), representando aproximadamente 80% entre todos os tumores cerebrais
(Sathornsumetee et al, 2007). Os gliomas sdo um tipo de cancer extremamente
agressivo, sendo o tempo de sobrevida dos pacientes diagnosticados com esta
patologia bastante baixo, de cerca de 3 anos (Argyriou & Kalofonos, 2009), tempo
esse que varia de acordo com o grau do tumor apresentado. As principais
sintomatologias apresentadas sao cefaléia, mudangas cognitivas, convulsées,
fraqueza, nausea e vomitos (DeAngelis, 2001; Holland, 2001). A maior incidéncia
desses tumores é em adultos com idade acima dos 40 anos, sendo que, homens
sdo mais frequentemente afetados do que mulheres (Preusser et al, 2006).
Gliomas sao usualmente detectados por tomografia computadorizada e por
ressonancia magnética (Holland, 2001).

Gliomas sao tumores de origem neuroepitelial e séo classificados com base
na sua morfologia em: astrociticos, oligodendriais, ependimais e tumores do plexo
coroide (Nakada et al, 2007). Dentre esses, 0s mais comuns sao os de origem
astrocitica, chegando a 85% dos casos (Nakada et al, 2007). Além disso, os
gliomas foram classificados pela Organizagcdo Mundial da Saude (OMS) em 4
graus de malignidade, do menos (grau |) ao mais agressivo (grau V), de acordo

com aberracdes histopatolégicas apresentadas: atipia nuclear, atividade mitética,



hiperplasia endotelial e necrose (Kleihues et al, 2002). Os de grau | sdo
considerados biologicamente “benignos”, enquanto que os de grau Il séo
malignéncias de baixo grau e longa histéria clinica (Dell’Albani, 2008). Os gliomas
de graus lll e IV sdo tumores bastante malignos e letais em curto periodo de
tempo. Além disso, sabe-se que 50% dos gliomas de grau Il tornam-se de graus lll
e IV em um intervalo de 5-10 anos desde o seu diagnéstico (Dell’Albani, 2008).

Tabela 1. Relacdo entre expectativa de vida e caracteristicas histolégicas nos
diferentes graus de glioma (Maher et al, 2001).

Astrocitoma de Astrocitoma Glioblastoma
baixo grau anaplasico multiforme
Sobrevida (5-10 anos) (2-3 anos) (9-12 meses)
Proliferacao +/- ++ +++
Invasao - ++ +++
Angiogénese - - 4
Necrose - - 4+

O Glioblastoma Multiforme (GBM), de grau IV, é a forma mais agressiva de
gliomas, sendo que aproximadamente todos pacientes com GBM morrem em um
periodo de até um ano (Dai & Holland, 2001) (Tabela 1). O GBM pode tanto ter
origem de novo, como ser resultado da progressao de um glioma de baixo grau e
raramente gera metastases periféricas (Mourad et al., 2005). Esses tumores séo
formados por uma massa intraparenquimal heterogénea que evidenciam areas de
necrose e hemorragia. Microscopicamente, o GBM consiste em diferentes tipos
celulares: células proprias do glioma, células endoteliais hiperproliferativas,

macrofagos/microglia, linfocitos e células normais de areas do cérebro que estao
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sendo invadidas pelo glioma. Entre as caracteristicas histolégicas mais comuns
do GBM, incluem-se regides de necrose rodeadas por células de arquitetura em
pseudopalicada, vasos sanguineos hipertrofiados no interior e em areas
adjacentes ao tumor e grande pleomorfismo nuclear (Dai & Holland, 2001; Sanai
et al, 2005). A taxa de proliferacdo de GBM é cerca de 2 a 5 vezes maior que de
gliomas de grau Il (Nakada, 2007). Uma importante caracteristica desses tumores
€ sua habilidade de se infiltrar rapidamente no parénquima cerebral sadio de
forma difusa, tornando a eliminacdo cirdrgica completa desses tumores
virtualmente impossivel (Nakada, 2007). Apesar disso, as medidas terapéuticas
adotadas sao primeiramente ressec¢ao cirurgica da massa tumoral, seguida de
radio e quimioterapia. No entanto, as estratégicas terapéuticas adotadas até o
momento sdo paliativas, ja que a recorréncia desses tumores € inevitavel
(Nakada, 2007; Sathornsumetee et al, 2007).

Diversas alteracées na expressao génica e anormalidades cromossémicas
sdo usualmente encontradas em glioblastomas, e em certos casos essas
mutacoes estdo correlacionadas com o grau clinico apresentado. Tais alteracdes
estdo envolvidas com genes que codificam proteinas reguladoras de complexas
rotas de transducao de sinal envolvidas em fungdes celulares essenciais, tais
como: proliferagdo, diferenciagdo, apoptose, adesdo, migracdo e angiogénese
(Weinberg, 1996). Dentre as alteracdes encontradas, podemos citar o fator de
crescimento derivado de plaquetas (PDGF), fator de crescimento de fibroblastos 2
(FGF2), fator de crescimento neurotréfico ciliar (CNTF), e o gene p53, que é
frequentemente mutado (Holland, 2001). Além disso, GBM apresenta geralmente

perda de 10922-25, uma regido cromossdmica que carrega diversos supressores
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tumorais, com destaque para o gene homdélogo da fosfatase e tensina, a (PTEN).
A deficiéncia na PTEN, leva ao acumulo de fosfatidilinositol(3,4,5)trisfosfato (PIP3)
e ativacao de moléculas de sinalizagcao que sao criticas no controle do tamanho da
célula, da migragéo, da proliferacdo, da diferenciagdo e morte celular, todos os
eventos que estdo envolvidos no desenvolvimento normal e também na
tumorigénese (Groszer et al., 2006). Mutacdes de amplificacdo ou ativagao do
receptor do fator de crescimento epidermal (EGFR) também sao encontradas de
forma frequente. Praticamente todas essas mutacdes levam a uma deficiéncia no
controle do ciclo celular, e a correlacdo dessas com o grau de malignidade tumoral
salienta a importancia de vias especificas na génese do glioma.

A principal célula que da origem ao glioblastoma tem sido determinada ha
longo tempo como sendo o astrécito, devido a algumas similaridades morfoldgicas
e moleculares, no entanto, esta hipétese esta sendo revisada devido a dificuldade
de explicar adequadamente a origem de alguns gliomas, como os mistos, que
apresentam caracteristicas de diferentes células (Sanai et al, 2005). Na ultima
década, fortes evidéncias tém reforcado a teoria de que a grande populacédo de
células tronco neurais encontrada nos gliomas poderia estar participando de forma
importante na origem desse tipo de tumor, ja que sdo células indiferenciadas que
possuem como caracteristicas a alta habilidade proliferativa, auto-renovacéo,
elevada motilidade, associagdo com vasos sanguineos, dentre outras
caracteristicas que poderiam suportar o crescimento tumorigénico (Sanai et al,
2005, Zheng et al, 2007). Um estudo realizado com células isoladas de pacientes
com glioblastoma CD133", um marcador de células tronco, mostrou que essas sao

capazes de desenvolver tumores em cobaias, com caracteristicas idénticas aos
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gliomas humanos (Singh et al, 2004). Além disso, foi demonstrado que células
tronco neurais e diversos gliomas compartilham a ativacdo de muitas vias de
sinalizacdo. Consequentemente, essas células indiferenciadas apresentam
diversos comportamentos caracteristicos de gliomas, e podem ser as
responsaveis pelo perfil altamente invasivo e o grande potencial de resisténcia a

tratamentos, apresentados por esse tipo de tumor (Figura 1).

Alta motilidade

Diversidade na descendéncia

Potencial proliferativo robusto

Associacdo com vasos sanguineos
Associagao com regides de matéria branca

Perfil imaturo de expressao
expressao de Nestina
expressao de receptor EGF
expressao de PTEN
atividade da via Hedgehog
atividade da Telomerase
atividade da via Wnt

Figura 1. Caracteristicas intrinsecas de Células Tronco Neurais e Gliomas (Sanai
et al, 2005)

1.2. Modelo Experimental

A elucidacdo dos mecanismos envolvidos na invasividade celular deve
aprimorar as terapias para gliomas de modo a ndo somente remover o tumor
primario, mas também eliminar as células que migraram para o0 parénquima
cerebral sadio. O implante de células malignas no cérebro de animais pode

demonstrar de forma proxima os mecanismos reais do crescimento tumoral e
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possui vantagens sobre modelos mais simplificados, como modelos in vitro, nos
quais nao ha reagoes inflamatorias e vasculares envolvidas (Grobben et al, 2002).

A linhagem altamente proliferativa de glioma de rato C6 foi originalmente
obtida pela inducdo em ratos Wistar-Furth pela exposicdo a N,N’-nitrosometiluréia
(Benda et al, 1968), e é morfologicamente similar ao GBM quando implantada no
cérebro de ratos, apresentando caracteristicas como regides de necrose e
hemorragia, e diversidades genéticas como delecdes, amplificacdes e mutacdes
de nucleotideos (Holland, 2000). Além disso, a linhagem C6 tem sido utilizada
como modelo in vitro para estudo de gliomas em diversos trabalhos (Grobben et
al, 2002). Dessa forma, no presente estudo nos utilizamos a linhagem C6 de
glioma de rato como modelo experimental tanto para estudos in vitro quanto in

vivo através do implante das mesmas no cérebro de ratos.

1.3. Sistema Purinérgico

O ATP e outros nucleotideos e nucleosideos s&o encontrados em
praticamente todo sistema biolégico, onde produzem efeitos tanto por mecanismos
intra quanto extracelulares. O ATP intracelular é primariamente utilizado em
processos que requerem energia, como transporte ativo, motilidade celular e
biossintese, enquanto que o ATP extracelular é considerado uma molécula
sinalizadora potente (Yegutkin, 2008). No entanto, esse conceito de que o ATP
extracelular € um importante sinalizador levou algum tempo para ser aceito
(Burnstock, 2006). Atualmente, a sinalizacdo purinérgica estd muito bem

estabelecida através ndao somente nos efeitos rapidos que incluem entre outros, a
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neurotransmissdo, contracdo do musculo liso, resposta imunoldgica, inflamacéo,
agregacao plaquetaria e dor (Ravelic & Burnstock, 1998), mas também em
mecanismos de que incluem a proliferacdo, diferenciacdo e apoptose em uma
ampla variedade de tecidos (White & Burnstock, 2006). Todos esses efeitos sédo
desencadeados através da ativacdo de receptores especificos, o0s
purinoreceptores, os quais ativam diferentes vias de sinalizacdo levando ao
controle de diversas atividades celulares.

1.4. Receptores Purinérgicos

Existem duas familias de receptores ja clonadas e caracterizadas, que
possuem afinidade para diferentes nucleotideos e nucleosideos extracelulares, os
chamados receptores P1 e P2 (Figura 2). Os receptores P1 possuem afinidade
com a adenosina e sao divididos em 4 subtipos: A1, A2a, A2b e A3, sendo todos
eles acoplados a proteina G. Ja os receptores P2 demonstram grande preferéncia
por nucleosideos di- e trifosfatados, como ATP e ADP, consistindo em duas
grande familias, os P2X e os P2Y (Novak, 2003). Os P2X sdo considerados
receptores ionotrépicos, geralmente sensiveis ao ATP e induzem um grande
influxo celular de cations, como Na* e Ca**, por formarem poros na membrana
plasmatica. J& foram clonados sete diferentes exemplares dentro desta familia
(P2X4- P2X;). Os P2Y sao receptores metabotrépicos por apresentarem-se
acoplados a proteina G. As vias de sinalizagdo intracelulares, desencadeadas pela
sensibilizacdo destes receptores, podem envolver a ativagcdo ou inibicdo de
inimeras proteinas importantes como a PKC, adenilato ciclase, PKA, MAPK e

ainda, induzir a expressdo génica das mesmas. Sao identificados oito membros
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pertencentes a familia dos P2Y (P2Y12346.11.12,13 € 14) € SA0 sensiveis a purinas e

pirimidinas di- e trifosfatadas (Zimmermann, 2006; Fields & Burnstock, 2006).

ATP »-> ADP »-> ANMP »-> Ado

Iy 4 4

P2X4.7 P2Y1,2,4,6,11,12,13,14

Figura 2. Nucleotideos e nucleosideos extracelulares e seus respectivos
receptores (Yegutkin, 2008).

1.5. A Familia das Ecto-Nucleotidases

Apbs a sua liberacdo no meio extracelular e sua interagcdo com seus
respectivos receptores, 0os nucleotideos sdo metabolizados a seus nucleosideos
correspondentes pela acdo de ectoenzimas, conhecidas como ectonucleotidases,
as quais sao responsaveis por regular a concentracdo de nucleotideos e
nucleosideos e, consequentemente, seus efeitos biolégicos (Zimmerman, 1994).
As enzimas que compdem a classe nas ectonucleotidases sdo: E-NTPDases
(ectonucleosideo  trifosfatodifosfodrolase), as E-NPPs  (ectonucleotideo
pirofosfatase/fosfodiesterase) e as ecto-fosfatases alcalinas, que atuam

degradando o ATP e o ADP, e a ecto-5’-nucleotidase/CD73 (e5SNT/CD73), que é a
16



enzima que catalisa a ultima etapa dessa via, hidrolisando o AMP até adenosina
(Zimmermann, 2001). Essa adenosina liberada pode sofrer subsequente
degradacao a inosina pela acdo da enzima adenosina deaminase ou ainda ser
captada pelas células através de transportadores bidirecionais, constituindo a via
de salvacao das purinas.

Os membros da familia das E-NTPDases constituem uma classe de ecto-
enzimas ancoradas a membrana plasmatica via dominios hidrofébicos, com o sitio
catalitico voltado para o meio extracelular. Essas enzimas sao caracterizadas
entre outras fungdes pela sua capacidade de hidrolisar nucleotideos tri-e
difosfatados (Plesner, 1995). Em mamiferos, ja foram clonados e classificados 8
membros dessa familia de ecto-enzimas, nomeados NTPDase1-8, os quais

apresentam uma ampla diversidade de preferéncia por substrato (Figura 3).

/_
ATP
S ADP E-NTPDase
o or
o < 1 E-NPP
o E-NTPDase AP
or v
E-NPP
AP AMP
Ecto-5'-NT
¥ 5 or
AP

Adenosine

0
=
e
(0]
o
(0]
—_
)
(=1

Figura 3. Enzimas envolvidas na hidrélise dos nucleotideos extracelulares (Fields
& Burnstock, 2006).
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1.6. Ecto-5’-Nucleotidase/CD73

Como foi anteriormente apresentado, o AMP resultante da hidrélise do ATP
e do ADP pela acédo das E-NTPDases é subsequentemente hidrolisado pela acéao
da ecto-5"-nucleotidase/CD73 (eSNT/CD73) até adenosina. Essa ectoenzima é um
homodimero ligado a membrana plasmatica através de uma ancora lipidica com
glicosilfosfatidilinositol (GPI), e esta localizada em microdominios de membrana
conhecidos como lipid rafts, e possui seu sitio catalitico voltado para o meio
extracelular. Véarias formas desta enzima tém sido descritas, mas apenas duas
delas, a forma citosolica (Sala-Newby et al., 1999) e a forma associada a
membrana plasmatica (Zimmermann, 1992) parecem participar efetivamente na
formacado de adenosina. A enzima citosoélica produz adenosina que pode ser
liberada das células para exercer seus efeitos farmacolégicos, sendo que sua
presenca e fungdo em outros tecidos além do cardiaco e cerebral permanece por
ser estabelecida. Por outro lado, a enzima ligada a membrana (e5SNT/CD73) é
amplamente encontrada em varios tecidos. Estudos de localizagdo detectaram a
e5NT/CD73 em figado, intestino, linfocitos e no cérebro, onde foi identificada como
um marcador glial e indicadora de desenvolvimento, regeneracao e plasticidade
(Ludwig et al, 1999). Essa enzima é um ponto chave na via das ectonucleotidases,
sendo a principal fonte enzimatica de adenosina no meio extracelular
(Zimmermann, 1992). Sua atividade catalitica € potencializada por cations
divalentes, principalmente o Mg?*, e inibida por ADP, ATP e 5-a,B-metileno-ADP
(APCP), um analogo nao hidrolisavel do ADP. Além da e5SNT/CD73, a adenosina

deaminase (ADA), a qual converte adenosina em inosina, também & uma enzima
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fundamental no controle da concentracdo de adenosina presente no meio
extracelular (Robson et al, 2006).

A e5NT é também é denominada como CD73 por ser altamente expressa
por linfécitos B e T, constituindo um marcador de maturacédo para estas células
(Sunderman, 1990). Outras funcbes nao enzimaticas sédo atribuidas a esta
proteina, como na adesao célula-célula e com proteinas da matriz extracelular,
como laminina e fibronectina (Zimmermann, 1992; Airas et al, 1997). Além disso,
foi mostrada uma participacdo da e5NT/CD73 na indugédo de vias de sinalizacao
intracelulares em linfécitos T (Resta & Thompson, 1997). Essa enzima pode ainda
ser encontrada na forma soluvel, apds sofrer clivagem no segmento de ligacdo do

GPI (Zimmermann, 2000).

1.7. Adenosina

A adenosina, um nucleosideo purinico, age como uma molécula regulatoéria
de fungdes celulares e é presente de forma ubiqua em varios sistemas
biolodgicos, exercendo seus efeitos através da sua interacdo com os receptores
P1. E um metabdlito natural, que tem papel em diversos processos fisiolégicos e
patoldgicos, tais como na inibicdo da agregacao plaquetéria, cardioprotecao poés-
isquemia, vasodilatacdo, ativacdo de mastécitos e lipdlise (Wang et al, 2007).
Além disso, a adenosina possui importantes efeitos na angiogénese, citoprotecao
e imunossupressdao, bem como no controle do crescimento, maturacdo e
diferenciacdo celular (Spychala, 2000). Nos ultimos anos, seu papel como

molécula pro-tumoral vem sendo explorado de forma intensa (Fig. 4).

19



—

/ Tumor > Cytokine

S Eml AMP relcase
{Inactive)
- @ £C1.0_5 -N [é
/ __\_\-“‘H- ".Il'..l'..l'.l--'."-: l.-
(A ngiﬂgenesp : ADENOSINE : Adhesion of
\—. I + :- -------------- sesswmne” .mmu“e (:l:lls

Function of

@y toprotec ti(> (Inactive) cylotoxic
— _ ymphocytes

Inosine

‘é &ADA é'

Figura 4. Funcdes pro-tumorais da adenosina (Spychala, 2000).
1.8. Ecto-5’-Nucleotidase/CD73 e tumores

A e5NT/CD73 é altamente expressa na maioria dos tumores sélidos e seu
nivel de expresséo esta correlacionado com a neovascularizagdo, invasividade e
ocorréncia de metastases, caracteristicas que levam a diminui¢cdo da sobrevida
dos pacientes (Spychala, 2000). Altos niveis de eSNT/CD73 estao presentes em
diversos tipos de carcinomas, tais como os de colon, pulméao, pancreas, ovario (Su
et al, 2001), mama (Wang et al, 2008) e gliomas (Bardot et al, 1994; Fenoglio et al,
1997; Bavaresco et al, 2008).

Recentemente foi mostrado que a atividade da e5NT/CD73 esta
estreitamente relacionada com caracteristicas tumorais malignas de invasao e
propagacao em tumores. A superexpressao de eSNT/CD73 aumentou a adeséo,
migracao e invasao de células de tumores de mama (Wang et al, 2008), enquanto
que seu silenciamento por RNA de interferéncia (RNAi) diminuiu significativamente

esses parametros de malignidade (Zhi et al, 2007).
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Além disso, alguns pesquisadores realizaram uma andlise da transicao
transcricional existente em diferentes tumores quando no seu estado dormente e
no seu estado de alta atividade proliferativa e com fendtipo angiogénico.
Observou-se que alguns genes participam efetivamente nesse processo de
transicao, dentre eles estd o gene da eSNT/CD73, o qual torna-se superexpresso
na fase proliferativa (Almog et al, 2009; Johnston et al, 2007). Experimentos
realizados com linhagens de células de melanoma mostraram que quanto maior o
grau do tumor, mais intensa era a expressdao da e5NT/CD73, corroborando a
participacao dessa proteina na malignidade tumoral (Sadej et al, 2006).

Esse papel da eSNT/CD73 na progressao tumoral ocorre tanto por sua acéao
enzimatica de producdo da adenosina, a qual ja foi demonstrada ter papel pro-
tumoral atuando na estimulacdo do crescimento e angiogénese, além da
supressao da resposta imune contra as células tumorais (Spychala, 2000), mas
também devido a sua interagdo direta com proteinas da matriz extracelular,
participando nos processos de adesdo e migracdo, que Sao essenciais pra
invasdo e metastase tumoral (Navarro et al, 1998).

Por ser uma proteina reconhecidamente envolvida no processo proliferativo
em células tumorais, sugere-se que a e5SNT/CD73 possa ser uma forte candidata a
marcador de agressividade (Spychala et al, 2004) e de progressao tumoral além
de um potencial alvo terapéutico (Zhou et al, 2007).

Dados publicados pelo nosso laboratério reforcam a hipotese que
alteracbes na via de sinalizacdo purinérgica possam estar envolvidas na
malignidade de tumores, mais precisamente de gliomas. Linhagens de gliomas

apresentam uma inversao no metabolismo extracelular de nucleotideos, exibindo
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uma baixa atividade ATPasica e uma elevada atividade AMPa&sica,
comportamento oposto as células analogas normais, os astrocitos (Wink et al
2003). Mostramos também que o tratamento com ATP e adenosina induziu
estimulo proliferativo em diferentes culturas de gliomas (Morrone et al, 2003). Em
recente trabalho do nosso grupo de pesquisa, foi mostrado que a atividade da
e5NT/CD73, bem como a expressdao de seu mRNA e proteina, se elevam de
acordo com o aumento da confluéncia celular nas linhagens de glioma estudadas,
0 que indica dessa forma seu envolvimento no processo de proliferagdo tumoral
(Bavaresco et al, 2008).

Desse modo, é de alta relevancia o estudo dos fatores envolvidos com a
malignidade tumoral, bem como a compreensdao dos papéis desempenhados
pelos mesmos, ja que o melhor entendimento da biologia tumoral permite a
identificagdo de novos alvos terapéuticos. Assim, em continuidade aos estudos
anteriores, no presente estudo procuramos avangar na investigagdo do papel

eNT/CD73 na malignidade dos gliomas.
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2. OBJETIVOS

OBJETIVO GERAL

Diante dos dados apresentados, o presente trabalho visa investigar o efeito

do silenciamento da eSNT/CD73 na linhagem C6 de glioma de rato em parametros

de malignidade tumoral in vitro e in vivo.

OBJETIVOS ESPECIFICOS

Avaliar a eficacia do silenciamento por RNAi da enzima através da
expressao protéica, por imunofluorescéncia, e ensaios funcionais, por HPLC
e liberacao de fosfato inorganico;

Analisar o comportamento das células silenciadas em ensaios de
malignidade in vitro de adesao e migracao;

Investigar o efeito do implante das células silenciadas no crescimento

tumoral em um modelo in vivo.
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ABSTRACT

Backgrond: Glioblastoma multiforme (GBM) is the most aggressive tumor of the
central nervous system that present a high proliferative and invasive behavior.
Ecto-5’-nucleotidase (e5NT/CD73) is a widely expressed enzyme that hydrolyses
extracellular AMP, producing adenosine, an important molecule in several cell
functions. Besides that, eSNT/CD73 has been shown to exert an important role in
cell-cell and cell-matrix interactions. Several evidences suggest that eSNT/CD73
has tumor-promotion functions, being up-regulated in several tumors. In this study
we aimed to better characterize the role of eSNT/CD73 by silencing its expression
in C6 rat glioma cell line and analyzing the in vitro and in vivo glioblastoma growth.
Methods: Knockdown (KD) of e5NT/CD73 was obtained through stable RNA
interference mediated by lentivirus and KD cells were analyzed through
immunofluorescence and enzyme activity methods. We also assessed parameters
of malignancy in vitro, such as cell adhesion and migration. For a deeper
investigation, KD C6 cells were implanted in the striatum of adult Wistar rats and
haematoxylin and eosin (H&E) as well immunohistochemical analysis were
performed to assess the tumor size and histological malignancy characteristics.
Results: Two stable e5SNT/CD73 KD clones of C6 glioma cells were obtained,
named C6-c54 and C6-c56, and these clones presented a large reduction in
expression and AMPase activity of eSNT/CD73. A significant alteration in adhesion
parameter of silenced cells was observed in vitro possibly due to the loss of the
adherence function of eSNT/CD73 per se. In addition, eSNT/CD73 KD cells were
not able to develop a tumor mass in the brain of rats, which was confirmed by
immunohistochemistry analysis, whereas all rats injected with C6 wild-type (wt)
cells developed tumors with all characteristics of GBMs. Tumor growth of C6 wt
cells was not blocked by the co-injection with APCP, an eSNT/CD73 inhibitor.
Conclusion: Taken together these results reinforce the crucial involvement of
purinergic signaling in the GBM progression. Further studies are necessary to
establish new and powerful therapies against these tumors using eSNT/CD73 as
target.
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BACKGROUND

Glioblastoma (GBM, formelly known as Glioblastoma Multiforme) is the most
common and destructive primary brain tumor (1). This kind of tumor is
characterized by an extremely aggressive behavior, which results in a poor
prognosis for patients and a median survival of 12 months after diagnosis (2). Their
fast-growing and angiogenic phenotype as well as their great potential to invade
surrounding normal brain tissue limit the therapeutic options and the efficacy of
current treatments (1,3). Therefore, the elucidation of mechanisms involved in
GBM progression and the identification of promising targets can establish new and
powerful therapeutical strategies.

Nucleotides represent an important and ubiquitous class of extracellular
messengers that mediate a variety of biological functions, including cell death and
proliferation by activating purinergic receptors (4). The nucleotide receptor-
mediated cell communication is controlled by ecto-nucleotidases, such as
ectonucleoside-triphosphate diphosphohydrolase (E-NTPDase) and ecto-5-
nucleotidase/CD73 (e5NT/CD73), which can efficiently hydrolyze ATP to
adenosine in the extracellular space (5).

Ecto-5’-nucleotidase (e5NT) also known as CD73, is a widely distributed 70-
kDa molecule localized at the external side of the plasma membrane at lipid rafts
through a glycosyl-phosphatidylinositol link (6). This enzyme catalyzes the
hydrolysis of extracellular nucleoside monophosphates to respective nucleosides

(e.g. AMP — adenosine), and is the best-characterized enzymatic source of

27



extracellular adenosine (7). Besides the catalytic function, eSNT/CD73 has also
been described as an important molecule involved in cell-cell and cell-extracellular
matrix (ECM) interaction, (8) as well as in the signaling induction of T lymphocytes
(9).

A large body of evidence suggests that eSNT/CD73 and its enzymatic
product, adenosine, have tumor-promotion functions (reviewed in ref. 10). A high
level of eSNT/CD73 expression has been reported in many human solid tumors,
such as colon, lung, pancreas, ovary (11), melanomas (12) and breast carcinomas
(13) and e5NT/CD73 expression is correlated with shorter patient survival time
(10). Recently, authors have demonstrated that e5NT/CD73 over-expression
increased adhesion, migration and invasion properties in a breast cancer line (14),
while the RNAi silencing of this protein decreased significantly the same
parameters (13). Adenosine accumulates in solid tumors at high concentrations,
and has been shown to stimulate tumor growth and angiogenesis through
activation of P1 receptors and to inhibit cytokine synthesis, cell spreading,
adhesion of immune cells to the endothelial wall, and the function of T-cells,
macrophages, and natural killer cells (10).

Previous studies published from our research group indicate a strong
involvement of purinergic signaling in the growth and progression of gliomas.
Glioma cell lines present a striking difference in the extracellular nucleotide
metabolism, exhibiting a low ATPase and a high AMPase activity, while normal
astrocytes have high ATPase, low AMPAse activity (15). Besides that, ATP and
adenosine induce proliferation of several glioma cell lines (16). Moreover,

increasing cell confluence and culture times led to an increase in eSNT/CD73
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activity and expression in two different glioma cells (17). In accordance with the
importance of eSNT/CD73 and adenosine on tumor promotion, we have also
shown that the treatment with APCP (a,B-methilene ADP), a synthetic inhibitor of
this enzyme, and AMP significantly reduced glioma cell proliferation (17). These
data support the notion that the increase of ecto-5-NT/CD73 expression/activity
may have a crucial role in the GBM development for at least two different reasons:
(a) as adhesion molecule per se and (b) as the major source of extracellular
adenosine.

In the present report we set out to better characterize the role of eSNT/CD73
in in vitro and in vivo GBM growth by silencing its expression in C6 rat glioma cells.
Our results reveal that the silencing of eSNT/CD73 decreased the glioma cell
adhesion in vitro and decreased drastically the tumor growth in vivo. These results

reinforce the involvement of purinergic signaling in the GBM progression.

METHODS

Cell Culture

The C6 rat glioma cell line was obtained from the American Type Culture
Collection (Rockville, Maryland, USA), grown in culture flasks and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 1% DMEM, 8.39 mM
HEPES (pH 7.4), 23.8 mM NaHCOs;, 0.1% fungizone, 0.5 U/ml

penicillin/streptomycin (Gibco BRL) and supplemented with 5% (v/v) fetal bovine
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serum (FBS; Cultilab, Brazil). Cells were kept at a temperature of 37°C, humidity of

95% / 5% CO» in air.

Stable RNA Interference

Lentiviruses were produced by co-transfecting e5SNT/CD73 Mission RNAi
plasmids (Sigma-Aldrich) with the helper viral constitutive plasmids pRSVREV,
pVSV-G and pMDLgRRE (18) in sub-confluents Hek293T cells with Superfect
Reagent (Qiagen), according to the manufacture's protocol. The sh RNA
sequences were: TRCN0000048754 (C6-c54) 5’-CCTCTCAATCATGCCGCTTTA-
3’ and TRCN0000048756 (C6-c56) 5-GCACTGGGAAATCATGAATTT-3". These
shRNAs were designed for the human sequence, and the underlined bases
represent mismatches with the rat sequence. The ¢56 has no mismatches. As a
transduction control we used a plasmid containing GFP. Two days following
transfection, viral supernatant was collected every 2 days during 1 week, filtered
through a 0.45 ym membrane and used immediately or stored at -80°C. One
milliliter of medium containing the virus was added to C6 wt sub-confluent cells in
24-well plate cultures (1.5 x 10*cells/well), supplemented with 8 pg/mL of
polybrene overnight. About 72 h following viral transduction, cells were selected
with puromycin (30 pM) for 10 days, changing the medium every two days.
Previous tests showed that these treatment conditions with puromycin completely

removed non-transducted cells (19).
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Immunofluorescence

Confluent glioma cell lines seeded in cover slips were fixed in 10%
phosphate-buffered formalin mixed with cold acetone and washed three times for 5
min in PBS. Cells in cover slips were then incubated in 7% normal goat serum
prepared in PBS containing 0.2% Tween-20 for 45 min at room temperature. After
that, cells were incubated for 90 min at room temperature with the following
primary antibody: ecto-5"-nucleotidase (rNu-9.ls; 1:2000; a kind gift of Dr. J.
Sévigny, Laval University, Canada), each diluted in 1% normal goat serum
prepared in PBS containing 0.2% Tween-20. They were then incubated with
Alexa488-conjugated goat anti-rabbit or Alexa633-conjugated goat anti-mouse
(1:1000) for 60 min at room temperature. Sections were counterstained with DAPI
blue (1:10000) for 5 min at room temperature. Controls using pre-immune

antibodies were performed.

Ecto-nucleotidases assay

The nucleotide hydrolysis was assayed through the green malachite method
as described by Wink et al. (15). Briefly, 24-well plates containing glioma cells were
washed three times with incubation medium. The enzymatic reaction was started
by the addition of 200 uL of incubation medium containing 2 mM CaCl; (for ATP
and ADP) or 2 mM MgCl, (for AMP) plus 120 mM NaCl, 5 mM KCI, 10 mM

glucose, 20 mM Hepes (pH 7.4) and 1 mM of ATP/ADP or 2 mM of AMP, at 37 °C.
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After 20 min of incubation for ATP/ADP or 10 min for AMP, the reaction was
stopped by taking an aliquot of the incubation medium, which was transferred to
eppendorf tubes containing trichloroacetic acid (5% final concentration, w/v)
previously placed on ice. The inorganic phosphate (Pi) released was measured by
the malachite green method (20), using KH.PO, as a Pi standard. The non-
enzymatic Pi released from the nucleotide into the assay medium without cells was
subtracted from the total Pi released during the incubation, giving net values for
enzymatic activity. Specific activity was expressed as nmol Pi released/min/mg of

protein.

Protein Determination

Cells in 24-well plates were solubilized with 100 pl NaOH (1.0 M) and frozen
overnight. An aliquot was collected and protein was measured by the Coomassie
blue method (21) using bovine serum albumin as standard. The protein

determinations were carried out in all experiments to verify eSNT/CD73 activity.

Analysis of extracellular AMP metabolism by HPLC

Cellular monolayers were washed three times with incubation medium
containing 2 mM CaCl,, 120 mM NaCl, 5 mM KCI, 10 mM glucose, 20 mM Hepes
(pH 7.4). The reaction was started by adding 300 ul of AMP at final concentration

of 100 uM in a 24-well plate and different times of incubation (0, 10, 20, 30, 60, 90
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and 180 min) at 37°C. The supernatant was collected on ice, centrifuged at 4°C for
30 min at 14,000 x rpm and aliquots of 40 ul were applied to a reversed-phase
HPLC system (Shimadzu, Japan) using a C18 Shimadzu column of 12 cm
(Shimadzu, Japan) at 254 nm with a mobile phase containing 60 mM KH,POQOy4, 5
mM tetrabutylammonium chloride (pH 6.0) in 30% methanol according to a
previously described method (22). The retention time of standards was used as a
parameter for identification and quantification. All incubations were carried out in
triplicate and the controls to correct for non-enzymatic hydrolysis of nucleotide

were done by incubating the reaction medium in the absence of cells.

Cell adhesion assay

Cells were seeded at density of 3 x 10* cells/well in 96-well plates and
incubated for 1 h at 37°C with a 5% CO, enriched atmosphere. Treatments with
DMSO at 1%, APCP at 30 uM or adenosine at 100 uM were added at the time
cells were seeded. The non-adherent cells were removed by washing with PBS.
Adherent cells were fixed with 4% paraformaldehyde (PFA) for 10 min; stained for
10 min with 100 pL 0.5% crystal violet diluted in 20% methanol, which was eluted
in 100 uL 10% acetic acid (v/v). The optical density of each well was measured at

570 nm.

Cell migration assay
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The migration assay was performed as described by Valster et al (23).
Briefly, before plating the cells in the 12-well plates, two parallel lines were drawn
at the underside of the plates with a Sharpie Marker to mark the areas to be
analyzed. Cells were seeded at a density of 2 x 10%, and at day of analysis, the
monolayer was at approximately 70% confluence. Prior to the experiment, the
culture medium was aspirated and replaced with calcium-free PBS to prevent
killing of cells at the edge of the wound by exposure to high calcium
concentrations. One scratch width was made perpendicular to the marker lines with
a yellow P200 pipette tip. This procedure allows to image the entire width of the
wound using a 10x objective. Cells were replaced with medium or medium with the
respective treatments, DMSO at 1%, APCP at 30 uM or adenosine at 100 uM. The
observation was made using phase contrast microscopy on an inverted
microscope. Images were taken at 0, 3, 6, 12 and 24 hours, and analyzed by
digitally drawing lines averaging the position of the migrating cells at the wounded
edges. The cell migration distance was determined by measuring the width of the
wound divided by two and by subtracting this value from the initial half-width of the

wound.

Glioma implantation

Cells were cultured to approximately 70% confluence and a total of
1 x 10% cells in 3 uL DMEM with 5% FBS were injected in the right striatum at a

depth of 6.0 mm (coordinates with regard to bregma: 0.5 mm posterior and 3.0 mm
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lateral) of male Wistar rats (250-270 g, 8 weeks old) anesthetized by i.p.
administration of ketamine and xilazine (24). After 20 days, the rats were
decapitated and the entire brain was removed, sectioned and fixed with 10%
paraformaldehyde (PFA) in PBS (pH 7.4). All procedures used in the present study
followed the Principles of Laboratory Animal Care from NIH and were approved by

the Ethical Committee of the Hospital de Clinicas de Porto Alegre.

Pathological analysis and tumor volume quantification

The fixed tissue sections were stained with hematoxylin and eosin (H&E)
and sections (4 um thick, paraffin embedded) of each tumor were analyzed by two
independent pathologists, blinded for the experimental data. For tumor size
quantification, images were captured using a digital camera connected to the
microscope and analyzed using Image Tool Software™. The total volume (mm?) of
the tumor was computed by summing the segmented areas and by the

multiplication of the slice resolution.

Immunohistochemistry

Paraffin embedded 5-um formalin fixed tissue sections were mounted on
microscope slides. Tissue sections were then dried overnight at 60 °C, dived in
xylene and rehydrated with distilled water. Endogenous peroxidase was inhibited

by 5%H-0, in methanol for 15min. Incubation with the anti-nestin (1:200) antibody
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was performed overnight at 4°C temperature followed by incubation with secondary
antibody and Streptavidin—Avidin—Biotin. The peroxidase reaction was performed
using 3,3’-diaminobenzidina tetrahydrochloride (DAB), according to the
manufacturer’s specifications. Finally, sections were counterstained with Harris

hematoxylin.

Statistical analysis

Data were expressed as mean * SD and were subjected to one-way
analysis of variance (ANOVA) followed by Tukey—Kramer post-hoc test (for
multiple comparisons). Differences between mean values were considered

significant when P < 0.05.

RESULTS

Characterization of eSNT/CD73 KD glioma cells

In this study we investigated the effect of eSNT/CD73 KD in proliferation
parameters of GBM. For this purpose we used the C6 rat cell line, and a KD using
a lentiviral delivery system of shRNA to e5SNT/CD73, leading to a stable silencing
of the cell lines. Two clones were produced by using two different shRNA
sequences, named C6-c54 and C6-c56. First, we assessed the efficacy of
e5NT/CD73 KD through protein expression and enzyme activity parameters. As

showed in Figure 1A, the two KD C6 cells exhibited a distinct morphology
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compared to C6 wild-type (wt) and the eSNT/CD73 protein expression analysed by
immunofluorescence revealed an almost null expression of the eSNT/CD73 protein
in both silenced clones (Figure 1B). In addition, the AMPase activity was analysed
by malachite green method as well as by HPLC. Both methods indicated that the
silencing of eSNT/CD73 also lead to a large reduction in ecto-AMPase activity. The
AMPase activity of C6 wt cells was 73£9 nmol of Pi/min/mg of protein, while C6-
c54 was 1.4£0.04 nmol Pi /min/mg of protein and C6-c56 0.5+0.15 nmol Pi/min/mg
of protein (Figure 2A). To trace the nucleotidase profile of KD cells, we also
assessed if there were any alteration in ATPase and ADPase activity in these cells.
We observed a small, but significant, decrease in ATPase activity in both C6-c54
and C6-c56 silenced clones comparing to C6 wt (Figure 2B). The extracellular
AMP metabolism of KD cells glioma cells was also analyzed by HPLC (Figure 2 C,
D, E). In agreement with the results obtained for the AMPase activity measured by
Pi release, the extracellular AMP was efficiently metabolized by C6 wt glioma
culture. Within 60 min, virtually all the extracellular AMP was metabolized in the
presence of intact glioma cells with a subsequent adenosine, inosine and
hypoxanthine production (Figure 2C). On the other hand, both clones had a strong
decrease in their ability to hydrolyze AMP compared to C6 wt glioma cells. The C6-
c54 clone presented a weak e5NT/CD73 activity, showing a little degradation of
AMP in the first 30 minutes, with consequent lower production of metabolites
(Figure 2D). This may be due to the fact that the shRNA sequence used for this
clone was designed to silence human e5NT, and has 6 mismatches when
compared to the rat sequence. Less than perfectly paired shRNA can be used to

partially silence a gene (25). The C6-c56 clone, in which the shRNA sequence has
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a perfect match to the rat sequence, had an almost null AMPase activity, since the

quantity of AMP was barely altered in the time of 180 minutes (Figure 2E).

Assessment of in vitro malignancy parameters

For a characterization of the effect of eSNT/CD73 absence, we analyzed the
behavior of KD tumor cells for different parameters of malignancy. The KD of
e5NT/CD73 significantly reduced the adherence of cells (Figure 3A), which is a
crucial step in tumor expansion. Next, to test the possibility that this noted
adhesion decreasing was due to a loss of extracellular adenosine levels, the C6 wt
cells were treated with APCP, a competitive inhibitor of eSNT/CD73 (Figure 3A). It
was observed that APCP did not alter the attachment property of C6 wt glioma
cells. Moreover, the treatment with adenosine did not reverse the decreased
adhesion ability of C6-c56 cells (Figure 3A), further suggesting that the protein,
rather than its enzymatic activity are responsible for this effect.

Furthermore, we analyzed the influence of eSNT/CD73 KD in cell migration
in vitro, through a wound-healing assay. However, no significant alteration in this

parameter was observed (Figure 3B).

Correlation between e5NT/CD73 activity and tumor size

For further investigation of eSNT/CD73 role on glioma progression, we used
an in vivo glioma model previously established (24). C6 wt and KD cells were

implanted in the brain of 60 days-old rats and tumors were allowed to grow for 20
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days. As previously showed the C6 wt tumors presented all histopathological
features of GBM, such as nuclear atypia, mitotic activity, intratumoral hemorrhage,
foci of tumor necrosis and parenchymal invasion (24, 26, 27). In some cases,
areas of peripheric pseudopalisading delineating the foci of necrosis and
lymphocytic infiltration were observed, with occasional formation of edema fluid
and neovascularization (Figure 4A). On the other hand, rats implanted with C6-c54
and C6-c56 glioma cells presented mainly reactive gliosis in the brain tissue, not
being able to develop a significant and detectable tumor mass. As a control, C6 wt
glioma cells with high passages number and consequently low AMPase activity
(LA) was also used to implant tumors in the rat brain. In agreement with our
hypothesis, eSNT/CD73 activity was directly correlated to tumor size in vivo, as we
can see in Figure 4B.

In order to evaluate if the KD glioma cells were able to implant but for some
reason could not expand and ended extinguished along the time, or if the KD of
e5NT/CD73 prevented tumors cells to implant in the rat brain, we performed an
immunohistochemical analysis for nestin, a intermediate filament protein involved
in the organization of the cytoskeleton and expressed in almost all GBMs. As
shown in Figure 5A all C6 wt tumors presented a strong nestin immunoreactivity,
while in C6-c54 clone only one of six tumors were positive and in C6-c56 clone
none of the six implanted tumors presented immunoreactivity for nestin (Figure
5B). Injection of wt cells lead to a strong nestin staining in peripheric
pseudopalisading areas as indicated by the arrow in Figure 5C, which

demonstrates the high degree of malignancy presented by wt tumors.
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Mechanisms involved in the absence of eSNT/CD73 knocked-down tumors

We decided to investigate the reason why implanted silenced glioma cells
were not able to develop tumors in the brain. For that, we implanted C6 wt cells
with the competitive inhibitor APCP, to answer if the absence of tumor was
happening because of a loss of adenosine around the e5NT/CD73 silenced
gliomas. However, no significant difference was noted, and C6 wt tumors were
able to grow normally even in the presence of the eSNT/CD73 inhibitor (Figure 6A)
suggesting that possibly the presence of the protein and not the enzymatic activity

may be main cause of the blockage of gliomas growth.

DISCUSSION

In our present study we demonstrate a clear correlation between
e5NT/CD73 expression and tumor growth in an in vivo glioma model. More
specifically, cells with low expression of eSNT/CD73 did not generate a detectable
tumor mass and cells with intermediary expression, either by using a shRNA with
mismatch or by a naturally occurring clone, produces very small tumors. The
overall nucleotide hydrolyzing profile of KD cells presented a tenuous decrease in
ATPase activity, possibly due to an adaptation of the enzymes responsible for this
activity to the drastic reduction in eSNT/CD73 expression. The localized co-
expression of the entire ectonucleotidase cascade, including ecto-ATPase, ecto-
ADPase and e5NT/CD73 has been previously observed, demonstrating the

necessity of a fine and coordinate regulation to control the extracellular levels of
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nucleotides and nucleosides (28). Nucleotides can have quite different effects on
gliomas. While AMP was shown to inhibit the proliferation of U138-MG glioma
cells, acting as a “toxic” molecule for these cells (17), and also has shown an
inhibitory effect on the growth of breast cancer cells (29), ADP has a clear pro-
growth effect (16).

The majority of gliomas have a very small ATPase and ADPase activity (15).
But cells in the gliomas niche, such as astrocytes have a very high ATPase and
ADPase activity (15). Therefore, the AMP produced by the degradation of ATP by
astrocytes can be hydrolyzed by the gliomas to adenosine that can accumulate in
the cancerous tissue and constitute an important mechanism of tumor immune
escape and angiogenesis induction (30, 31). Therefore the coordinated action of
normal and glioma cells having ecto-nucleotidases on the cell surface clear the
extracellular pro-inflammatory factor ATP generating the immunosuppressor
adenosine. Among its distinct anti-inflammatory roles, it is believed that adenosine
modulates T-cell responses primarily by binding to Axa receptors on T cells (30).
Adenosine can also inhibit pro-infammatory IL-2, TNF-a, IL-12, INFy and
macrophage inflammatory protein-1a synthesis (10; 32) and stimulate anti-
inflammatory IL-10 synthesis. In addition, it is already known that anti-inflammatory
phenotype may assist tumor growth by producing various growth factor and pro-
angiogenic cytokines (33).

Although the production of adenosine may be one explanation for the
importance of eSNT in glioma tumor growth, our in vitro and in vivo results favor

the role of eSNT as an adhesion molecule rather than an enzyme. In vitro, the
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replacement of adenosine did not reverse the inhibition of adhesive properties of
e5NT/CD73 KD cells, and in vivo, the co-injection of APCP, a strong inhibitor of
e5NT, together with C6 wt cells, did not lead to any alteration in tumor size after
twenty days. Although it is possible that the inhibitory effect of APCP on
e5NT/CD73 at the moment of glioma implantation was not sufficient to hinder
glioma implantation and growth, this evidence also favors the importance of the
presence of eSNT as an adhesion molecule rather than an enzyme. Similar
evidences that favor functions other than the enzymatic for eSNT were already
shown for tumor invasion and metastasis (12,13), supporting the findings
presented here.

Cell motility is an essential component of tumor progression, invasion and
metastasis, and involves multiple steps such as cell adhesion and migration (12,
13). We have observed a significant decrease in the adhesion ability of
e5NT/CD73 KD cells in vitro, what is in agreement to previous studies that show a
role of CD73 in lymphocyte adhesion to endothelium (34) and that eSNT/CD73
may serve as an adhesion molecule in glioblastoma promoting tumor invasiveness
(35). It is well known that eSNT may act in cell adhesion by providing extracellular
adenosine and consequently lead to activation of the A1 receptor (36) as well as
through an interaction with ECM proteins and cell-cell interactions (8, 37). Again
arguing in favor of a non-enzymatic role of eSNT/CD73, inhibition of its enzymatic
activity with APCP in wt cells or adding exogenous adenosine in KD cells did not
affect cell adhesion, indicating that the alteration in cell adhesion observed in
e5NT/CD73 KD cells was not attributable to the lower production of adenosine, but

was produced by the presence of the protein on the cell surface.
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Cellular migration requires a non-homogeneous adhesion and there is no
direct correlation between overall strength of adhesion and migration. Although a
role of eSNT/CD73 in migration has been previously described in other tumor cells
(12, 13, 38), we did not find any clear difference in migration in the KD clones
tested. Furthermore, the distinct morphology presented by KD cells in culture may
be due to the alteration of in adhesive properties and a possible rearrangement of
cytoskeleton, since eSNT/CD73 has been described to interact with actin filaments
(39), and this effect may well impact the mobility of these cells in vivo.

The in vivo data, using a well established GBM tumor model (24) not
involving immunodeficient animals, attests for the importance of e5SNT/CD73 in
GBM tumor development. While rats implanted with C6 wt cells developed a tumor
of size and histopathological features of highly malignant GBM tumors, no tumor
mass was observed through HE pathological analysis or nestin
immunocytochemistry in the ¢c56 KD clone and only one residual tumor was found
the c54 clone, which expressed a small amount of e5NT. A “dose response” type
of result with RNA interference was previously shown for p53 (40) and is one of the
advantages of this technology (25), even more when the silencing of a given gene
has such a drastic effect as in our case. Accordingly, C6 wt cells with late
passages, which have a lower AMPase activity compared to C6 wt in early
passages, generated smaller and less malignant tumors confirming the correlation
of tumor growth and eSNT/CD73 activity.

In summary, our results show consistent evidences of the role performed by
e5NT/CD73 in glioma progression, since the protein silencing significantly reduced

adhesion in vitro and tumor growth in vivo. We propose that targeting tumor-
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derived CD73 may constitute an effective means in combination with other
therapeutic strategies to decrease tumor malignant potential, enhance endogenous

anti-tumor immune responses and improve the treatment of GBMs.
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FIGURE LEGENDS

Figure 1. Characterization of e5NT/CD73 KD. (a) Representative
photomicrographs of C6 wt, C6-c54 and C6-c56 cells in culture (magnification
X100). (b) Immunofluorescence staining of cells in culture for eSNT/CD73 (red) and
DAPI (blue). Magnification x200. No staining was seen in negative controls

incubated only with pre-immune antibodies (insert).

Figure 2. Assessment of eSNT/CD73 KD by enzymatic activity. (a) AMPase
activity and (b) ATP/ADPase activity of wt and KD clones. Specific activity values
are expressed as nmol Pi/min/mg protein. Values represent means + SD from
three independent experiments. (c) C6 wt (d) C6-c54 and (e) C6-c56 in 24-well
plates were incubated with 100 uM of AMP as described in methods. An aliquot of
the supernatant was withdrawn at 0, 10, 20, 30, 60, 90 and 180 min and the
presence of AMP, adenosine, inosine and hipoxantine were determined after
separation by HPLC. Data are mean values from two experiments carried out in
triplicates. P<0.05 as determined by ANOVA, followed by Tukey—Kramer test.

“Significantly different from control.

Figure 3. Effect of eSNT/CD73 KD in cell adhesion and migration in vitro. Cell
adhesion (a) and migration (b) were evaluated as described in methods. The
values represent the mean = SD of at least three independent experiments carried
out in triplicate. Data were analyzed by ANOVA followed by post-hoc comparisons

(Tukey—Kramer test). Significantly different from control (P<0.05).
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Figure 4. Correlation between eSNT/CD73 expression and tumor size in vivo.
(a) C6 wt, C6 LA wt (late passage gliomas cells which spontaneously presented a
low e5NT activity), C6-c54 and C6-c56 cells were implanted in the rat brain and the
tumor size were evaluated by haematoxylin and eosin (H&E) standard staining.
Black arrows show the localization of tumor mass. Magnification of X20. (b) Graph
shows the correlation of eSNT/CD73 activity and the tumor size in vivo. Data are
means = SD of at least 4 animals per group or three independent experiments

carried out in triplicates.

Figure 5. Inmunohistochemistry for nestin corroborates tumor absence in
rats implanted with eSNT/CD73 KD cells. Glioma sections were incubated with
nestin, a GBM marker. (a) Total number and the percentage of rats which
developed tumors, detected through nestin stain. (b) Note the presence of a strong
nestin positivity in the tumor area of C6 wt. A residual tumor in one C6-c54
implanted rat was observed as shown for the positive nestin reaction. Magnification
of 20X (c) White arrows indicate a strong reaction in areas of peripheric

pseudopalisading. Magnification of 200X.

Figure 6. Co-implant of glioma cells with APCP, an e5NT/CD73 enzymatic
inhibitor. Glioma cells were co-implanted with APCP (30 uM) or DMSO (vehicle
control) and tumor size was measured 20 d after tumor implantation as described

in methods Data are means of three animals per group + SD.
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4. DISCUSSAO

Glioblastomas (GBM) sdo uma classe de tumores que apresenta
caracteristicas bastante peculiares, o que os torna extremamente dificeis de
serem tratados e, ainda mais, eliminados. Esses tumores apresentam um
comportamento altamente proliferativo, com alta atividade angiogénica e, embora
nao fagam metastase, tém a habilidade de infiltrar difusamente no parénquima
cerebral (Holland, 2001; Morrone et al, 2006). Diversos tratamentos ja foram
sugeridos na literatura, no entanto, nenhum até o momento se mostrou eficiente
no combate aos GBM.

No presente estudo, foi estudado o papel da eSNT/CD73, uma proteina com
importantes fungdes fisiolégicas e patoldgicas previamente descritas, como uma
molécula crucial na progressdo do GBM. A eSNT/CD73 foi descrita anteriormente
como proteina com importante funcao proé-tumoral e altamente ativa em diferentes
tumores, tais como carcinoma de mama, cancer gastrico, pancreatico, leucemia
mieldide crdnica, linfoma de células T e em carcinoma Walker 256 (Spychala,
2000). Além disso, a e5NT/CD73 foi mostrada estar altamente expressa nas
agressivas formas de cancer, havendo uma maior atividade da enzima na
transicdo do tumor no estado considerado “latente” para o estado altamente
angiogénico e proliferativo (Almog et al, 2009; Johnston et al, 2007).

Todavia, poucos estudos se aprofundaram nas potenciais implicacées da

e5NT/CD73 na progressao dos GBM, e o esclarecimento do tema permite um
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melhor entendimento da complexa biologia destes tumores e o desenvolvimento
de novas estratégias terapéuticas.

No presente estudo, silenciamos a expressdo da enzima através de um
sistema de transducao viral estavel, o qual se mostrou extremamente efetivo nas
nossas condicdes, ja que a expressdao da proteina bem como a atividade
AMPésica foram praticamente nulas em ambos os clones de células de glioma de
ratos C6 silenciados para eSNT/CD73.

Além disso, decidimos caracterizar o perfil de atividades ATPasica e
ADPasica nas células silenciadas para e5NT/CD73. Como pode ser observado
nos resultados, houve um decréscimo sutil mas significativo da atividade ATPasica
em ambos clones c54 e c56. A co-expressdo localizada de toda cascata das
ectonucleotidases, incluindo a ecto-ATPase, ecto-ADPase e e5NT/CD73 foi
descrita (Braun and Zimmermann, 1998), o que demonstra a necessidade de uma
regulacdo fina e coordenada de toda a sequéncia de eventos que levam a
completa hidrélise do ATP extracelular. Além disso, foi demonstrado que o AMP
age como inibidor da proliferacdo de células da linhagem U138-MG, de glioma
humano, agindo como uma molécula tdéxica para essas células (Bavaresco et al,
2008), e também teve um efeito inibitério no crescimento de células de cancer de
mama (Mazurek et al, 1997). Logo, uma diminuicdo na atividade ATPasica pode
estar evitando o acumulo de AMP extracelular nas células silenciadas para
e5NT/CD73 e esse resultado pode provavelmente refletir algum mecanismo
compensatério, ja que ha uma perda na habilidade de hidrélise do AMP
extracelular por essas células. Deve-se, entretanto salientar que a atividade de

hidrélise do ATP pelas células de glioma é extremamente baixa em comparacao
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com a atividade de hidrélise do AMP (Wink et al., 2003), portanto, uma diminuicdo
adicional na hidrélise do ATP pelas células silenciadas para a eSNT/CD73 deve
ser melhor investigada.

A mobilidade e adesao celular sdo componentes essenciais na progressao
tumoral, invasdo e metastase (Zhi et al, 2007; Wang et al, 2007). Por essa razao,
como parte da caracterizacao das células silenciadas, nés decidimos investigar
tais parametros de malignidade in vitro. A diminuicao na adesao celular observada
em ambos os clones silenciados se deve provavelmente a perda da eSNT/CD73,
a qual é uma proteina de membrana com papel chave na adesao célula-célula e
célula-matriz previamente descrito na literatura, bem como pela diminuicdo nos
niveis de adenosina extracelular e de ativacao de receptores P1. Células tumorais
sao circundadas por uma matriz extracelular (MEC) modificada, composta de uma
malha complexa de colagenos, glicoproteinas fibrilares e proteoglicanos (Zhi et al,
2007). A MEC intercomunica-se com as células e modula suas fungbes de
adesao, proliferacao e diferenciacao (loachim et al, 2002). Relatos prévios indicam
que a e5NT/CD73 pode ligar-se a outras células e interagir com proteinas
presentes na MEC (Zimmermann, 1992; Aires et al, 1997). A e5NT/CD73
purificada de moela de galinha foi demonstrada interagir especificamente com
fibronectina e laminina, e ambas afetam a atividade da enzima purificada (Stochaj
et al, 1989). Além disso, a eSNT/CD73 medeia a adesao do linfocito ao endotélio
(Airas et al, 1995) e estudos com glioblastoma humano sugeriram que a
e5NT/CD73 deve servir como uma molécula de adesao promovendo invasao
tumoral (Fenoglio et al, 1997). Por outro lado, a adenosina extracelular também

exerce papel importante na mobilidade e adeséo celular. Agindo através de seu
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receptor A1, foi demonstrado que a adenosina pode promover adesdo de
neutréfilos ao endotélio (Cronstein et al, 1992). Para melhor compreender o
mecanismo responsavel pela diminuicdo da adesdo nas células silenciadas, nés
utilizamos o APCP, um inibidor enzimatico competitivo da e5SNT/CD73, no entanto
ele nao foi capaz de alterar a adesao das células C6 wt. Nao obstante, também
decidimos tratar as células do clone c56 com adenosina com a intencdo de
devolver esse nucleosideo as células durante o processo de adesao, entretanto,
esse tratamento ndo foi efetivo para alcangar o nivel de adesédo apresentado pela
C6 wt. Dessa forma, nds concluimos que a alteracdo observada no parametro de
adesao é devida a perda da propriedade adesiva da proteina eSNT/CD73 per se, e
nao pela geracao de adenosina.

Por outro lado, nossa avaliacdo do parametro de migracdo in vitro nao
mostrou nenhuma alteracdo significativa. Experimentos adicionais seréo
importantes para evidenciar o papel da e5SNT/CD73 na migracdo de células de
glioblastoma, j4 que o mesmo ja foi previamente descrito em outras células
tumorais (Wang et al, 2007; Zhou & Zhou, 2006; Sadej et al, 2006). Outro dado
observado, a mudanca morfolégica das células silenciadas pode ser explicado
tanto pela diminuicdo da capacidade adesiva apresentada por essas células
quanto por um possivel rearranjo do citoesqueleto, ja que uma interagcdo da
e5NT/CD73 com filamentos de actina ja foi mostrada (Vedeler et al, 1991).

Para uma investigacdo mais aprofundada do papel da e5NT/CD73 na
progressao do GBM, utilizamos um modelo in vivo. O implante de células malignas
no tecido cerebral em um modelo animal representa de forma mais fidedigna os

mecanismos que ocorrem no crescimento de tumores em humanos e tem
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vantagem sobre métodos de avaliagdo mais simplificados, como os experimentos
em cultura, nos quais ndo ha reacgdes inflamatérias e vasculares presentes
(Grobben et al, 2002). Assim, o implante de células de glioma C6 no cérebro de
ratos mostrou que quando as células silenciadas para e5NT/CD73 foram
implantadas ndo houve a formacdo de uma massa tumoral, enquanto que o
implante das células C6 wt desenvolveu um tumor de dimenséo e caracteristicas
histopatoldgicas de glioblastoma multiforme. A auséncia de células tumorais no
local do implante das células silenciadas, foi confirmada pela auséncia de
imunodetecgdo para nestina, um marcador de GBM. Conforme observado, o
experimento com nestina mostrou que, com excecdo de um tumor residual do
clone c54, o implante com células silenciadas para e5NT/CD73 nao gerou
tumores. Ao utilizarmos células C6 wt com muitas passagens, as quais verificamos
que possuiam atividade AMP4&sica consideravelmente menor que as C6 wt
utilizadas como controle, demonstramos uma interessante correlagdo entre
atividade de e5NT/CD73 e crescimento tumoral. Essas células com menor
atividade geraram tumores menores e menos malignos. De acordo com nossa
hipétese purinérgica, o ATP liberado de células mortas ou que estejam sofrendo
estresse pode ser eficientemente ser hidrolisado a adenosina por células que
expressam altos niveis da ecto-ATPase, tais como os astrécitos, e por acédo da
e5NT/CD73, altamente expressa pelas células de glioma (Wink et al, 2003). Essa
sequéncia de eventos levaria a um acumulo de adenosina ao redor do tumor. A
adenosina extracelular acumulada no tecido tumoral exerceria um importante
mecanismo de escape a resposta imune e inducao de angiogénese (Ohta et al,

2006; Grant et al, 1999). Dentre diversos efeitos, a adenosina derivada do tumor é
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capaz de inibir profundamente células T anti-tumorais através da ativacao dos
receptores A2a (Ohta et al, 2006). Também, a adenosina inibe as citocinas pré-
inflamatérias IL-2, TNF-a, IL-12, INFy e a sintese da proteina-1a de macréfagos
(Spychala, 2000; Hasko et al, 2009) e estimula a sintese da anti-inflamatéria IL-10.
Os macrofagos associados a tumores (MAT), os quais representam uma
importante fracdo da massa tumoral, estdo presentes frequentemente em um
fenotipo anti-inflamatério e dessa forma conseguem auxiliar o crescimento tumoral
através da producdo de diversos fatores de crescimento e citocinas pré-
angiogénicas (Komohara et al, 2008).

Considerando isso, hipotetizamos que as células de GBM silenciadas para
e5NT/CD73 podem nao estar sendo capazes de crescer devido aos baixos niveis
da adenosina, a qual apresenta conhecidas funcbes pré-tumorais e € moduladora
da resposta imune, além da auséncia da proteina per se, jA que ela foi
previamente mostrada agir de forma importante na invasdo e metastase tumoral.
Para explorar essas questdes, nds co-injetamos as células C6 wt com o inibidor
enzimatico APCP, a fim de avaliar se a diminuicdo da producao de adenosina
poderia afetar o crescimento dos tumores. No entanto, n6s ndao observamos
nenhuma alteracdo apés os vinte dias do implante dos GBM. E provavel que o
efeito inibidor do APCP na atividade da e5SNT/CD73 no momento do implante do
glioma nao foi suficiente para impedir o crescimento do tumor, assim como
ocorreu quando implantamos células que constitutivamente nao produzem
adenosina. Dessa forma, nossos resultados mostram evidéncias consistentes do

papel desempenhado pela e5NT/CD73 na progressdao de GBM, ja que o
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silenciamento da proteina reduziu significativamente a adesédo in vitro e o
crescimento tumoral in vivo. N6s propomos que a e5NT/CD73 derivada dos
tumores pode constituir um excelente alvo, em combinagcdo com outras estratégias
terapéuticas, para diminuir o potencial maligno, reforcar a resposta imune anti-

tumoral end6gena e qualificar o combate ao GBM.
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5. CONCLUSOES

1)

2)

O silenciamento da e5NT/CD73 alterou a morfologia das células em cultura;

Os dois clones de células silenciadas apresentaram menor capacidade
adesiva in vitro em relacao a selvagem, e esse comportamento foi mostrado
ser devido a auséncia da proteina per se e nao pela falta do produto

adenosina;

O implante com as células de glioma silenciadas para eSNT/CD73 nao foi

capaz de gerar tumor no nosso modelo animal;

A atividade AMPasica da enzima foi mostrada estar diretamente

relacionada com o tamanho dos tumores;

A diminuicdo dos niveis de adenosina, com conhecidas funcbes pro-
tumorais, bem como a falta da proteina na sua funcao adesiva per se, séo
as provaveis razbes da auséncia de crescimento dos gliomas silenciados

para eSNT/CD73;

Nossos resultados corroboram o importante papel da e5NT/CD73 na
progressdao tumoral, e sugerem a necessidade de mais estudos para o

estabelecimento de novas e mais promissoras estratégias terapéuticas.

65



6. PERSPECTIVAS

— Uso de plasmideos para a superexpressao e perda da atividade enzimatica

por sitio ativo mutado de e5NT/CD73 em linhagens de glioma;

— Avaliar outros parametros envolvidos com a malignidade tumoral, tais como

ensaios de invasao e adesao com diferentes matrizes extracelulares;

— Investigar a expressao de outros genes importantes para o crescimento

tumoral nas células silenciadas para eSNT/CD73;

— Uso do meio condicionado das células de glioma silenciadas para o estudo

do perfil de ativacao e a secrecao de fatores de cultura de macréfagos.
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