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APRESENTACAO

A presente dissertagdo conta com uma breve introducao sobre os conteidos necessarios
para o entendimento do artigo cientifico. Seguida de objetivos e 0o manuscrito preparado

para submissdo ao periodico “Purinergic Signalling”.

Apds o manuscrito ha uma discussdo geral dos resultados seguida de uma conclusio e

das perspectivas geradas.
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ABREVIATURAS

ACR - Dominio Conservado das Apirases (Apirase Conserved Domain)

ADP - Adenosina Difosfato

Akt - Homodloga Celular ao Oncogene Viral v-AKT, também conhecida como Proteina
cinase B

AMP - Adenosina Monofosfato

ATP - Adenosina Trifosfato

C6 - Linhagem de Glioblastoma de Rato

CAM - Molécula de Adesdo Celular (Cell Adhesion Molecule)

CD39 -Cluster of Diferentiation 39, ou NTPDasel

Cos-7 - Linhagem De Fibroblastos Renais Transformados De Macaco

CR - Regido Conservada (Conserved Region)

DMEM - Meio de Cultura (Dulbecco’s Modified Eagle Medium)

ECM - Matriz Extracelular (Extracellular Matrix)

EGFP - Proteina Verde Fluorescente (Enhanced Green Fluorescent Protein)

E-NPPs - Ecto Nucleosideo Pirofosfatases Fosfodiesterases

E-NTPDases - Ecto Nucleosideo Trifosfato Difosfoidrolases

ERK - Cinase Regulada por Sinal Extracelular (Extracellular signal Regulated Kinase)

EYFP - Proteina Amarela Fluorescente (Enhanced Yellow Fluorescent Protein)

FAK - Cinase de Adesao Focal (Focal Adhesion Kinase)

FRAP - Substituicdo da Fluorescéncia apds a Inativacdo Irreversivel das Moléculas
Fluorescentes (Fluorescence Recovery After Photobleaching)

Gi/Go - Proteina G inibitéria

GL261 - Linhagem de Glioblastoma Murino

GPI - Glicosil Fosfatidil Inositol

Gs - Proteina G estimulatéria

Hek293 - Linhagem de Células Embrionarias de Rim Humano (Human Embrionic Kidney)

HeLa - Linhagem de Cancer Cervical Humano (Obtida de Henrietta Lacks)

IP3 - Inositol Trifosfato

Km - Concentragdo de Substrato para Atingir a Velocidade Maxima de uma Proteina

NTPDase - Nucleosideo Trifosfato Difosfoidrolases

Pi - Fosfato Inorganico

PPi - Pirofosfato Inorganico



RanBPM - Proteina M Ligadora de Ran (Ran Binding Protein M)

Ras - proteina intracelular ativada por GTP envolvida na transducdo do sinal (0o nome é
abreviacdo de Rat sarcoma)

RB2 - Inibidor de NTPDase2 (Reactive Blue 2)

SFB - Soro Fetal Bovino

U87 - Linhagem de Glioblastoma Humano

Vmax — Velocidade Maxima de Atividade de uma Proteina



RESUMO

A NTPDase2 é uma ectonucleotidase ancorada na membrana plasmatica por dois
dominios transmembrana, com o sitio catalitico voltado para o meio extracelular. Sua
principal funcdo é a hidrélise de nucleotideos trifosfatados transformando-os em
difosfatados, mais fosfato inorganico. Em menores propor¢des, também ¢é capaz de
hidrolisar nucleotideos difosfatados. Sua fun¢io é remover ATP do meio extracelular, sendo
que sua auséncia causa acimulo do nucleotideo. Trabalhos anteriores demonstram que
gliomas com superexpressdao da NTPDase2 passaram a apresentar caracteristicas de maior
malignidade e agressividade. Tais peculiaridades, geralmente, sdo devido a alteracdes nas
atividades de adesdo, migracdo e proliferacdo celular, processos nos quais ja foi
demonstrado envolvimento de outras enzimas da mesma familia, como a NTPDasel e a
Ecto-5"-nucleotidase in vitro. O envolvimento de proteinas com dominios ATPasicos na
adesdo celular é antigo na literatura. Entretanto, funcdes da NTPDase2 nestes mecanismos
celulares ainda nao foram estudadas in vitro. Por isso, nesse trabalho, a NTPDase2 foi
superexpressa em células U87, GL261, Cos-7 e Hek293 a fim de se estudar seu envolvimento
nos processos biologicos de adesdo, migracgio e proliferacio celular in vitro. Nossos estudos
mostraram que a superexpressdo de NTPDase2 ndo altera a proliferacdo nem modula a
migracao celular. Entretanto, sua expressao diminui de maneira geral a adesdo da linhagem
Hek293 transduzidas sobre matrizes extracelulares, mas ndo modula a adesdo sobre
monocamada. A analise das imagens de microscopia confocal sugere que a enzima nao se
concentra na superficie de contato célula-célula, sendo que quando as células estdo sobre
colageno tipo I e fibronectina ha uma concentracdo nas regides de membrana livre. A
medida do tempo para recupera¢do da fluorescéncia apds “photobleaching” indica que
sobre colageno tipo | ha uma velocidade de recuperacio da fluorescéncia maior nas regioes
de membrana livre. Nossos resultados demonstram que a NTPDase2 nao co-localiza com
proteinas de complexos ou de adesdo focal. Assim podemos concluir que a NTPDase2

fisicamente ndo modula a adesdo célula-célula ou célula-matriz.



ABSTRACT

NTPDase2 is an ectonucleotidase anchored in the plasma membrane through two
transmembrane domains, with the catalytic site facing the extracellular environment. Its
main function is the hydrolysis of nucleotide triphosphates turning them into diphosphate
nucleotides plus inorganic phosphate. To a lesser extent, it is also able to hydrolyze
diphosphate nucleotides. As its function is to remove the extracellular ATP, its absence
causes the accumulation of nucleotide. Previous works that reports the overexpression of
NTPDase2 in gliomas shows that the cells began to exhibit features of increased malignancy
and aggressiveness. Such peculiarities are usually due to changes in the activity of adhesion,
migration and proliferation, processes in which it has been demonstrated involvement of
other enzymes of the same family as the NTPDasel and Ecto-5'-nucleotidase in vitro. The
involvement of proteins with ATPase domain in adhesion is old in literature. However,
functions of NTPDaseZ2 in tumor biology have not been studied in vitro. So far, in this work,
NTPDase2 was overexpressed into U87, GL261, Cos-7 and Hek293 cells, in order to study
its involvement in biological processes as adhesion, migration and cell proliferation, in vitro.
Our studies show that overexpression of NTPDase2 do not alter the proliferation and do not
modulate cell migration. However, its expression decreases the adhesion of transduced
Hek293 cell line on extracellular matrices. Analyses of the images using a confocal
microscope suggested that the enzyme do not concentrate at the cell-cell contact surface.
When the cells are cultured over collagen type I and fibronectin, there is a concentration of
the protein in free membrane region. The time to fluorescence recovery after
photobleaching indicates that in collagen type I there is an increased fluorescence recovery
in free membrane regions. More over, our results in colocalization assay indicates that
NTPDase2 is not located in focal complexes or focal adhesion. We can conclude that

NTPDase2 do not physically modulate cell-cell or cell-matrix adhesion.
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1. INTRODUCAO

1.1. SISTEMA PURINERGICO

1.1.1. NUCLEOTIDEOS DERIVADOS DE PURINAS

Nucleotideos derivados de purinas sido tradicionalmente conhecidos por suas
funcoes intracelulares em processos de conversdo de energia. Porém nas ultimas décadas
vem crescendo o conhecimento sobre as func¢des sinalizadoras extracelulares dessas

moléculas (Figura 1) (Burnstock, 2009).

Sabe-se, por exemplo, que esse sistema é amplamente distribuido pelo organismo
de varias espécies e tém fungdes de contracdo no musculo liso, neurotransmissao no sistema
nervoso central e periférico, resposta imune, agregacdo plaquetaria, entre outros (Ralevic e

Burnstock, 1998; Burnstock, 2007; Neary e Zimmermann, 2009).

Rechptagio o Extracelular
Cinalizagdo via P2 Adenosina
Hidralise de Hidralise dé Hidralise de
Liberagho de ATP ATP ADP AMP Sinalizagio via P1 Adenosina
ATP gu_hno a- | — o ,._._uﬂo
o ) O
e? AMP I
o ] 0 l
P2y CTNs, P Adenasina
Flrmfhin 1 P2X E CD73 ENTs i
‘Lﬂ - . —0
Reciclagem de
ATP PR Intracelular

FIGURA 1: VISAO GERAL DO SISTEMA PURINERGICO. Nucleotideos derivados de purinas
sdo liberados no espago extracelular ativam receptores P2X e P2Y, e sdo degradados por
ectonucleotidases a adenosina. Esta por sua vez ativa receptores P1 e sdo recaptadas ou degradadas
ainosina. A adenosina captada é reciclada a ATP no espaco intracelular e armazenada para liberacio.
Imagem adaptada de Junger, 2011.

No sistema nervoso central essas moléculas também sdo capazes de atuar via
receptores purinérgicos, modulando a proliferacdo, a diferenciacdo neuronal e a

neuritogénese com papel fundamental durante o desenvolvimento embrionario (Braun et

al, 2003; Zimmermann, 2011 e Zimmermann et al, 2012). Em culturas de astrdcitos ja foi
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demonstrado que o ATP é capaz de induzir proliferacdo através da ativacio de receptores
P2Y via Erk (Lenz et al, 2000 e 2001). Altas concentragdes de adenosina sdo capazes de
induzir apoptose por mecanismo dependente e independente de receptores A3 (Ohana et
al, 2001) enquanto altas concentracoes de ATP sdo capazes de induzir apoptose via ativacao
de P2X7 (Tamajusuku et al, 2010). Apds traumas ou isquemia, grandes quantidades de
purinas sdo liberadas para o meio extracelular induzindo o fendmeno conhecido como

gliose reativa (Rathbone et al, 1999).

1.1.2. PURINORECEPTORES

Os efeitos dos nucleosideos e dos nucleotideos extracelulares sdo possiveis na célula
através da acdo em distintos tipos de receptores: de adenosina (P1) e de ATP/ADP (P2).
Esses receptores foram primeiro identificados por Burnstock e seus colaboradores
(Burnstock et al, 1976).

Os receptores de adenosina conhecidos até o momento sao quatro: Ay, Aza, Az, As. Sdo
do tipo metabotropico com sete a-hélices transmembrana, sendo que os subtipos de A;
estdo acoplados a proteina Gs e A1 e Az estdo acoplados a proteina Gi,. Podem ser
identificados pela distinta afinidade a agonistas e antagonistas (Fredholm et al, 2001).

Os receptores para ATP sdo divididos em duas classes:

o Ligados a canais i6nicos - P2X1-7 - contém dois dominios transmembrana e uma
alca extracelular. Quando estimulados levam a abertura de um canal ou poro (para P2X2,
P2X4 e P2X7) na membrana celular permitindo a passagem calcio e até mesmo pequenas
moléculas de até 900 Da (Abbracchio et al, 1994 e Ballerini et al, 1995) ou,

. Ligados a proteina G - P2Y1, 2,4, 6, 11-13 - possuem sete dominios transmembrana,
um dominio N terminal extracelular e uma cauda C terminal intracelular (Ralevic e
Burnstock, 1998). A transmissdo do sinal se da através do segundo mensageiro IP3; gerado
pela fosfolipase C, que induz liberacao de calcio dos estoques intracelulares, ou através da

estimulacdo/inibi¢cdo da adenilil ciclase (von Kiigelgen et al, 2000).

1.1.3. ECTONUCLEOTIDASES

Apods aliberacdo dos nucleotideos para o meio extracelular e ativacdo dos receptores
purinérgicos estas moléculas sinalizadoras precisam ser degradados transformando-se em

diferentes agonistas/antagonistas. As enzimas denominadas ectonucleotidases sao as
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responsaveis por esta funcio. Elas hidrolisam nucleotideos com consequente liberacio de
fosfato ou pirofosfato inorganico e classificam-se da seguinte forma (Figura 2):
[. Familia das Ecto-Nucleosideo Trifosfato Difosfoidrolases (E-NTPDases):
responsaveis pela hidroélise do fosfato a e 3 com consequente conversiao de ATP —
ADP — AMP e liberacdo de fosfato inorganico (Pi) apds cada passo.
II. Fosfatases Alcalinas: que convertem ATP — ADP — AMP — Adenosina também
liberando Pi.
[II. Familia das Ecto-nucleotideo pirofosfatase/fosfodiesterases (E-NPP): ATP - AMP,
ao contrario das demais liberam pirofosfato inorganico (PPi).

IV. Ecto-5’-nucleotidase: que hidrolisa AMP a adenosina (Schetinger et al, 2007).

NTPDase1,2,3e8 Ecto-5'-

Fosfatase
NTPDaseS5e6 MNucleotidase

NPP 1,3 Alcalina

L ;@E‘f}mﬁz B

FIGURA 2: TOPOGRAFIA PREVISTA PARA AS ECTONUCLEOTIDASES. A figura ilustra os dois
dominios transmembrana da NTPDasel, 2 e 3 e o dominio transmembrana tnico da NTPDase5 e 6 e
das NPPS. As ancoras de glicosil fosfatidil inositol (GPI) que podem ser clivadas liberando a fracdo
extracelular estdo destacadas em amarelo. As setas apontam os sitios de clivagem das enzimas
soluveis. Adaptado de http://www.crri.ulaval.ca/uploads/pics/figure_sevigny_e.gif.

1.1.4. FaMiLIA DAS ECTO-NUCLEOSIDEO TRIFOSFATO DIFOSFOHIDROLASES

As E-NTPDases sdo enzimas transmembrana glicosiladas que possuem seu sitio
catalitico voltado para o meio extracelular ou para o limen de organelas intracelulares
como o Complexo de Golgi e o Reticulo Citoplasmatico Rugoso. Necessitam de
concentracdes milimolares de Ca*? ou Mg*? (quando ausentes a enzima nao mostra
atividade) como cofatores para seu funcionamento (Schetinger et al, 2007). A propriedade
de hidrolise do fosfato B e y faz com que essas enzimas também utilizem substratos

derivados da uridina, guanosina e inosina.
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As NTPDases localizadas na membrana plasmatica apresentam geralmente dois
dominios transmembrana (dominio I e dominio II) de tamanhos similares, com segmentos
-NH; e -COOH terminais citoplasmaticos e um grande dominio extracelular com a atividade
enzimatica formando uma grande fenda de catdlise (Vorhoff et al, 2005).

Todas as enzimas possuem cinco regides conservadas (Apyrase Conserved Regions
- ACR) abreviadas de ACR1 a ACRS5, entre as quais se encontra o sitio catalitico (Robson et
al, 2006). As regides ACR1 e ACR4 sdo similares aos dominios de ligacdo de fosfato $ e y da
actina-hsp70 hexoquinase (A[IL]DLGG[TS]) sugerindo que essas proteinas podem ter um
ancestral em comum (Flaherty et al, 1991; Zimmermann, 2001). A homologia a outras
proteinas e a presenca de cinco ACRs demonstra que essa familia de enzimas é bem
conservada evolutivamente (Figura 3) e sugere que possam ter um papel muito importante

ja que existem varias proteinas com fun¢des redundantes conservadas.

mNTPDased
hNTPDased iNTPDase5

mNTPDase?

hNTPDaset
mNTPDase6

NTPDase6
mNTPDase4 M ¢
hNTPDase4 war .
........................ hNTPDase2
rNTPDase3 mNTPDase2
mNTPDase3 iNTPDase2
hNTPDase3
hNTPDase8
NTPDaset mNTPDase8
mNTPDase1 rNTPDase8

hNTPDase1
FIGURA 3: ARVORE FILOGENETICA COMPARANDO AS NTPDASES 1-8 DE HUMANOS (h),

RATOS (r) E CAMUNDONGOS (m). O alinhamento foi feito utilizando o software ClustalX 1.81, para o
dendograma utilizou-se TreeView 1.6.6. O comprimento das linhas indica a diferenca entre as
sequéncias dos aminoacidos. Retirado de Vorhoff, 2005.

Até o presente momento, oito diferentes genes que codificam para NTPDases ja
foram descritos. Quatro deles codificam para NTPDases localizadas na superficie
transmembrana com o sitio catalitico voltado para o meio extracelular (NTPDase 1, 2, 3 e
8)(Figura 4). Os demais genes codificam para NTPDases intracelulares, as quais estdo
inseridas na membrana plasmatica, mas que podem ser clivadas e secretadas (NTPDase 5 e
6) ou localizar-se na superficie luminal de organelas (NTPDase 4 e 7) (Robson et al, 2006;

Knowles, 2011).

16



10 20 30 40 50 &0 70
) } s ewe) BEd e ) ddaey FErs) BEEst S diEey SeaElessal ek i

ENTPD1 - TEESN VKT----- FC SENILATLCF SSIIAVIALL AVCLTON-KA LPENVKYCIV LDAGSSHTSL

ENTPD2 --_ACKVR.- =—========= === L.PP.-L LAAACLAC.. LLCVPTRDVR E.PAL..... = M
ENTPD3 MFTVL.ROPC EQACLKALYR TPT.I.LVVL LVS.V.LVSI T.IQIHKQEV ..PGL..... ...... R.TV
ENTPD8 --.GLSRKE- —-——======= -QVF..L..A .GVSGLT..I LLLVEATSVL ..TDI.F... F.........
B0 50 100 110 120 130 140
e tmmia et e st s pia i My R et Lt e BV im0 [ A o U A o W i S e s tmcon T Lt i A B rassa U mepdca il
ENTPD1 YIYKWPAEKE NDTGVVHOVE ECRVKCGPCIS KFVOKVNEIC IYLTDCMERA REVIPRSQHQD ETPVYLGATA
ENTPD2 F...... D.. ....I.G.HS S.D.P.G... SYADNPSGAS Q5.VG_.L.Q. LOODV.KER.A G..L.....
ENTPD3I .V.Q...... H....5.TF K.5...5... SYCNNPQDVP RAFEE. .QKV KCOQV.SHL.GC S..IH.....
ENTPD8 FL.Q.L.N.. .G....S.ALAQ.E..... SYTSNAAQA. ES.QG.L.E. LVL. .EA. R K..TF.....
150 160 170 180 150 200 210

T I T T L L L P T
ENTPD1 GCMRLLRMESE ELADRVLDVV ERSLSNYPFD FQGARIITCQ EEGAYGWITI NYLLCKFSQK TRWFSIVPYE

ENTPD2 .-..NLTNP _ASTS..MA. THT.TQ.... .R....LS.. ...VF..V.A ....EN.IKY G--WVGEWFR
ENTPD3 ...... LON. TA.NE..ESI QSYFKSQ... .R..Q..85.. ... V.....A .. M. N.LE. N--LWHMWVH
ENTPDS ..... SRKNS SQ.RDIFAA. TQV.GRS.V. .W..ELLA.. A.. .F....V ..G..TLVKY S5--.TGEWIQ

220 230 240 250 260 270 280

PRk P e Rt (PR e SR Gt et ([T (e, | BTt TS T, e g
ENTPD1 THNNQETFCGAL DLGGASTOQVT FVPQNOTIES PDNALQFRLY CEKDODYNVYTHS FLCYCKDQAL WUOKLAKDIQV

ENTPD2 P-REKC.L. .M ... .. ... I. .ETTSPAEDR A-SEV.LH.. QH.R..... ..... R..V. ORL. .SAL.T
ENTPD3 PHGV..T... .. ....18 ..AGEKMDLN TSDIM.VS. TR ams 1 clen s VI HRE. M W
ENTPD8 PPEEMLV... .M...... I. ...GGPILDK S-TQAD.... .5..5..... Y..F.R..M. SRL.VGLV.S

250 300 310 azo 330 340 aso

FRPR B PR IR pe ey EIREA PRt IR AP PRI PR IO [P B PR |
ENTPD1 ASNE-ILRDP CFHPCYEKVV NVSDLYKTPC THKRFEMTLP- -FOOQFEIQCI CNYQQCHQSI LELFNTSYCP
ENTPD2 HG----- FH. .WPR.FSTQ. LLG.V.QS5.. .MAQRPONFN SSARVSLS.S SDPHL.RDLV SG. .SF.S..
ENTPD3 SPTKNH.TN. .YPRD.SISF TMCHVFDSL. .VDORPESYN PNDVITFE.T .DPSL.KEKV ASI.DFKA.H
ENTPD8 RPAR-L..H. .YLS..QTTL ALCP..ES.. VHATPPLSL- -P.NLTVE.T ..PGA.VSA. R....F.5.0

360 It 380 aso 400 410 420
S (TN, S| SO RS TRV, - g [EOS, - e | v IR R [

ENTPD1 -YSQCAFNCGI FLPPLOCDFC AFSAFYFVMK FLNLTS--EK VSQEKVTEMM KKFCAQPWEE IKTSYACGVKE

ENTPD2 -F.R.S...V Q..VAN.V ._... FYTVD ..RTSMGLPV ATLOQLEAAA VNV.N.T.AQ LOARVP.-OR

ENTPD3 DOET.S.D.V YO.KIK.P.V . . AG..YTAS A...SG---S F.LDTFNSST WN..S.N.SQ LPLLLPKFD.

ENTPD8 CGQOED...D.V YO...R.Q0.Y .. . N..¥YTFH ...... --RQ P-LST.NATI WE..QR..KL VEA. .P.-QD
430 440 450 460 470 480 430

T L e Ty T L T LI e ) T o (R TTropyy (prpemsy
ENTPD1 KYLSEYCFSCG TYILSLLLOC YHFTADSWEH IHFICKIOQGS DACWTLCGYML NLTHMIPAEQ PLSTPLSHST

ENTPD2 AR.AD..ACA MFVQQ..SR. .C.DERAFCC VI.QK.AADT AV..A.. ... ....L...DP .-CLRECTDF

ENTPD3 V.ARS. .. A N. . YH.FVN. K. .EET.PQ .. EKEVCN. SIA.S.. ... §5...0Q....5 .-LIR.PIEP

ENTPD8 RW.RD..A.. L...T..HE. .G.SEET.PS LE.RKDAC.V .I........ ...G....DA .-20WRAE.Y
500 E10 520 530

wizspns | ) e e i e L sisndd e s ensmeaa) m s
ENTPD1 YVFLMVLFSL VLFTVAIICL LIFHKPSYFW KDMV----—- —-—---—
ENTPD2 SSWVVL.LLF ASALL._ALV. .LRQVH.AKL PSTI-----— —-———-—
ENTPD3 P..VGCT.AFF TAAALLCLAF _AYLCSATRR .RHSEHAFDH AVDSD
ENTPD8 G.WVAKVVEM ..AL. . VV_A ALVQ---L.. LQD----—--—= ————-

FIGURA 4: ALINHAMENTO DAS E-NTPDASES. Alinhamento entre as sequéncias humanas
das quatro NTPDases localizadas na superficie da célula. Residuos conservados sdo representados
por “”, gap ou falta de residuo na espécie é representada por “-”, cores similares indicam

hidrofobicidade similar.
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As NTPDases 1, 2, 3 e 8 possuem dois dominios transmembrana, os quais as fixam

firmemente a membrana, proximos a extremidade -NH; e -COOH terminal que causam a
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interacdo entre os monomeros altamente glicosilados e lhes confere especificidade ao
substrato (Grinthal e Guidotti, 2002; Carl et al, 1998). A NTPDasel possui sitio de
palmitoilacdo na sua extremidade N terminal o que contribui para sua localizacdo
membranar (Koziak et al, 2000) além disso possui sitios de fosforilacdo na sua cauda C
terminal para suposta acdo da proteina cinase C e para a proteina cinase dependente de
AMPc o que sugere que ela pode ser regulada por fosforilagao (Smith e Kirley, 1998).

Ap6s as publicagdes na literatura das clonagens dos genes das diversas NTPDases,
fez-se necessaria uma reorganiza¢do da nomenclatura, e esta foi feita no Segundo Workshop
Internacional sobre E-ATPases, intitulado: “Ecto-ATPases and Related Ecto-nucleotidases”
ocorrido na Bélgica em 1999. Essa reorganizacdo na nomenclatura, fez com que essas
enzimas antes chamadas de ecto-apirases, ecto-ATPases, ecto-ATPDases e CD39, fossem
chamadas coletivamente de NTPDases e numeradas de 1 a 8.

As NTPDases 1, 2, 3 e 8 podem ser parcialmente diferenciadas de acordo com a
preferéncia pelo substrato. A taxa de hidrdélise para nucleotideos tri e difosfatados varia
consideravelmente de acordo com a enzima (Robson et al, 2006). Enquanto a NTPDasel
hidrolisa ATP e ADP em taxas equivalentes (1:1), as NTPDase 3 e 8 apresentam uma
preferéncia um pouco maior por ATP sobre ADP: 3:1 e 2:1 respectivamente. A NTPDase?2
apresenta uma maior preferéncia por ATP em comparagao ao ADP (30:1). Como o produto
formado é semelhante e em muitos casos mais de uma NTPDase é encontrada na superficie
extracelular, a caracterizacdo inicial baseava-se apenas nas diferentes taxas de hidrélise. A
diferencia¢cdo completa sé foi possivel por métodos de biologia molecular como a clonagem
e expressdo em sistemas ortélogos. Foi o desenvolvimento dessa técnica que propiciou a
descoberta da NTPDase8, ja que esta possui razdes de hidrélise ATP/ADP semelhante a
NTPDase3 (Bigonnesse et al, 2004).

1.1.5. NTPDASE2 (CD39L1)

A CD39L1 foi inicialmente clonada a partir de uma biblioteca de cDNA enriquecida
para transcritos provenientes do cromossomo 9 e assim nomeada por apresentar grande
homologia ao antigeno de ativagdo de células linféides CD39, uma ecto-apirase conhecida
de humanos e camundongos. O mesmo artigo cientifico que descreveu essa homologia em
1997, também mostrou que essa proteina de 472 aminodacidos é codificada por um gene que

se localiza na regido 9q34 e que seu transcrito possui 9 éxons (Chadwick e Frischauf, 1997).
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Em 1999 foi clonada uma proteina contendo 495 aminoacidos idéntica aquela
recentemente descrita como CD39L1, fato que sugeriu que ha variantes de processamento
para essa proteina. Além dessa importante descoberta os pesquisadores também
demonstraram que essa variante de processamento possui atividade enzimatica de
hidroélise de ATP, diferente da proteina originalmente identificada com 23 aminoacidos a
menos e caracterizaram essa variante da proteina quanto ao Ky € Vmax para ATP e ADP
(Mateo et al, 1999).

Foi durante o Segundo Workshop Internacional sobre E-ATPases, ocorrido na
Bélgica em 1999 que se alterou o nome de CD39L1 para NTPDase2 (Zimmermann, 2001).

A NTPDase2 contém as 5 regidoes conservadas das apirases (Apyrase Conserved
Regions - ACRs) e 4 regides conservadas (Conserved Region - CR), além de residuos de
lisina e arginina conservados na sua superficie. A enzima também contém seis sitios
potenciais para glicosilacdo (Javed et al, 2007). Sua estrutura é bastante conservada entre
as espécies (Figura 5).

Até o momento é conhecida por sua enorme capacidade de hidroélise de nucleotideos
trifosfatados (ATP) e bem menor capacidade para nucleotideos difosfatados (ADP), razao
de hidroélise ATP/ADP de 30:1 (Robson et al, 2006).

Nos gliomas, verifica-se menor expressdo dessa proteina com provavel acimulo de
ATP no espaco peritumoral (Wink et al, 2003; Morrone et al., 2006). Esse ATP acumulado
resulta em proliferacdo tumoral e neurotoxicidade do tecido nervoso. Essa hipotese é
refor¢ada pelo fato de que a co-injecdo de apirase soltvel (NTPDasel) em implantes de
gliomas em ratos, diminui significativamente o crescimento e as caracteristicas de
malignidade. Indicando que o ATP tem um papel importante na manutencdo do tumor

(Morrone et al, 2006).
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FIGURA 5: ALINHAMENTO DA NTPDASEZ2. Alinhamento entre as sequéncias de proteina da

NTPDase2 humana, de rato e de camundongo. Residuos conservados sdo representados por

similar.
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1.1.6. RELACAO ENTRE SISTEMA PURINERGICO E CANCER

Aimportancia do sistema purinérgico no desenvolvimento dos gliomas foi reforcada
quando células de uma linhagem tumoral de glioma de rato (C6) com superexpressdo da
NTPDase2 foram implantadas no cérebro desses animais formando tumores maiores, mais
invasivos, com maior recrutamento de micréglia e agregacdo plaquetaria (Figura 6)
(Braganhol et al, 2009). Essa observacdo demonstra que o ADP acumulado na regido
peritumoral tem papel desencadeante desses processos, ja que a co-injecdo de apirase, que
degrada ATP — ADP — AMP ndo produz os mesmos efeitos (Morrone et al, 2006).

Além disso, a NTPDase2 também é expressa em outros tecidos normais e tumorais.
Jhandier (Jhandier et al, 2005) utilizou co-culturas de colangidcitos (Mz-ChA-1 - células de
colangiocarcinoma humano) e fibroblastos portais primarios de figado de rato, nas quais
aumentou a expressao de NTPDase?2 e observou diminui¢do da proliferacdo; nessas mesmas

co-culturas, quando a NTPDase2 era silenciada por siRNA houve aumento da proliferacao.
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FIGURA 6: 0 AUMENTO DA EXPRESSAO DA NTPDASE2 GERA ACUMULO DE ADP NO
MICROAMBIENTE DO GLIOMA. Esse ADP induz migracdo endotelial e ativacdo plaquetaria. Plaquetas
ativas, por sua vez, liberam fatores que estimulam a resposta imune, a angiogénese e a proliferagio
tumoral. Retirado de Braganhol et al, 2009.

1.2. MECANISMOS DE SOBREVIVENCIA TUMORAL

As células cancerosas possuem propriedades hereditarias diferentes das células
normais, pois reproduzem-se sem obedecer aos limites normais da divisio devido a
auséncia de inibicdo por contato com outra célula e invadem e colonizam regides diferentes

do organismo.
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0 processo pelo qual as células normais se transformam em tumorais ainda nio é
bem esclarecido; sabe-se que requer varios passos de alteragdes celulares embora a ordem
na qual ocorra permanece desconhecido. Segundo Hanahan existem seis marcas registradas
do cancer: manutencdo do sinal proliferativo, evasio a supressio do crescimento,
resisténcia a morte, possibilidade de imortalidade replicativa, inducdo da angiogénese e
ativacdo da invasdo e da mestastase (Hanahan e Weinberg, 2011). De uma forma ou de
outra, as células tumorais que sobrevivem e formam metatases a distancia precisam vencer

essas seis barreiras.

1.2.1. DIMINUICAO DA APOPTOSE E AUMENTO DA PROLIFERACAO

As principais alteracdes, que podemos chamar até de marca registrada dos tumores
¢é a alteracdo das vias de proliferacdo e de apoptose, pois juntas (apoptose diminuida e
proliferacdo aumentada) sdo capazes de controlar a sobrevida tumoral. Essas vias, que em
condicoes fisiologicas seriam ativadas pela ligacdo do fator de crescimento, em tumores
encontra-se constitutivamente ativada (Figura 7), desencadeando o processo de

proliferacdo desenfreado (Hanahan e Weinberg, 2011).

Essas vias sdo as mais estudadas e
para elas busca-se desenvolver diversos
medicamentos, embora acredita-se que
agir apenas sobre uma delas ndo seja
suficiente para obter efeitos terapéuticos

duradores (Krakstad e Chekenya, 2010).

FIGURA 7: SINALIZACAO DE
SOBREVIVENCIA. Receptores de tirosina
quinase ligados ao ligante (condicdo
fisiolégica) ou constitutivamente ativados
(condicdo patoldgica) upstream a via da RAS-
MEK-ERK para mediar o crescimento celular e
angiogénese, e upstream a via da PI3K/AKT
F - para mediar a sobrevida. AKT fosforila
f ) multiplos substratos que levam a liberagdo de

“"JMM o vl i il fatores de sobrevida ou interfere na execucdo

da apoptose através do bloqueio de Bad.
Retirado de Krakstad e Chekenya, 2010.
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1.2.2. AUMENTO DA ADESAO CELULA-CELULA E CELULA-MATRIZ

As células sentem, processam e respondem a estimulos mecanicos e biofisicos
causados pela Matriz Extracelular (ECM) usando uma hierarquia interconectada de
sistemas mecano-quimico que inclui principalmente receptores de adesio, adesdo focal
intracelular e rearranjo do citoesqueleto.

Alteracgoes nas interacdes mecanicas entre as células e o ambiente contribuem para
a displasia tecidual associada a iniciacdo tumoral. Essas células transformadas podem
expressar muitos perfis de filamentos intermediarios e arquiteturas do citoesqueleto se
comparadas as células normais. Quando presentes em substratos que suprimem o
espalhamento e a proliferacio de células normais, as células transformadas podem
proliferar e mostrar uma forga de tragdo além da normal, a qual pode romper a integridade
das juncdes célula-célula, comprometer a polaridade tecidual, promover uma sobrevida

independente da ancoragem e aumentar a invasao (Kumar et al, 2009).

1.2.3. AUMENTO DA MIGRACAO CELULAR

Algumas células individuais sdo capazes de se libertar do tumor e invadir o
parénquima circundante, gerando forca e mecanismos adicionais para regular seu
comportamento. Esse fendmeno de migracdo foi melhor elucidado quando mostrou-se que
os invadopdédios sdo importantes nesse processo, pois provocam a digestdo e invasao inicial
da ECM. Sabe-se que a formacao dessa estrutura é dependente de polimerizacdo altamente
localizada de actina e a coordenacdo da actina com multiplas ligagbes em proteinas,
incluindo cofilina, Arp2/3, e N-WASP (Yamaguchi et al, 2005).

As alteragdes na estrutura tumoral e os mecanismos durante a diminuicdo da adesdo
e a invasdo sdo acompanhados por mudangas reciprocas na topologia da ECM
(organizacional) e propriedade dos materiais (mecanica). A contracdo celular pode
promover remodelamento da ECM, a qual pode criar feixes na matriz ou trajetérias de

motilidade que podem facilitar a migracao tridimensional (Kumar et al, 2009).

1.3. MECANISMOS DE ADESAO

1.3.1. PROTEINAS DE ADESAO CELULAR

A adesdo célula-célula é mediada principalmente pela superfamilia das caderinas
(caderinas classicas e nao classicas) que dependem do calcio extracelular. Outras proteinas

que estdo envolvidas nesse processo sdo as integrinas (medeiam principalmente adesao
23



célula-matriz) e as selectinas, que também dependem desse ion e algumas vezes de

magnésio. As moléculas independentes de Ca*2 em geral pertencem a superfamilia das

Imunoglobulinas (Tabela 1).

TABELA 1: PRINCIPAIS SUPERFAMILIAS DE MOLECULAS RESPONSAVEIS PELA ADESAO
CELULAR. Adaptada de Alberts e cols, Molecular and Celular Biology of the Cell, 2010 e Hynes, 1999.

Superfamilia de

, Estrutura Funcgao
proteinas
Todas possuem porg¢do extracelular | Principal molécula de ligacdo
contendo multiplas cdpias dos motivos | homofilica  célula-célula. A
dos dominios das caderinas; a porcao | ligacdo especifica com a célula
Caderi intracelular varia enormemente (que | vizinha controla a organizacao
adernas reflete a capacidade de ligacdo a | seletiva das células (segregacio
diversos ligantes incluindo moléculas | dos tecidos)
sinalizadoras bem como componentes
que a ancoram ao citoesqueleto)
Heterodimeros transmembrana que se | Principal molécula de adesao
ligam ao citoesqueleto formados por | célula-matriz, capaz de
duas subunidades glicoprotéicas (a e ) | transmitir sinais do meio
, associadas de forma ndo covalente com | extracelular através da
Integrinas .
pequena cauda -COOH intracelular e | membrana
grande dominio -NH; extracelular
(responsavel pela ligacdo a aminoacidos
especificos da ECM)
Sdo proteinas transmembrana com | Em vertebrados, sua principal
dominio de lectina muito conservado | fun¢do é na resposta
que se liga a oligossacarideos | inflamatéria e na coordenacgao
Selectinas especificos em outra célula. Liga-se ao | do trafego dos leucdcitos
citoesqueleto de actina através de | (controlam a ligacdo as células
proteinas de ancoramento pouco | endoteliais permitindo a
conhecidas diapedese)
Conttm um ou mais dominios | Fora do sistema imunolégico
extracelulares semelhantes as | possuem varias funcoes, entre
imunoglobulinas (Ig), caracteristicos | elas de moléculas de adesdo. Sao
dos anticorpos. Apresentam um | as principais moléculas
_ dominio -COOH intracelular e a | reconhecidas pelas integrinas
Imunoglobulinas

extremidade -NH; extracelular. Entre
extremidades ha dominios
Ig e dominios de
fibronectina tipo III (que contém sitio

ATPasico)

essas
semelhantes a

dos leucoécitos; também podem
mediar adesdes homofilicas (Ig
ligada a Ig). Unica classe que
promove a adesdo de forma
independente de célcio

Embora existam outras moléculas de adesdo célula-célula, cabe ressaltar que a

adesdo feita por caderinas é a mais forte e mais importante para a célula e que permite a
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organizacdo dos organismos multicelulares como tal. Assim sendo, quase todas as células

dos vertebrados e de outros animais, expressam uma ou mais proteinas dessa familia. Essas

proteinas se ligam as cateninas, que por sua vez se ligam a actina do citoesqueleto e a familia

Rho das GTPases. As moléculas de adesido (CAMs) entre células podem exercer sua fungio

de trés formas (Figura 8):

. Ligacdo homofilicas na qual uma molécula conecta-se a outra idéntica na célula
vizinha;

II. Ligacdo heterofilicas na qual a molécula conecta-se a moléculas diferentes na célula
vizinha;

I[II. Ligacao dependente de ligante onde as proteinas de ligagdo sdo unidas por ligantes

multivalentes (Alberts e cols, Molecular and Celular Biology of the Cell, 2010).
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FIGURA 8: SUPERFAMILIAS DE ADESAO CELULA-CELULA E CELULA-MATRIZ. Agrupadas de
acordo com o tipo de ligacdo que realizam. Retirado de Lodish e cols, Molecular Cell Biology, 2003.

A adesio entre células tem um papel crucial em processos biolégicos complexos que
incluem crescimento, proliferacao, diferenciacio e sobrevivéncia. Alteragcdes em caderinas
epiteliais (E-Caderinas) foram relatadas estando associadas com aumento da motilidade,
invasdo e metastases em carcinomas (Perego et al, 2002).

Moléculas de adesao celular (CAMs) possuem um papel central no desenvolvimento
e manutencdo do sistema nervoso sob condi¢des normais. A sinalizacdo intracelular
induzida por essas moléculas é desencadeada pela via homofilica e heterofilica (Viollet e
Doherty, 1997).
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Outra proteina que participa da adesao celular é a L1-CAM. Ela participa da adesido
homofilica e heterofilica com outras CAMs (NCAM, TAG-1/axonina-1, contactina/F3/F11),
proteoglicanos, moléculas associadas a matriz extracelular (laminina), neutrofilina-1 e
receptor tirosina fosfatase, FGFR (fibroblast growth factor receptors) e integrinas. No
espaco intracelular interage com proteinas associadas ao citoesqueleto, incluindo
anquirina, a qual se liga a F-actina via espectrina do citoesqueleto (Kiryushko, 2007). E
importante para varios processos de desenvolvimento, incluindo crescimento do neurito,
mielinizacdo e migracdo de células neuronais precursoras. Cheng e colaboradores, em 2005,
demonstraram que essa proteina esta ligada a RanBPM (Ran-binding protein M).

RanBPM foi originalmente clonada como uma proteina ligante de Ran localizada
tanto no nucleo quanto no citoplasma, é bem conservada e amplamente expressa em varias
linhagens e tecidos. Mais tarde foi demonstrada uma expressao ectdpica interagindo com c-
Met (um receptor tirosina quinase) pelo fator de crescimento de hepatdcitos para regular a
ativacao de Ras. Também interagem com membros da familia das integrinas (Denti et al,
2004). Em 2006, Wu e colaboradores demonstraram por imunoprecipitacdo que essa
proteina também estd ligada ao dominio intracitoplasmatico N-terminal da NTPDasel,
mostrando que essa enzima pode estar presente nos complexos de adesdo formados por
RanBPM. Além disso, que hd uma modulacdo da atividade dessa NTPDase pela RanBPM (Wu
etal,2006).

1.3.2. MATRIZ EXTRACELULAR (MEC)

A MEC é uma complexa rede de macromoléculas cuja importdncia vem aumentando
nas ultimas décadas (Lin e Bissell, 1993). E sobre esse substrato, de ocorréncia natural in
vivo, que as células migram, proliferam e se diferenciam. Além disso, a matriz funciona como
um adesivo biolégico responsavel pela manutencdo da citoarquitetura normal dos
diferentes tecidos e definicdo da relacdo espacial entre os diferentes tipos celulares (Rutka
et al, 1988).

Podemos dividir os componentes da matriz da seguinte maneira (Tabela 2):

I) Moléculas adesivas e ndo adesivas: fibronectina, vitronectina, laminina e tenascina;
I1) Moléculas estruturais: colageno e elastina;

[II) Moléculas de proteoglicanos (Lin e Bissell, 1993).
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TABELA 2: ESTRUTURA E FUNCAO DOS PRINCIPAIS COMPONENTES DA MATRIZ
EXTRACELULAR. Adaptada de Alberts e cols, Molecular and Celular Biology of the Cell, 2010.

Componentes da
Matriz

Observacdes

Glicosaminoglicanas
(GAGs)

Estrutura: Cadeias polissacaridicas lineares com carga negativa
compostas de unidades repetidas de dissacarideos (um acgucar
aminado, normalmente sulfatado + segundo a¢icar, normalmente
um acido uronico).

Principais fun¢bdes: Suportam grandes for¢cas de compressao
devido a alta densidade de cargas osmoticamente ativas capazes
de formar géis por absorver agua.

Proteoglicanas

Estrutura: Glicosaminoglicano ligado covalentemente a uma
proteina.

Principais fun¢des: Servem como filtro seletivo que regula o
trafego de moléculas e células, atuam na sinalizagdo quimica entre
as células e regulam atividades de outras proteinas secretadas.

Colagenos

Estrutura: Proteina fibrosa longa e rigida de fita dupla helicoidal
formada por trés cadeias « enroladas.

Principais fung¢des: Responsavel pela for¢a tensora de varias
estruturas (por exemplo: ossos, pele, tenddes, ligamentos,
cartilagem, 6rgdos internos, etc) que diferem entre si pela
composicdo e quantidade de cada tipo de colageno.

Elastina

Estrutura: Composta por dois tipos de segmentos: hidrofébicos
(responsaveis pela elasticidade) e de hélice a ricos em lisina e
alanina (responsaveis pelas ligacdes cruzadas com outras
moléculas).

Principais fung¢oes: Fornece a forca elastica necessaria a tecidos
como pele, vasos sanguineos e pulmio. E a principal componente
da aorta.

Fibronectina

Estrutura: Glicoproteina formada por dimeros de duas grandes
subunidades ligadas por liga¢cdes dissulfeto.

Principais fung¢des: Importante para interacées célula-matriz. O
modulo denominado repeticdo de fibronectina tipo III liga-se a
integrina da superficie das células.

Laminina

Estrutura: Complexo grande e flexivel, formado por trés cadeias
de polipeptideos na forma de uma cruz assimétrica unida através
de pontes de dissulfeto.

Encontrada exclusivamente na lamina basal.

Principais fung¢odes: Envolvida em vérias atividades bioldgicas,
tais como: migracdo, expansdo neuritica, diferenciacdo, adesao
celular, metastase e apoptose.
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As classes de macromoléculas que constituem a matriz em diferentes tecidos
animais sdo de certa forma similares, porém sdo as pequenas variacdes nas quantidades
relativas e o modo de organizacdo que ddo origem a diversidade de materiais por elas
formados. Por exemplo: a matriz pode tornar-se calcificada em estruturas rigidas como
ossos e dentes, formar a estrutura cristalina da cérnea ou adotar a forma elastica dos

tenddes (Alberts e cols, Molecular and Celular Biology of the Cell, 2010).

As interacdes entre células e matrizes extracelulares sao reconhecidas como
eventos importantes que influenciam diversos processos biolégicos, como o
desenvolvimento de 6rgios, o crescimento normal, a expressdo génica e as fung¢des dos
tecidos, e até mesmo o desenvolvimento e manutencao das neoplasias (Rutka et al, 1988;

Lin e Bissell, 1993; Gary e Hockfield, 2000).

1.4. ADESAO E 0 SISTEMA PURINERGICO

A busca do envolvimento do sistema purinérgico com a adesdo celular é anterior a
reestruturacdo da nomenclatura e o conhecimento da sequéncia de cada enzima. Isso
dificulta o entendimento de alguns artigos ja que na época em que foram escritos
acreditava-se que existiam menos ectonucleotidases do que se conhece hoje, ap6s o advento
da clonagem de sequéncias e correta denominacdo. Artigos antigos relatam a existéncia de
ATPases com funcao de adesdo, porém o discernimento de qual das ectonucleotidases é a
responsavel por essa funcdo nio foi possivel na época, causando duvida na leitura e
interpretacao.

Um dos artigos pioneiros que envolvem atividade ATPasica e adesdo celular foi
publicado por Aurivillius e colaboradores em 1990, demonstrando que uma
imunoglobulina de adesdo extracelular também possuia um sitio de hidrélise de ATP. O
motivo pelo qual moléculas de adesdo possuam essa atividade enzimatica ainda é
desconhecido, porém esse mesmo artigo sugere e cita outro artigo (Jones, 1966) no qual a
adicdo exdgena de ATP inibe a adesdo de células de figado de rato, indicando que esse
nucleotideo talvez possa regular a adesao celular.

Alguns anos depois Dzhandzhugazyan e Bock (1993) publicaram um artigo
demonstrando atividade de adesdo em uma Ca2*-Mg?+-ATPase. No ano seguinte Stout e
colaboradores publicaram um artigo mostrando que essa enzima ndo era capaz de atuar

como molécula de adesdo extracelular. Finalmente em 1997 Dzhandzhugazyan e Bock
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demonstraram que a entido descrita Ca?*-Mg?+-ATPase se tratava da hoje conhecida
molécula de adesdo neuronal (NCAM) e que ela possui atividade ATPasica.

Poucos trabalhos na literatura investigaram funcdes de adesdo entre as
ectonucleotidases. Hoje é conhecido que a NTPDasel através da interacdo com RanBPM
(Wu et al, 2006) e principalmente a Ecto-5’-Nucleotidase exercem fun¢des modulando a
adesao extracelular (Wang et al, 2008; Cappelari et al, 2012).

Até o momento, a Ecto-5-nucleotidase é a enzima do sistema purinérgico com
envolvimento melhor elucidado na invasdo, migracao e adesdo celular em cancer de mama
e melanoma (Wang et al, 2008; Zhou et al, 2007 a e b; Sadej e Skladanowski, 2012); sendo
que o seu silenciamento é capaz de inibir o crescimento celular e invasdo (Zhi et al, 2007).
H4 sugestdes de que também possa ter atividade pro-metastatica e servir como marcador
diagnostico e até mesmo como alvo terapéutico (Supernat et al, 2012; Wu et al, 2012). Um
estudo recente demonstrou que, em melanoma, a participacdo dessa proteina na migragdo
e na invasao ¢é feita de forma dupla. Enquanto a atividade enzimatica é importante para a
invasdo, para a adesdo e migracao sobre tenascina C a simples presenca da proteina, sem
atividade, é suficiente para ativacdo de FAK e consequente aumento da adesio, sugerindo
que também possa realizar um papel de receptor (Sadej e Skladanowski, 2012).

Até o momento nenhum estudo foi encontrado relacionando as outras NTPDases

com fun¢des na adesdo e migracdo celular.
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2. OBJETIVOS

2.1. GERAL

Investigar o papel da NTPDase2 na adesao, migracao e proliferacdo celular in vitro.

2.2. ESPECIFICOS

2.2.1. Analisar in vitro, o papel da NTPDase2 na adesao célula-matriz;

2.2.2. Analisar in vitro, o papel da NTPDase2 na adesdo célula-célula;

2.2.3. Avaliar a capacidade de migracao celular em células com superexpressao da
NTPDase?2;

2.2.4. Quantificar a taxa de proliferacdo de células com superexpressdo da

NTPDase?2.
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3. MANUSCRITO EM PREPARACAOQ

0 manuscrito a seguir sera submetido para a revista “Purinergic Signalling”.
As figuras principais, bem como as suplementares aparecem ao longo do texto e ndo
ao final, como forma de facilitar a leitura. A respectiva legenda aparece imediatamente

abaixo de cada figura.
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ABSTRACT (280 words)

NTPDase2 is an ectonucleotidase anchored in the plasma membrane through
two transmembrane domains, with the catalytic site facing the extracellular
environment. Its main function is the hydrolysis of nucleotide triphosphates
turning them into diphosphate nucleotides plus inorganic phosphate. As its
function is to remove the extracellular ATP, its absence causes the accumulation
of nucleotide. It is old in literature the relation between ATPase and adhesion
function. For example it is well known the ATPase site in Immunoglobulin
adhesion proteins, less is know about NTPDases and adhesion. Some studies
proved interaction between NTPDase1 and Ecto-5'-nucleotidase in this cell
process and other like proliferation and migration in vitro. However, functions of
NTPDase2 in these process have not been studied in vitro. In this work,
NTPDase2 was overexpressed into Hek293, Cos-7 and Hela cell lines in order
to study its involvement in biological processes as adhesion, migration and cell
proliferation, in vitro. Our studies show that overexpression of NTPDase2 do not
alter the proliferation and do not modulate cell migration. However, its expression
decreases in general the adhesion of transduced Hek293 cell line on extracellular
matrices. Analyses of the images by a confocal microscopy, suggest that the
enzyme do not concentrate at the cell-cell contact surface. However when the
cells are over collagen type | and fibronectin there is a concentration in free
membrane region. Measurment of the time to fluorescence recovery after
photobleaching indicates that in these matrices there is an increased protein
fluidity in free membrane regions. Moreover, our results in colocalization assay
indicates that NTPDase2 is not located in focal complexes or focal adhesion. We
can conclude that NTPDase2 do not physically modulate cell-cell or cell-matrix

adhesion.

Keywords: NTPDase2. Adhesion. Proliferation. Migration. FRAP.
List of abbreviations

ACR = Apyrase Conserved Domain FM = free membrane region

CCC = cell-cell contact FRAP = Fluorescence Recovery After

CR = Conserved Region Photobleaching
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1. Introduction

The development of the study of purinergic receptors lead to the conclusion
that the biological function associated with extracellular nucleotide hydrolysis is
to transform P2 to P1 receptor agonists. NTPDases are nucleotide-specific and
they are able to hydrolyze nucleoside triphosphates and diphosphates resulting
in nucleoside monophosphates and inorganic phosphate as hydrolysis product
(Zimmermann et al, 2012). The NTPDase family includes four transmembrane
members with the catalytic domain exposed towards the extracellular millieu
named NTPDase 1, 2, 3 and 8 that are broad distributed in tissues and cell types
with variation in expression and ATP/ADP preference from each one. NTPDase2
was first cloned in the end of 90s, as the others members of family has five
extracellular apyrase conserved regions (ACR) and four conserved regions (CR)
but differ from others due the high preference for ATP in comparison to ADP
(Knowles, 2011).

Despite the growing amount of knowledge in the field, since the first apyrase
were purified, so far their biological function is not completely understood. One
proposal was the link between the enzymes able to hydrolyze ATP and adhesion
molecules. The rat liver ATPase was first described around 1990s, after some
time it was shown that their sequence was identical to Cell-CAM 105, an adhesion
protein (Aurivillius et al, 1990). Identification and questions about cell adhesion
proteins and ATPases follow during all decade: Dzhandzhugazyan and
collaborators showed a Ca*?>-Mg*2-ATPase activity in NCAM in 1993, which was
questioned by Stout in the following year (Stout and Kirley, 1994), but later
dismissed. Near this time, another author (Cunningham et al, 1993) published an
ATPase activity in T-cadherin what was proved to be an artifact in 1994 by Stout
(Stout et al, 1994). Until now, a dual role is well known to immunoglobulins which
are proteins involved in homophilic and heterophilic adhesion and have an
ATPase site in structure (Wai Wong et al, 2012). Little is known about the role of
ecto-5’-nucleotidase (CD73) and even less is known for NTPDases activity in
adhesion. Some recent studies show involvement of CD73 in adhesion and
metastasis formation (Zhi et al, 2007 and Zhou et al, 2007a and 2007b) and

others shown a role in cell-matrix adhesion (Cappellari et al, 2012 and Sadej and
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Skladanowski, 2012). NTPDase1 may affect cell adhesion indirectly, through the
binding with RanBPM (Wu et al, 2006) that in turn interacts with adhesion
molecules as integrin LFA-1 (lymphocyte function-associated antigen-1) (Denti et
al, 2004). So far, no other study could be found relating NTPDases with adhesion
function in Pubmed. In order to address this question we constructed a chimera
of NTPDase2 linked with EYFP and performed assays of cell-cell and cell-matrix
adhesion as well as the analysis of other cell process where the NTPDase2 could

be involved as cell proliferation and migration.

2. Material and methods

2.1.Cell lines culture

The Hek293 (Human Embrionic Kidney) and Cos-7 (African green monkey
fibroblast) cell lines (American Type Culture Collection, Rockville, Maryland,
USA) were grown in culture flasks and maintained in DMEM high glucose (Gibco
BRL) containing 8.39 mM HEPES (pH 7.4), 23.8 mM NaHCOs, 250 ug
amphotericin B, and 50000 U penicillin/50000ug streptomycin (all from Gibco
BRL) and supplemented with 10% (v/v) FBS (Gibco BRL). Cells were kept at a
temperature of 37°C, humidity of 95% and 5% COz2 in air.

2.2.Primary culture

Primary astrocyte cultures were prepared as previously described (Wink et
al, 2003). Briefly, the hippocampus, cortex and cerebellum of newborn Wistar rats
(1-2 days old) were removed, and dissociated mechanically. The cells derived
were plated at a density of 1.5 x 10° cells/’cm? in DMEM high glucose
supplemented with 10% fetal bovine serum onto 24 multiwell plates pre-treated
with poly-D-lysine. Cultures were maintained for 21-28 days in vitro and then

used to perform the cell-cell adhesion experiments.

2.3.DNA construction

Enhanced Yellow Fluorescent Protein (EYFP)-NTPDase2 was constructed
by inserting NTPDase2 from pGW1-hCD39L1 using EcoRI into the PBS-SKII
plasmid (Stratagene, La Jolla, CA, USA), sequencing it, and then inserting it into

pEYFP-C1 (Clontech Laboratories Inc., Palo Alto, CA, USA) using BamHI and
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Sall restriction sites. The control fluorescence used was EGFP from Invitrogen.

Constructions are show in Figure 1a.

2.4.Stable transduction

Lentiviruses were produced by co-transfecting the EYFP-NTPDase2 plasmid
with the helper plasmids pRSVREV, pVSV-G and pMDLgRRE (Dull et al, 1998)
in sub-confluents Hek293 cells with Superfect Reagent (Qiagen), according to
the manufacture's protocol. Three days after transfection, supernatant was
collected every day during one week, filtered through a 0.45 pym membrane and
used immediately or stored at -80°C. One mL of medium containing virus was
added to target cells, also at sub-confluent stage (1.5 x 10* cells/well) in 24-well
plates, together with 8 uyg/mL of polybrene overnight. Cells were allowed 48 hours
to express the fluorescence protein. After this time fluorescent colonies were
isolated. The efficiency of transduction was confirmed by fluorescence and flow
cytometry. The functionality of the plasmid encoding the EGFP or EYFP-
NTPDase2 sequences was confirmed by evaluating the ATPase activity in Cos-
7 and Hek293-transfected cells, as described below. We also transduced U87
and GL261 cell lines, and the chimera was also localized at the cell membrane,
although some intracellular fluorescence was also observed (Supplementary

Figure 1 and Supplementary Figure 2).
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SUPPLEMENTARY FIGURE 1: NTPDase2-EYFP or EGFP transduced cell lines. Glioma cell
line (U887 and GL261) present a diffuse fluorescence signal when compared to Hek293
transduced with the same lentiviral construct. In the other hand, Hek293 present a high % of cells
GFP+.
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A) Transduced Cells Morphology
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cell line presents small transduction efficiency but this was enough to increase ATP hydrolysis
activity and modificate adhesion. A) Transduced cell line morphology and GFP expression. B)
Enzymatic activity increase in NTPDase2 overexpression cells and this enzymatic activity can be
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2.5. Transient transfection

Cos-7 and Hel.a cells were seeded in 12 or 24-multiwell plates and grown in
DMEM with 10% FBS. Cells at 80% confluence were transfected with
Lipofectamine 2000 (Invitrogen Co., Carlsbad, CA, USA) in accordance to the
manufacturer’s instructions with 1 ug/well of pEYFP-NTPDase2 (Cos-7 EYFP-
NTPDase2 and HelLa EYFP-NTPDase2) or pEGFP vector (Cos-7 EGFP and
HelLa EGFP). The transfected cells were used in ATPase activity and/or migration

assays.

2.6.Flow cytometry

For quantification of EYFP-NTPDase2 positive cells, the cells monolayer
were enzymatically dissociated with 0.1% trypsin for 5 minutes, this reaction was
stopped with high glucose medium containing 10% SFB. The live cells in
suspension were then analyzed by flow cytometry in a PCA-96 System machine
(Guava Technologies, Hayward, CA, USA).

2.7.ATPase activity assay

Two days after transfection or after biosafety test in transduced cells, the
ATPase activity was determined in Cos-7 or Hek293 cells respectively, as
described previously (Wink et al, 2006) in incubation medium (2 mM CaClz, 120
mM NaCl, 5 mM KCI, 10 mM glucose, 20 mM HEPES [pH 7.4], and 3 mM of the
nucleotide ATP ) incubated at 37°C. The release of inorganic phosphate (Pi) and
the protein concentration were measured by the Malachite Green (Chan et al,
1986) and Coomassie Blue methods (Bradford, 1976) respectively. Specific

activity was expressed as nmol Pi released/min/mg protein.

2.8.NTPDase2 inhibition

In order to test effects of P2 receptors antagonists described as NTPDase
inhibitors (Munkonda et al, 2007), cells were pre-incubated for 30 min in the
presence or absence of suramin (0.1 and 0.3 mM), Reactive Blue 2 (0.1 mM) and
Evans Blue (0.1 mM). Subsequently, cells were incubated for 30 min in the
incubation medium with 3 mM of ATP as described above. All assays were

performed in ftriplicate. Specific activity was expressed as nmol Pi
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released/min/mg of protein. The RB2 (0.1 mM) inhibitor was tested also on

adhesion assay.

2.9.Determination of population doublings

Hek293 wild type or Hek293 EYFP-NTPDase2 cells were seeded at 1 x 10°
cells/ well in DMEM with 10% FBS in 24-multiwell plates and allowed to grow for
increasing amounts of time. The cell number was assessed in the passages
counting cells with a hemocytometer at days 3, 6 or 10. In each passage the initial
number was replated. Population doublings (PD) were determined according to
the formula PD = [log N(t)-log(N(to))l/log 2, where N(t) is the number of cells per
well at time of passage, and N(to) is the number of cells seeded at the previous
passage. The sum of PDs was then plotted against time of culture (Zamin et al,
2009).

2.10. Scratch wound assay

Cells were cultured in 12-multiwell plates and transfected as described
above. After two days, when the transfection fluorescence appeared and the
cultures were subconfluent, the monolayers were scratched using a fine
micropipette tip. The monolayer was washed with PBS followed by fresh medium
addition and the images were taken immediately, and after 6, 24 and 48 hours
(Liang et al, 2007). The scratched areas were measured using the software

ImageJ®. The healing was plotted versus time after scratch.

2.11. Adhesion
2.11.1. Cell matrix adhesion

In order to perform matrix adhesion assays, 96-multiwell plates were
precoated overnight at 4°C with different extracellular matrices: poly-D-lysine
(100 pug/mL), collagen type | (20 ug/mL), collagen type IV (20 ug/mL), laminin (20
ug/mL mL) and fibronectin (20 pg/mL). The plates were washed twice and 1 x 10°
cells/well were allow to adhere in culture medium with 10% FBS for 30 min. After
this time, non-adherent cells were removed by washing three times with PBS.

Adherent cells were fixed with formaldehyde 4%, stained with 0.5% violet crystal
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and eluted in 100 yL 10% acetic acid (v/v) for OD measurment at 570 nm in
microplater reader (adapted from Wang et al, 2012).
2.11.2. Cell-cell adhesion

The cell-cell adhesion experiments were done by plating for 15 minutes, 1.5
x 10° Hek293 transduced with NTPDase2-EYFP or EGFP over the monolayer of
rat astrocytes obtained from primary cultures of cortex, cerebellum and
hippocampus as described above. After this time the non-adherent cells were
washed out and counted in hemocytometer (modificated from Kaczarek et al,
1999).

2.12. Immunofluorescent staining

For immunofluoresce staining, Hek293 transduced with NTPDase2-EYFP
were cultured until semi-confluence in glass coverslips, fixed with 4%
paraformaldehyde for 10 min and then permeabilized with 0.5% Triton X-100 in
PBS (Wink et al, 2006). Cells were pretreated with blocking solution (3% BSA in
PBS) for 10 min and then incubated with primary anti-mouse antibodies from BD
Bioscience: FAK (1:500), p130¢s (1:500) and Paxillin (1:750) in blocking solution
for 6 h. After washing, the Alexa Fluor 555 red-linked secondary goat anti-mouse
(1:1000) antibodies (Invitrogen Molecular Probes) in blocking solution were used
for 2 h. DNA was stained with DAPI (0.3 pM) for 5 min and coverslips were
washed with PBS and mounted using Fluoromount G (EMS, Washington, PA,

USA). Fluorescence was analyzed under the Zeiss Axiovert 100 M microscope.

2.13. Fluorescence intensity

In order to compare the NTPDase2-EYFP concentration in cell-cells contacts
with free membranes regions, the cells were plated over a glass coverslip in the
bottom of a 24-multiwell plate and grown until semi-confluence. The coverslips
with monolayers of live cells were mounted over glass slide and sealed with nail
polish, without fixing. Cells were immediately observed in confocal microscopy
(Olympus FluoView™ 1000) to quantify the fluorescence intensity accumulated
in cell-cell contacts or free membrane (Figure 3a). The pictures were measured

using the software ImageJ.
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2.14. FRAP

Fluorescence recovery after photobleaching was performed in a confocal
microscopy (Olympus FluoView™ 1000) using the slides with living cells as
described above. The conditions of laser intensity and time for photobleach were
standardized to abolish almost 80% of fluorescence. After two scans at laser low
intensity, a circle in different regions of cell-cell contacts or free membrane were
bleached for 2-8 s using a 488 and 405 nm laser at high intensity. After, the
bleached areas were scanned for 2 min using laser low intensity (Supplementary
Figure 3). The regions of interest (ROIs) in the images obtained were measured
using the software ImageJ. To calculate the relation (R) between the time to half
recovery in the cell-cell contacts compared to free membrane we use the formula:
R = (Fe-F0)/(Fi-FO), where Fe is the fluorescence at the end of the experiment,
Fi is the fluorescence at the beginning and FO is the fluorescence just after

bleaching (Reits and Neefjes, 2001).
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SUPPLEMENTARY FIGURE 3: FRAP ASSAY. A) Fluorescence recovery after photobleaching
plotted in fluoscence intensity versus time in seconds. B) Photobleached areas are pointed with
arrows. CCC: cell-cell contact, FM1 and FM2: free membrane. The same areas are showed in
the same collors
3. Results

3.1.Functionality of the EYFP-NTPDase2 chimera

The analysis by fluorescence microscopy of the Hek293 transduced with the
NTPDase?2 chimera showed that the enzyme localizes almost exclusively to the
cell membrane (Figure 1 a and b) conferring high activity to the expressing cells,
which could be partially inhibited by the non-specific NTPDase2 inhibitor Reactive
Blue 2 (Figure 1c) (Igbal et al, 2005) and Evans Blue (data not shown) (Wink et al,
2006). When we performed the incubation with inhibitors, a difference in cell
morphology was observed, both in control and NTPDase2 transduced cells (Figure
1d), and this alteration was never reported before. The ATPase activity obtained
in the transduced cells is at a similar level of the activity found in astrocytes (the
highest ATPase activity measured in cell surface up to now) (Wink et al 2003 and
2006), indicating that the expression level is comparable to levels obtained under

physiologic conditions.
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FIGURE 1: Expression of functional NTPDase2 enzyme in Hek293 cells. A) Lentiviral control
vector coding for EGFP (upper) and vector coding for NTPDase2 fused to EYFP (lower). B)
Hek293 transduced cells, colonies over uncovered wells. In more details I) Hek293 EGFP, II)
Hek293 UV light, Ill) Hek293 NTPDase2-EYFP, IV) Hek293 NTPDase2-EYFP UV light. C) Activity
and D) Morphology of transduced cells with or without the NTPDase inhibitor RB2.
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3.2.NTPDase2 did not alter the proliferation or wound healing rates

The overexpression of NTPDase2 in Hek293 cells did not alter the
proliferation rate as measured by cumulative population doubling assay or
migrations as evaluated by the scratch wound assay in Cos-7 (Supplementary Figure
4) and HelLa cells (data not shown). The migration could not be observed in

Hek293 transduced cells because this cell line presented a high proliferation rate
masking the migration.
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SUPPLEMENTARY FIGURE 4: NTPDase2 did not alter cell proliferation and migration. A)
Cumulative population doubling of Hek293 wild type cells compared to Hek293 transduced with
NTPDase2-EYFP after 10 days in culture. The results are showed in averaget+SD. B) Scratch
wound assay in Cos-7 transfected cells with NTPDase2-EYFP or EGFP vector. Pictures were
taken in 100x immediately and after 6, 24 and 48 hours. C) The wound healing quantification from
pictures showed in b. The results are showed in average+SD.
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3.3.NTPDase2 overexpression can modify cell-matrix adhesion

According to previous reports, some ATPase enzymes can act increasing
adhesion rates, as for example immunoglobulin (Aurivillius et al, 1990; Wai Wong
et al, 2012), Na-K-ATPase a;B; heterodimer (Vagin et al, 2012), ecto-5'-
nucleotidase (Wang et al, 2008). The two first ATPases act by homophilic
interactions in cell-cell adhesion and the last one in substrate adhesion
(Cappellari et al, 2012). In our work we evaluated these two types of adhesion:
cell-matrix and cell-cell. In the cell adhesion assay over extracellular matrices we
used five kinds of matrices (poly-D-lysine, collagen type |, collagen type 1V,
laminin and fibronectin) with different properties and uncovered plastic wells. We
observed an overall significant decrease in adhesion when the cells overexpress
NTPDase2 independent of substrate (Figure 2a). When independently considering
the individual matrices, only when the cells were platted on uncovered plastic and
collagen type IV wells this reduction was observed. These results suggest that
NTPDase2 are not actively involved in mediating cell-matrix adhesion, but
somehow negatively affect adhesion.

In order to evaluate the role of NTPDase2 in cell-cell adhesion, an assay
similar with the cell-matrix was developed, using instead of matrices, a monolayer
of cells. The monolayer chosen was primary rat astrocytes from cortex,
cerebellum and hippocampus which are cells that endogenously express a high
level of NTPDase2 (Wink et al, 2006), but with different levels of expression
among cultures from different structures (Wink et al, 2003). The Hek293 cells
overexpressing NTPDase2 were allowed to adhere separately over the three
different monolayers of astrocyte cultures. This model of cell-cell adhesion assay
showed that NTPDase2 did not modulate cell-cell adhesion (Fig 2 b).

In order to analyze whether NTPDase2-EYFP chimera concentrates at cell-
cell contacts in comparison with free membrane regions, we compared the
fluorescence intensity of these regions using confocal microscopy of cell platted
over different extracellular matrices (Figure 3a). The cell-cell contact regions (CCC
region) had similar fluorescence intensity as the sum of the fluorescence intensity
of free membrane (FM 1 and 2) of the cells in contact for all substrate, except

collagen type | and fibronectin, in which the fluorescence in the contact region
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was smaller when compared to the free membrane (Figure 3b), arguing against
homophilic interactions capable of concentrating NTPDase2 in the adhesion site.
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FIGURE 2: NTPDase do not enhanced cell-cell or cell-matrix adhesion. A) Cell adhesion over
poly-D-lysine (100 pg/ml), collagen type | (20 pg/ml), collagen type IV (20 pg/ml), laminin (20
pg/ml) and fibronectin (20 ug/ml). After 30 min incubation at 37 °C, adherent cells were fixed and
stained with crystal violet and eluted with 10% acetic acid (v/v). OD was read at 570nm. The
results shown OD for Hek293 NTPDase2/EGFP; average is shown in red; *, p < 0.05. B) Adhesion
over a confluent monolayer of rat astrocytes. The cells were platted over the monolayer for 15
minutes, non-adherent cells were removed and counted in hemocytometer. The number of
adherent cells was calculated. The results are showed in average+SD.
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3.4. NTPDase2 is not associated with the adhesion proteins FAK, Paxillin or

p130°as

The FRAP assays were used to measure diffusion on the membrane plane,
we did not find significant differences between the half-time of fluorescence
recovery of paired cell-cell contact and lateral membranes (Figure 3c), indicating
that NTPDase2 located in cell-cell contacts is not differentially linked to
cytoskeleton or adhesion complexes when compared to that localized in free
membrane areas.

Kaczmareck (2005) and her group showed that extracellular ATP can
stimulate phosphorylation of paxillin, focal adhesion kinase (FAK) and p130°s
leading cytoskeletal changes, cellular adhesion and motility. Based on this facts,
we hypothesized that an ATPase located in the opposite side from leading
migration could help migration direction. In order to evaluate if NTPDase2 could
be co-localizated inside or outside adhesion complexes former by paxillin, FAK
and/or p130cas an immunofluorescence was performed. This assay did not show

co-localization between NTPDase2 and paxillin, FAK or p130¢s (data not shown).
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FIGURE 3: Confocal microscopy analysis. A) Example of fluorescent areas measured to
compare fluorescence intensity. CCC: cell-cell contact, FM1 and 2: free membrane 1 and 2. B)
Quantification of fluorescence intensity: logarithm intensity in cell-cell contacts divided by the sum
intensity in two free membrane of the same cell. Means are shown in red and standard deviation
in blue. C) Logarithm time to half recovery fluorescence ratio between cell-cell contact and free
membrane regions. Cells were platted on different extracellular matrices. Non-fixed cells regions
were 80% photobleached and the half-time to fluorescence recovery of cell-cell contacts and free
membrane rate is shown. Means are shown in red. *=p<0.05.
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4. Discussion

The history involving extracellular nucleotide and nucleoside degrading
enzymes acting in adhesion dates back to 90s. Some enzymes were shown to
be involved in this process due direct physical association, as for example
immunoglobulin (Aurivillius et al, 1990; Wai Wong et al, 2012), and Na-K-ATPase
a4, heterodimer (Vagin et al, 2012). Others are involved in adhesion through
their structure and function as enzymes, such as ecto-5’-nucleotidase (Sadej and
Skladanowski, 2012; Wang et al, 2008; Cappellari et al, 2012). ATP seems to be
important in proliferation and migration as well as in adhesion. In 1990, Aurivillius
stated that: “Interactions between the Ig-domains of C-CAM may be the structural
basis for the specific homophilic binding. Binding and hydrolysis of ATP may then
modify this binding in @ manner similar to the ATP-regulated binding between
actin and myosin” (Aurivillius et al, 1990) suggesting that the association between
immunoglobulins could be modulated through the ATP present in the extracellular
compartment. In this case, structure and function can be correlated. Additionally,
extracellular ATP can stimulate N-cadherin expression and surface localization
in astrocytes through activation of purinergic receptor, which indirectly affects cell
adhesion (Tran et al, 2008).

In our study, we observed a modulation in general cell-matrix adhesion
caused by NTPDase2 overexpression, where this enzyme disturbs cell-matrix
adhesion. One hypothesis for this disturbance is ATP depletion caused by
NTPDase2 substrate hydrolysis. Ressuspension and replating of cells could be
a stress factor able to release ATP in the culture medium, since it is well know
that some cells can release ATP to guide chemotaxis (Chen et al, 2006 and Elliott
et al, 2009) and adhesion molecule expression (Neary et al, 2006 and Tran et al,
2008), and the depletion of ATP due to NTPDase overexpression would therefore
reduce expression of adhesion molecules. The fact that NTPDase2 modulate
adhesion over all extracellular matrices tested reinforce the idea that enzymatic
ATP depletion is an important player in the effect observed. So far the only
evidence regarding NTPDase and adhesion was obtained for NTPDase1. This
ectonucleotidase is able to interact with RanBPM that is known to bind to Sos

protein and activate ERK/Ras which lead to proliferation pathway activation (Wu
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et al, 2004, Denti et al, 2004; Wang et al, 2002). In this case, NTPDase1, Sos
and ERK/Ras are tightly associated and controlled by RanBPM, suggesting a
interaction between NTPDases and proliferation pathway proteins.

Jhandier and collaborator (2005) co-cultured human cholangiocarcinoma
cells with primary portal fibroblasts and observed decrease in proliferation of
cholangiocytes. They explained these results with the abolishment of ATP action
due to the high NTPDase2 activity in portal fibroblasts, since cholangiocytes
release ATP in culture medium to induce its own proliferation. The ADP formed
by this hydrolysis was not able to activate the proliferation in cholangiocytes
through P2Y, a known proliferation pathway (Jhandier et al, 2005, Lenz et al,
2000). In this case the effect is solely based on the enzymatic activity due to
agonist (ATP) degradation. Therefore, the absence of effect of NTPDase2 over-
expression on proliferation assay could be explained by the low levels of ATP in
basal culture medium (Elliot et al, 2009). This low ATP concentration could not
be sufficient to reach the threshold of the P2Y receptors present in these cells
(Fischer et al, 2005; Buzzi et al, 2010), as found by Jhandier and collaborators.
Moreover, chronic experiments with extracellular ATP in cell culture are difficult
to performed since this molecule is thermolabile and stable addition is necessary
or co-culture with a cell lineage that releases ATP, like that used by Jhandier and
cols (2005). The role of NTPDase2 in proliferation process was confirmed in vivo
during neurogenesis because knockout animals for this enzyme presented an
increase in cell proliferation in the subependimal zone and hippocampus
(Zimmermann et al, 2011 and 2012).

The NTPDase2 is a key protein in brain during neurogenesis. Their
expression appears first in the border cells of ventricular zone and in the course
of time the expression disappears from this zone and appears in sheaths around
subependymal doublecortin-positive cells what suggest a participation in
neuronal migration (Zimmermann et al, 2011). The absence in migration
observed in vitro could be due to the absence of gradient ATP concentration
(Elliott et al, 2009) since this molecule is a strong chemoattractive in vitro when
transwell assays were performed (Chen et al, 2006 and Elliott et al, 2009) and in

vivo (Zimmermann et al, 2011). Besides, extracellular ATP is able to stimulate
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the phosphorylation of paxillin, focal adhesion kinase (FAK) (Yu et al, 2010) and
p130cas inducing cytoskeletal remodeling. Thus an ATPase located in the
opposite side from leading edge of migration could be necessary.

We conclude that NTPDase2 is not a protein involved directly with adhesion
function, but it is an important player in a pathway involved with this biological
function. In other words NTPDase2 per se can not modulate adhesion,
proliferation or migration, but ATP or ADP can. Our work corroborates the
importance of finetuned extracellular ATP control and an involvement with
between purinergic signalization and adhesion. In proliferation or migration our
results showed that in vitro NTPDase?2 is not able to modulate these functions, at

least in cell lines utilized.
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4. DISCUSSAO

Os experimentos demostraram que conseguimos transduzir de forma estavel
células com NTPDase2 fusionada a EYFP, produzindo atividade ATPasica muito maior que
os exibida por Hek293 (célula renal embriondria humana) selvagem (Figure 1 do
manuscrito), mas similar a atividade encontrada em astrécitos (Wink et al, 2003 e 2006). E
importante enfatizar que a adicdo de uma proteina de 27 kDa como a YFP poderia interferir
na sua localizacdo subcelular ou atividade. Nds observamos que nas linhagens Hek293, Cos-
7 (célula renal de macaco verde africano) e HeLa (adenocarcinoma cervical humano) a
localizacdo da fluorescéncia é quase que exclusivamente membranar, enquanto que nas
linhagens U87 e GL261 (glioblastoma humano e murino respectivamente) foi encontrada
fluorescéncia interna e pouca fluorescéncia membranar (Supplementary Figure 1
eSupplementary Figure 2 do manuscrito), talvez decorrente de um acimulo no reticulo
endoplasmatico ou incapacidade de enderecamento para a membrana, eventos comuns na
superexpressao de proteinas. A localizacdo subcelular e a atividade enzimatica observada
na linhagem Hek293 repetiu-se tanto na expressdo por transfeccdo (epissomal) como na
transdugdo (incorporacdo ao DNA gendmico) sugerindo que ambos métodos sdo capazes de
produzir uma quimera funcional. As linhagens de glioma, transduzidas com o vetor,
apresentaram baixa taxa de incorpora¢do das particulas lentivirais e/ou producio da
quimera (entre 2-4% das células apresentaram fluorescéncia). As linhagens HeLa e Cos-7
foram transfectadas com o plasmideo, nessas linhagens, assim como na Hek293, a
quantidade de proteina produzida de maneira geral é considerada alta, motivo pelo qual sdo
utilizadas para expressdo de proteinas recombinantes (Thomas e Smart, 2005 e Birkholtz
et al, 2008), de fato que aciumulos citoplasmaticos por saturagdo no sistema de transporte
poderiam ter acontecido. O motivo exato do ndo enderecamento das quimeras para a
membrana nas linhagens de gliomas utilizadas é desconhecido visto que na transdugio as
taxas de produgdo de proteina sdo mais estaveis que na transfec¢do e o nimero de cépias
de DNA hospedeiro é menor, o que permite que o sistema de modificacao pds-traducional e
enderecamento funcionem de forma menos sobrecarregada. Uma possivel explicacdo seria
devido a modificagbes pos-transcricionais ou poés-traducionais que levariam ao
silenciamento ou a rapida degradacdo da NTPDase2 nos gliomas, ja que nenhuma delegao
cromossdémica foi encontrada na regido codificante para essa enzima durante o
sequenciamento de U87 (Clark et al, 2010) e trabalhos anteriores mostram que a expressao

€ baixa nessa linhagem (Wink et al, 2003).
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O sistema purinérgico de maneira geral ndo possui inibidores especificos para cada
um dos seus membros. Tal inespecificidade pode ser considerada causa e consequéncia de
confusdes na nomenclatura que sé foi unificada aps 1999. O advento da clonagem e do RNA
de interferéncia tornaram possivel diferenciar entre as NTPDases expressas em cada tipo
celular e suas diferentes especificidades pelos substratos. Os inibidores conhecidos e
disponiveis sdo bastante generalistas, por exemplo, Reactive Blue 2 é capaz de bloquear
tanto NTPDases, com pequenas diferencas de especificidade para cada uma delas, quanto
receptores purinérgicos (Biiltmann et al, 1996a e 1996b), dessa forma, seu uso isolado em
caracterizagdes nao pode ser feito. Um achado interessante do nosso trabalho foi a alteragido
da morfologia da linhagem Hek293 transduzida sob microscopia apds incubacao de 30
minutos com inibidores inespecificos das NTPDases. Apos esse tempo podemos observar
diferencas significativas na morfologia, as células da monocamada aderida encolhem suas
protrusdes do citoplasma (Figure 1 do manuscrito). Esse evento é bastante comum em
células entrando em apoptose, fato que nos chamou atencao. Experimentos de viabilidade
nao foram feitos, porém quando o mesmo inibidor foi utilizado para adesao celular, tanto as
células transduzidas com NTPDase2-EYFP quando as células transduzidas controle (EGFP)
tiveram sua adesdo aos substratos prejudicada.

Os experimentos de migracdo precisaram ser classificados como inconclusivos
quando realizados com Hek293, pois essa linhagem nao é capaz de migrar de forma
esperada para o tipo de ensaio feito. Buscando pelos termos “Hek293” e “Scratch wound
assay” no Pubmed (www.pubmed.com) ndo encontramos nenhum artigo que demonstre a
realizacdo desse experimento com eficiéncia; um Unico artigo realiza esse mesmo
experimento, porém observando os dados com cuidado observamos que o artefato do
excesso de proliferacdo dentro da lesdo parece acontecer da mesma forma que no nosso
experimento (Tanaka et al, 2010). A auséncia de migracdo pode ser devido ao excesso de
proliferacdo apresentado por essa linhagem, ja que a literatura sugere que esses
mecanismos sdo temporalmente excludentes (Zheng et al, 2009). Ensaios preliminares
feitos em outras linhagens disponiveis no nosso laboratério e até mesmo ja transduzidas
por nés com NTPDase2-EYFP (U87 e GL261) demonstram que essas outras linhagens sdo
capazes de migrar quando o experimento é realizado nas mesmas condi¢cdes que o descrito
para Hek293. A eficiéncia da transducio foi baixa nessas linhagens de glioma (apenas entre
de 2-4% apresentavam fluorescéncia) o ensaio de migracdo nao pode ser realizado com
sucesso, tentativas de acompanhamento de células Unicas foram feitas mas seus resultados

foram inconclusivos. Tentativas de isolar grupos de células manualmente fracassaram e
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uma purificacdo das células transduzidas utilizando citometria com separadores celulares
(cell sorter) poderia ser feita para purificar a populacdo expressando a proteina NTPDase2-
EYFP. A alternativa encontrada foi a transfeccdo de duas outras linhagens celulares: HeLa e
Cos-7 que sdo bastante utilizadas na literatura como modelo para diversos experimentos
por serem de facil cultivo e eficientemente transfectadas (Thomas e Smart, 2005 e Birkholtz
et al, 2008). Apoés a transfeccdo, pelo menos 40% das células apresentaram expressio de
fluorescéncia, e essa concentrava-se na membrana das células. Os experimentos de Scratch
Wound Assay mostraram que ambas as linhagens transfectadas com o vetor controle EGFP
ou com o vetor codificante para NTPDase2 fusionada a EYFP migram de forma similar, sem
diferenca significativa entre elas (Supplementary Figure 4 do manuscrito), e o tempo
necessario para reposicio da monocamada no interior da lesdo foi igual em ambas
situacgoes.

Até o momento, as NTPDases de uma forma geral ndo sdo conhecidas por influenciar
o ciclo celular de forma a modificar a proliferacdo. A literatura menciona que a adesio
celular, além de modificar a migracao também pode interferir na via proliferativa (Kumar
et al, 2009; Brabek et al, 2010). Nos nossos resultados, a superexpressiao da NTPDase2 nédo
foi capaz de alterar a capacidade de proliferagio in vitro. Postulou-se que devido a baixa
atividade NTPDasica dentro dos gliomas, combinado com a morte celular do tecido
circundante in vivo os niveis de ATP dentro do tumor seriam elevados. Essa teoria foi
parcialmente comprovada com dados obtidos por Morrone em 2006, onde a adicio de
apirase solavel dentro de glioma de rato foi capaz de diminuir a massa tumoral, contudo
nesse caso ndo é possivel excluir outras causas para diminuicdo do volume tumoral.
Trabalhos de outros grupos (Fischer et al, 2005; Buzzi et al, 2010) demonstraram que o ATP
¢ um importante ativador da proliferacdo via receptores P2Y que estio expressos na
linhagem Hek293. Infelizmente a concentracdo desse nucleotideo no meio de cultura sem
injurias ou estresse, conforme mencionado acima é baixo para ativar essas vias (Elliott et al,
2009). Outros resultados prévios in vivo mostrados por Braganhol (Braganhol et al, 2009)
demonstram que ha um aumento da malignidade e do tamanho de tumores quando a
NTPDase2 é super-expressa em gliomas de rato. A super-expressio da NTPDase2, por
hidrolisar ATP de forma eficaz, mas nao tao eficientemente ADP, leva a uma acimulo do
nucleotideo difosforilado capaz de induzir resposta inflamatéria, o que parece ser o
mecanismo de aumento da massa tumoral nesse caso. Ko e colaboradores (2011)
demonstraram que o ADP é mais potente que o ATP em induzir proliferacdo celular via

receptores P2Y1 e P2Y6 em células epiteliais dos ductos pancreaticos. Animais com delecao
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do gene que codifica para NTPDase2 apresentam aumento de proliferacdo na zona
supendimal e no hipocampo (Zimmermann et al, 2011 e 2012), ¢é interessante citar que
dentre as culturas de astrdcitos nas quais foi medida e reportada a expressdo de NTPDases,
o hipocampo é o que possui a maior expressdao de NTPDase2 (Wink et al, 2003). Como o
nosso trabalho in vitro é um sistema isolado, sem influéncia do sistema circulatério e/ou
imune e com baixas taxas de ATP e consequentemente ADP (de Miranda et al, 2002) a
simples presenga da enzima ndo é suficiente para ativar as vias proliferativas, corroborando
com a literatura no que se refere ao fato de o ATP (Yu et al, 2009) e ndo a enzima ser o agente
indutor de proliferacao.

Apés a transducdo das células a observacao de forte intensidade de fluorescéncia
nos contatos célula-célula nos chamou a atencio quando as observavamos em microscopio
invertido. Pesquisando a literatura observamos que é antiga a relagdo entre moléculas
hidrolisadoras de ATP com papel na adesao extracelular. Um exemplo bem conhecido é a
familia das imunoglobulinas que possuem na sua porg¢do constante um sitio de hidroélise de
ATP (Aurivillius et al, 1990). O papel extracelular do ATP e outros nucleotideos em modular
a adesdo e a migracgdo sdo conhecidos, sabe-se que eles podem agir sobre receptores do tipo
P2Y capazes de modular a adesdo (Sud’ina et al, 1998; Kaczmarek et al, 2005 e Chen et al,
2006) ou como um comutador de NCAM (Kiselyov et al, 2005). Os nossos experimentos
demonstram que de maneira geral as células que superexpressam NTPDase2 aderem
menos aos diferentes substratos, essa diferenca s6 foi significativa quando as células foram
colocadas para aderir sobre pocos nio tratados com matrizes extracelulares (platico) e
sobre colageno tipo IV. A explicacdo mais provavel seria que o ATP, imprescindivel para
outras moléculas de adesdo classicas como ja demonstrado para NCAM (Kiselyov et al,
2005), estaria depletado quando a NTPDase2 esta superexpressa. Em experimentos
anteriores do nosso grupo nds observamos que, em gliomas, a superexpressao da NTPDase?2
também diminui a adesdo aos substratos e que quando utiliza-se um bloqueador
inespecifico da atividade enzimatica, as células recuperam a capacidade de adesao
reforcando a hipétese da importancia do ATP mesmo que em baixas concentragdes no meio.
As tentativas de repetir esse experimento com a linhagem modelo utilizada nesse estudo
(Hek293) apresentaram grandes desvios, talvez devido a grandes inespecificidade desses
bloqueadores ou a ativagio de vias apoptdticas nessa linhagem especifica e por isso ndo sdo
mostradas no manuscrito em preparacdo. Uma possivel solucido para esse problema sera
repetir os experimentos adicionando-se apirase solivel no meio das células Hek293

transduzidas para depletar o ATP e o ADP (Jackson et al, 2007; Chen et al, 2006) e analisar
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a adesdo sem esses nucleotideos. Esse experimento poderia distinguir entre os efeitos da
atividade enzimatica e da estrutura da proteina na adesdo celular, confirmando a
importancia da molécula de ATP mais do que da proteina NTPDase2 na adesdo celular.
Analisando a sequéncia da NTPDase2 em bancos de dados
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?) e procurando por dominios de
adesdo conservados, ndo encontramos regides de conservagdo com outras proteinas
adesivas, nem homologia com a por¢do N-terminal da NTPDasel (Figura 4) - regido que se

liga a RanBPM, uma molécula envolvida em complexos de adesao.
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FIGURA 9: DOMINIOS CONSERVADOS DA NTPDASE2. A NTPDase2 apresenta apenas
dominios conservados com HSP70, mas nenhum dominio conservado com proteinas de ades3o.

A obtencgdo dos astrocitos foi fundamental para a realizacdo dos experimentos de
adesdo célula-célula. Como os astrdcitos possuem grande expressdo da NTPDase2 (Wink et
al, 2003) e formam uma monocamada bastante aderente esperdvamos que quando as
células Hek293 superexpressando NTPDase2 fossem colocadas sobre eles haveria uma
maior adesdo sobre a monocamada caso essa proteina formasse dimeros extracelulares ou
favorecesse a formacdo de complexos de adesdo. O resultado observado ndo foi como
esperado ja que ndo houve modificagdo da adesdo causada pelo aumento da expressao da
NTPDase2. O fato de colocar células de duas espécies diferentes para aderir entre si poderia
mascarar uma interagdo facilitada pela NTPDase2, uma vez que as interacdes entre as
moléculas classicas de adesdo, como caderinas e imunoglobulinas, é extremamente forte e
que elas sdo tecido especificas. Isso seria compativel ja que células de um mesmo tecido tem
maior facilidade de aderir entre si do que com células de tecidos diferentes, isto
considerando apenas dentro da mesma espécie (Alberts e cols, 2010). Cruzar células de
diferentes tecidos e espécies poderia fazer com que elas s6 aderissem entre si e seria

improvavel que a NTPDase2 tivesse propriedades de vencer essa forca de adesdo. Esse
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experimento poderia ser contornado utilizando células provenientes da mesma espécie na
monocamada inicial e na hospedeira. Para isso seria necessario uma linhagem transduzida
capaz de formar uma monocamada de aderéncia forte ao substrato marcada com um
corante fluorescente e colocar sobre esta células hospedeiras da mesma espécie
transduzidas com NTPDase2 ou com o controle marcadas com fluorescéncia diferente. As
células transduzidas Hek293 ndo formam uma monocamada aderente o suficiente para a
realizacdo desse padrdo de experimento e por isso ndo puderam ser utilizadas na
monocamada inicial.

A partir desses resultados inconclusivos de adesao célula-célula, fez-se necessario a
investigacdo das regides de contato célula-célula sob microscopia confocal. Sabe-se que
nesse microscopio é possivel observar as células em planos bastante finos, o que pode gerar
uma imagem tridimensional quando reconstruida computacionalmente. Esse tipo de
microscopia elimina o artefato do microscoépio de luz, no qual é possivel ver apenas em dois
planos (X e Y) ficando as estruturas do plano Z sobrepostas, sendo que essa sobreposicao
pode gerar erros de interpretagdo. Uma imagem obtida pelo microscépio confocal é capaz
de mostrar as interagdes em um unico plano da célula, que ndo excede alguns poucos
micrometros, dessa forma se houver maior concentracdo da enzima em algum ponto
podemos afirmar com certeza de onde ele parte e com quais estruturas se relaciona
(Paddock, 1999). Uma maior concentracao de fluorescéncia, que sabemos estar fusionada a
NTPDase2, nos revela que a enzima e ndo a EYFP (que é intracelular) esta concentrada nos
contatos entre as células. Uma concentracdo nos contatos célula-célula pode sugerir uma
adesdao homofilica ou capacidade de dimerizacdo extracelular, embora também ndo possa
ser excluida a possibilidade de que uma proteina ligada a NTPDase2 esteja formando
dimeros extracelulares. Essa hipotese foi verificada através da medida da intensidade de
fluorescéncia utilizando o software Image] (disponivel para download em:
http://rsbweb.nih.gov/ij/). A intensidade de fluorescéncia das regides de contato célula-
célula foi comparada com a intensidade nas regides de membrana livre, lembrando-se
sempre de dividir a intensidade das regides de contato por dois, ja que equivale a membrana
de duas células adjacentes. Surpreendentemente encontramos uma menor intensidade de
fluorescéncia nos contatos quando as células estdo sobre colageno tipo I e fibronectina,
indicando que a NTPDaseZ2 nao se concentra com complexos de adesao de forma a favorecer
ou trabalhar como uma molécula adesiva. Para que se possa avangar nessa hipétese, esse
experimento precisara ser repetido com uma molécula que sabidamente nao interfira na

adesio.
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Nds tentamos a construcio de uma proteina fluorescente farnesilada. Tecnicamente
o sinal de farnesilacao é um tipo de modificacdo pés-traducional que endereca as proteinas
para a face interna da membrana citoplasmatica, um exemplo de proteina que sofre essa
modificacdo é a Ras (Albrecht et al, 2010). Dessa forma a sequéncia que codifica para os
aminodacidos modificados na Ras foi comprada e inserida na extremidade C-terminal do
plasmideo verde fluorescente.

Segundo a literatura e alguns plasmideos comercializados na Addgene®
(www.addgene.org) essa modificacdo seria suficiente para enderecar a proteina para a
membrana celular, sem o risco de que ela possa formar dimeros extracelulares capazes de
interferir na adesdo visto que a proteina fica ancorada apenas na face interna desta. Ao
contrario do esperado, o sinal membranar obtido com a modificacdo nido é comparavel ao
da NTPDase2-EYFP, j4 que pouca proteina fluorescente foi eficientemente enderecada a
membrana, resultando em um sinal membranar fraco e grande background intracelular.
Embora tenha sido feita a transfeccio em diferentes linhagens celulares e diferentes
diluicoes do plasmideo para evitar a saturacdo do processo de farnesilagdo, nio
conseguimos realizar a construcdo de um plasmideo controle ideal dessa maneira. Outra
estratégia possivel para construgcdo do controle seria a clivagem do plasmideo contendo
EYFP fusionado a NTPDase2, essa estratégia compreende utilizar o mesmo plasmideo onde
o EYFP localiza-se na por¢ao amino-terminal e a NTPDase?2 localiza-se na por¢ao carboxi-
terminal sendo deletada toda sequéncia apds a primeira regido transmembrana da enzima.
Assim seria possivel avaliar se ha concentracdo da intensidade de fluorescéncia nos
contatos célula-célula ou célula-matriz de forma diferencial nas células transduzidas com
NTPDase2-EYFP ou apenas EYFP ancorado a membrana. Também permitiria observar se o
tempo de recuperacio da fluorescéncia é modulado pela NTPDase2 ou nio.

A adesao e a migracao das células dependem de uma fina regulagido de associagdo e
dissociacdo de proteinas. Inicialmente, complexos de adesdo sdo formados com as proteinas
avf33-integrina, seguidas por paxilina e talina, que ativam vias de sinalizacdo através da
fosforilagdo em residuos de tirosina (Zaidel-Bar et al, 2004). Mais tarde ha a associa¢do de
vinculina e a-actinina cuja entrada leva ao desenvolvimento das adesdes focais junto com
FAK, VASP e p130cs (Donato et al, 2009). A composicdo exata do complexo de adesdo
depende do tempo de maturacdo (Zaidel-Bar et al, 2004). Na tentativa de elucidar uma
possivel participacdo da NTPDase2 em complexos de adesdo e nas adesdes focais os
experimentos de co-localizacdo foram realizados. Os resultados nos sugerem que a

NTPDase2 nao co-localiza com FAK, p130¢s ou paxilina, indicando que nao esta presente na
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forma imatura e matura de protusdo. Esses resultados sdo corroborados pelos resultados
dos ensaios de FRAP. Proteinas ligadas ao citoesqueleto apresentam pouca mobilidade e
capacidade de difusdo na membrana plasmatica se comparadas as proteinas firmemente
ligadas a essa estrutura intracelular (Reits e Neefjes, 2001). Os resultados do tempo
necessario para recuperacdo da fluorescéncia indicam que a NTPDase2 esta igualmente
ancorada a membrana tanto nos contatos célula-célula quanto nas regides de membrana
livre quando as células estdo sobre diferentes substratos. Curiosamente, quando as células
estdo sobre colageno tipo I e fibronectina, a intensidade de fluorescéncia nas regides de
membrana livre é maior que nos contatos célula-célula (Figure 3 a e b) e o tempo de
recuperacdo nas mesmas condi¢cdes é menor se comparadas com as regides de contato
célula-célula (Figure 3 c). Uma maior concentragido poderia explicar uma maior difusao,
porém o motivo que leva a essa diferenca na concentragdo precisa ser melhor elucidado,
talvez buscando uma co-localizacdo da NTPDase2 com outras moléculas, como caderinas,
integrinas ou selectinas, ou quem sabe imunoprecipitando NTPDase2 seguido por
espectrometria de massa para identificar sua ligagcdo a novas proteinas.

De maneira geral, podemos dizer que nossos dados estao de acordo com a literatura
para fung¢des do ATP frente aos eventos de proliferacido, migracdo e adesdo embora novas

fungbes para a NTPDase2 enquanto proteina ndo puderam ser encontradas.
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5. CONCLUSOES

5.1. GERAIS

A NTPDase2 quando superexpressa em células Hek293, ndo se concentra na
superficie de contato célula-célula e a sua presenca diminui a adesdo sobre diferentes

matrizes extracelulares sem modular a proliferacio, migracdo ou adesao célula-célula.
5.2.ESPECIFICAS

0] A quimera NTPDase2-EYFP produz uma proteina capaz de ser endere¢ada para a
membrana plasmatica e com atividade enzimatica;

o] O experimento de Scratch Wound revela que as células que superexpressam
NTPDase2-EYFP ndo sdo capazes de migrar de maneira diferente das células que nio

superexpressam esta proteina;

0] A taxa de crescimento da linhagem Hek293 nao foi alterada pelo aumento da
expressdo de NTPDase2;
o] A superexpressdo da NTPDase2-EYFP nas células Hek293 fez com que essas

apresentassem uma adesdo menor a diferentes matrizes extracelulares do que as que
expressam EGFP, sendo essa diferenca significativa quando as células estavam sobre
plastico e colageno tipo 1V;

o] A superexpressdo da NTPDase2 nas células Hek293 fez com que essas
apresentassem uma tendéncia de aderir menos sobre a monocamada de astrdcitos de
diferentes estruturas cerebrais (hipocampo, cértex e cerebelo), ndo sendo significativa a
diferenca sobre nenhuma das monocamadas;

0] A NTPDase?2 fusionada a EYFP nao co-localiza com outras proteinas de adesdo como
FAK, Paxilina ou p130cas, o que sugere ndo estar presente em complexos de adesao focal;
0] A NTPDase2 quando superexpressa em células Hek293, ndo se concentra na
superficie de contato célula-célula, pelo contrario, sua concentracdo nas regioes de contato
¢ menor quando as células estdo sobre duas diferentes matrizes extracelulares (colageno
tipo I e fibronectina);

o] O tempo necessario para recuperacio da fluorescéncia apds “photobleaching” nos
contatos célula-célula é semelhante ao tempo necessario para recuperagdo nas regides de

membrana em contato com a matriz, indicando que a proteina esta igualmente fluida na
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membrana em ambas por¢des, sem ligacdo diferencial ao citoesqueleto ou a proteinas na
célula vizinha ou na matriz. A exce¢do quando as células estdo sobre colageno tipo I e
fibronectina, onde a recuperacao dos contatos célula-célula é mais lento que as regides de

membrana livre.
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6. PERSPECTIVAS

Os dados apresentados sdo suficientes para sustentar a nossa hipotese, porém para

responder todos os nossos objetivos iniciais alguns experimentos ainda precisariam ser

realizados, como por exemplo:

Produzir um plasmideo contendo a proteina fluorescente fusionada a
NTPDase2 parcialmente deletada que possa ser utilizado como controle nos
experimentos de FRAP e co-localizacao;

Testar a adesdo célula-célula utilizando uma monocamada de Cos-7
transduzida com NTPDase2-EYFP e colocar sobre ela células hospedeiras
também transduzidas com NTPDase2-EYFP marcadas com outro corante
fluorescente (por exemplo Qtracker) e depois quantificar as células aderidas
por citometria de fluxo. Assim também se evitaria o viés de cruzamento de
espécie causado na adesdo sobre a monocamada de astrdcitos;

Realizar ensaios de adesdo celular utilizando apirase soltuvel e diferentes
concentracdes de ATP e ADP no meio, com intuito de comprovar se a
diferenca na adesdo deve-se a presenca da enzima ou a sua atividade
enzimatica. Esses experimentos também poderiam ser feitos com NTPDase2
com mutagdes no sitio catalitico, porém no momento ndo possuimos

plasmideos codificantes para construir essas linhagens.
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ABSTRACT

NTPDase?2 is an ectonucleotidase anchored in the plasma membrane through
two transmembrane domains, with the catalytic site facing the extracellular
space. Its main function is the hydrolysis of nucleoside triphosphates turning
them into diphosphate nucleosides plus inorganic phosphate. Some proteins,
such as immunoglobulin, combine ecto-ATPase activity with cell adhesion
function. Some studies suggest that NTPDasel and Ecto-5'-nucleotidase
(CD73/E5SNT) may play a role in cell adhesion, proliferation and migration in
vitro. However, the role of NTPDase2 in these processes has not been studied.
Our results show that overexpression of NTPDase2 in HEK293, COS-7 and
HelLa cells affects neither proliferation nor cell migration, but decreases the
adhesion of stable transduced cells to some extracellular matrices. Moreover,
we demonstrate that transduced NTPDase2 does not concentrate at the cell-
cell contact sites. Measurements of the time necessary to fluorescence
recovery after photobleaching (FRAP), indicate an increased NTDPase2-EYFP
mobility in free membrane regions, compared to cell-cell contacts, arguing
against homophilic interactions. Taking together our data indicates that
NTPDase2 is not a direct player in adhesion, only affecting it through its

enzymatic activity.



1. Introduction

NTPDases are nucleotide-specific enzymes hydrolyzing nucleoside tri- and
diphosphates to monophosphates and inorganic phosphate [1]. The
extracellular NTPDase family consists of four members, NTPDase 1, 2, 3, and
8, characterized by the presence of transmembrane domains and a catalytic
domain exposed towards the extracellular milieu. These enzymes are
ubiquitously distributed in various tissue types with different levels of mRNA and
protein expression. Moreover, these four enzyme subtypes have specific
activities towards their substrates, ATP and ADP.

NTPDase2 was first cloned more than 20 years ago. Like the other
members of this family, it consists of five extracellular apyrase conserved
regions (ACR) and four conserved regions (CR). Contrary to other NTPDases, it
has a distinct higher preference for ATP when compared to ADP [2].

A small group of proteins presents ectonucleotidase activity together with a
clear function in adhesion as observed in Cell-CAM 105, an adhesion protein,
which sequence has been shown to be identical to rat liver ATPase [3, 4].
Dzhandzhugazyan and Bock showed a Ca*?-Mg*2-ATPase activity in neural cell
adhesion molecule (NCAM) in 1993, which were reinforced by the same authors
in 1997 [5, 6]. Also, immunoglobulins, which are involved in homophilic and
heterophilic adhesion, have an ATPase site in their structure [7, 8]. However,
little is known about the role of ectonucleotidases in adhesion. There are reports
of the involvement of the 5’Nucleotidase CD73 in cell-cell adhesion and
metastasis formation [9-11], and in cell-matrix adhesion [12, 13]. It was shown
that NTPDasel may affect cell adhesion indirectly, through the binding with
RanBPM [14] that interacts with adhesion molecules, such as integrin LFA-1
(lymphocyte function-associated antigen-1) [15]. To the best of our knowledge,
there are no other studies associating NTPDases with adhesion function. In
order to address this question, we constructed a chimera of NTPDase2 linked
with EYFP and performed assays of cell-cell and cell-matrix adhesion, as well
as the analysis of other cell process that NTPDase2 could be involved, such as

cell proliferation and migration.



2. Material and methods

2.1.Cell lines culture

HEK293 and COS-7 cells (American Type Culture Collection, Rockville,
Maryland, USA) were grown in DMEM with high glucose containing 8.39 mM
HEPES (pH 7.4), 23.8 mM NaHCOj; 250 pg amphotericin B, 100U
penicillin/mL, 100ug streptomycin/mL (all from Gibco BRL) and 10% (v/v) fetal
bovine serum (FBS) (Gibco BRL). HeLa and U87 cells (American Type Culture
Collection, Rockville, Maryland, USA) were cultured in the same medium but
with low glucose concentration. Cells were cultured at 37<C, with 95% humidity
and 5% COx; in air.

2.2.Primary culture

Primary rat astrocyte cultures were prepared as previously described [16].
The protocol was approved by the UFCSPA Research Ethical Committee at
number 127/12. Briefly, the hippocampus, cortex and cerebellum of Wistar rats
(1-2 days old) were removed, and dissociated mechanically. The cells were
plated at a density of 1.5 x 10° cells/cm? in DMEM high glucose (Gibco BRL)
containing 8.39 mM HEPES (pH 7.4), 23.8 mM NaHCOg3, 100 U penicillin and
100 pg streptomycin (all from Gibco BRL) supplemented with 10% FBS in 24-
well plates pre-treated with poly-D-lysine. Cultures were maintained for 21-28
days with medium changed every 2-3 days and then used to perform the cell-

cell adhesion experiments.

2.3.DNA construction

Enhanced Yellow Fluorescent Protein (EYFP)-NTPDase2 was constructed
by inserting NTPDase2 from pGW1-hCD39L1 (gift from Dr. Guido Guidotti)
using EcoRl restriction site into the PBS-SKII plasmid (Stratagene, La Jolla, CA,
USA). After sequencing, the gene was inserted into peYFP-C1 vector (Clontech
Laboratories Inc., Palo Alto, CA, USA) using BamHI and Sall restriction sites.
Plasmid containing enhanced green fluorescent protein (EGFP) was used as a
control (Invitrogen). Schemes of the constructs were drawn in pDraw
(www.acaclone.com) (Fig 1A).




2.4.Stable transduction

Lentiviruses were produced by co-transfecting the NTPDase2-EYFP
plasmid with the helper plasmids pRSVREV, pVSV-G and pMDLgRRE [17] in
sub-confluent HEK293 cells using Superfect Reagent (Qiagen), according to the
manufacture's protocol. Three days after transfection, supernatants were
collected every day for one week, filtered through a 0.45 um membrane and
used immediately or stored at -80C. One mL of mediu m containing virus was
added to target cells (HEK293 or U87), also at sub-confluent stage (1.5 x 10*
cells/well) in 24-well plates, together with 8 pg/mL of polybrene, and incubated
overnight. Cells were grown for 48 h to express the fluorescent protein and

fluorescent colonies were isolated and expanded.

2.5. Transient transfection

COS-7 and Hela cells were seeded in 12 or 24-well plates and grown in
DMEM with 10% FBS. Cells at 80% confluence were transfected with 1 ug/well
of pNTPDase2-EYFP (COS-7 NTPDase2-EYFP and HeLaNTPDase2-EYFP) or
pEGFP vector (COS-7 EGFP and HeLa EGFP) using Lipofectamine 2000
(Invitrogen Co., Carlsbad, CA, USA) in accordance to the manufacturer’s

instructions. The transfected cells were used in migration assays.

2.6.Flow cytometry

For quantification of NTPDase2-EYFP positive cells, the cells monolayer
were enzymatically dissociated with 0.1% trypsin for 5 minutes, and reaction
was stopped with culture medium containing 10% SFB. The live cells in
suspension were then analyzed by flow cytometry using a PCA-96 System

(Guava Technologies, Hayward, CA, USA).

2.7. ATPase activity assay

The ATPase activity was determined in HEK293 cells as described
previously [18] in the incubation medium (2 mM CacCl,, 120 mM NaCl, 5 mM
KCI, 10 mM glucose, 20 mM HEPES [pH 7.4], and 3 mM ATP) at 37C. The
release of inorganic phosphate (Pi) and the protein concentration were
measured by the Malachite Green [19] and Coomassie Blue methods [20],
respectively. Specific activity was expressed in nmol Pi released/min/mg

protein.



2.8.NTPDasez2 inhibition

In order to test the possible effects of P2 receptor antagonists described as
NTPDase inhibitors [21], cells were pre-incubated for 30 min in the presence or
absence of Suramin (0.1 and 0.3 mM), Reactive Blue 2 (RB2; 0.1 mM) and
Evans Blue (0.1 mM). Subsequently, cells were incubated for 10 min in the
incubation medium with 3 mM ATP as described above. All assays were
performed in triplicate. Specific activity was expressed as nmol Pi
released/min/mg of protein. The RB2 (0.1 mM) inhibitor was also used in the

adhesion assay.

2.9. Determination of population doublings

HEK293 wild type or HEK293 transduced with NTPDase2-EYFP were
seeded at 1 x 10° cells/well in DMEM with 10% FBS in 24-well plates. The cells
were counted at 3, 6 and 10 days after platting using a hemocytometer. In these
indicated days the cells were resuspended, counted and the initial cell number
(1 x 10°) was reseeded. Population doublings (PD) were determined according
to the formula PD = [log N(t)-log(N(to))]/log 2, where N(t) is the number of cells
counted per well at time of passage; and N(to) is the number of cells seeded at
the previous passage (1x10°). The sum of PDs was then plotted against time of
culture [22].

2.10. Scratch wound assay

Cells were cultured in 12-well plates and transfected as described above.
After two days, subconfluent cultures were scratched using a fine micropipette
tip. The monolayer was washed with PBS followed by fresh medium addition
and the images were taken immediately, and after 6, 24 and 48 h [23]. The
scratched areas were measured using the software ImageJ®. The healing

percentage was plotted versus time after scratch.

2.11. Cell adhesion
2.11.1. Cell matrix adhesion
In order to perform matrix adhesion assays, 96-well plates were pre-coated
with different extracellular matrices: poly-D-lysine (100 pug/mL), collagen type |
(20 ug/mL), collagen type 1V (20 pg/mL), laminin (20 pg/mL) and fibronectin (20

ug/mL) overnight at 4°C. The wells were washed twice with PBS and 1 x 10°
6



cells/well were allow to adhere in culture medium with 10% FBS for 30 min.
Non-adherent cells were removed by washing three times with PBS. Adherent
cells were fixed with 4% formaldehyde, stained with 0.5% crystal violet and
washed again with PBS. Cell-bound crystal violet was eluted in 100 pL 10%
acetic acid (v/v) for OD measurement at 570 nm in microplate reader [24].

U87 cells transduced with NTPDase2-EYFP (around 2% of population) or
GFP (around 4% of population) were detached from flasks and allowed to
adhere over plastic in a 24-wells plate. After 20, 30, 40 and 50 min, the non-
adherent cells (called as floating cells) were collected. The adhered cells that
remained on wells were enzymatically dissociated and collected. The floating or
adhered fluorescent cells were counted and the ratio between adhered and

floating cells was determined.

2.11.2. Cell-cell adhesion
The cell-cell adhesion experiments were done by plating for 15 min, 1.5 x
10° HEK293 cells transduced with NTPDase2-EYFP or EGFP over the
monolayer of rat astrocytes obtained from primary cultures of cortex, cerebellum
and hippocampus as described above. After this time the non-adherent cells

were washed out and counted in hemocytometer [25].

2.12. Fluorescence intensity

In order to compare the NTPDase2-EYFP concentration in cell-cell contacts
with free membrane regions, the transduced HEK293 cells were seeded on
glass coverslips placed in a 24-well plate and grown until semi-confluence. The
coverslips with monolayers of live cells were mounted over glass slide and
sealed with nail polish, without fixing. Cells were immediately analyzed by
confocal microscopy (Olympus FluoView™ 1000) to quantify the fluorescence
intensity accumulated in cell-cell contacts (CCC) or free membrane (FM) (Fig

4A). The fluorescence intensity was measured using the software ImageJ.

12.4. Fluorescence recovery after photobleaching (FRAP)
FRAP was performed with the confocal Olympus FluoView™ 1000

microscope using the slides covered with live cells as described above. The
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conditions of laser intensity and time for photobleaching were standardized to
abolish almost 80% of fluorescence. After that, two scans at laser low intensity
filled circles in different regions of cell-cell contacts or free membrane were
bleached for 2-8 s using a 488 and 405 nm laser at high intensity. The bleached
areas were scanned for 2 min using laser low intensity (Supplementary Fig 3).
The regions of interest (ROIs) in the obtained images were measured using the
software ImageJ. To calculate the relation (R) between the time to half recovery
in the cell-cell contacts compared to free membrane we use the formula: R =
(Fe-FO)/(Fi-F0), where Fe is the fluorescence at the end of the experiment, Fi is
the fluorescence at the beginning and FO is the fluorescence just after bleaching
[26].

3. Results

3.1Functionality of the NTPDase2-EYFP chimera

The efficiency of transduction was confirmed by flow cytometry
(Supplementary Fig 1). The analysis of the HEK293 stable transduced with the
NTPDase2 chimera by fluorescence microscopy showed that the enzyme is
localized almost exclusively in the cell membrane (Fig 1B). The expressed
enzyme, compared to the control EGFP vector, has a high ATPase activity,
which could be partially inhibited by the non-specific NTPDase2 inhibitor,
Reactive Blue 2 [27] (Fig 1C) and Evans Blue [18] (data not shown). Incubation
with inhibitors induced changes in cell morphology in both, control and
NTPDase2-transduced cells (Fig 1D). The ATPase activity measured in the
HEK293 transduced cells was similar to that found in astrocytes under
physiologic conditions (the highest ecto-ATPase activity measured in non-

transformed cells) [16, 18].

In the cell line U87, the majority of the chimeras were localized at the cell
membrane, although some intracellular fluorescence was also observed
(Supplementary Fig 1 and Supplementary Fig 2A). The functionality of the
plasmid encoding the EGFP or NTPDase2-EYFP genes was confirmed by
evaluating the ATPase activity in the same way that described to HEK293.

Despite the ATPase activity in U87 transduced cell line be smaller than in
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HEK293, due to only 2% of effectively transduced cells, the increase in the
ATP degradation was more than 14 times in relation to EGFP only

(Supplementary Fig 2B).

3.2. NTPDase2 does not alter cell proliferation and migration

The overexpression of NTPDase2 neither altered the cell proliferation
measured by cumulative population doubling assay in HEK293 cells (Fig 2A),
nor migration, as evaluated by the scratch wound assay in COS-7 (Fig 2B and
2C) and HelLa cells (data not shown). We were not able to measure migration in
HEK293 cells because this cell line presented a high proliferation rate, and a

very low migration rate (data not shown).

3.3 NTPDase2 overexpression can modify cell-matrix adhesion

According to previous reports, some adhesion molecules, including
immunoglobulin [3, 8], Na-K-ATPase a;B; heterodimer [28], and CD73/E5NT
[29] demonstrate nucleotidase activity. While the two first ATPases are involved
in homophilic interactions in cell-cell adhesion, the CD73/ES5NT plays a role in
adhesion to matrix proteins [12]. Therefore we evaluated both cell-matrix and
cell-cell adhesion. To investigate cell-matrix adhesion we used five matrices,
poly-D-lysine, collagen type I, collagen type IV, laminin and fibronectin, plus
uncovered plastic wells. The NTPDase2-EYFP-transduced HEK293 cells
seeded on uncovered plastic or collagen type IV wells had a significantly
reduced cell-matrix adhesion compared to EGFP-expressing cells. A decreased
adhesion tendency was observed for all matrices tested (Fig 3A). This reduced
adhesion on plastic was confirmed also in another cell line, the glioma U87 (Fig
3B). These results suggest that NTPDase2 is not actively involved in mediating
cell-matrix adhesion, but rather negatively affects adhesion.

The role of NTPDase?2 in cell-cell adhesion was analyzed through a model
using a monolayer of cells as the adhesion substrate. The HEK293 cells
overexpressing NTPDase2 were seeded over three different monolayers of
astrocyte cultures. The monolayers chosen were primary rat astrocytes from
cortex, cerebellum and hippocampus, which express different levels of
endogenous NTPDase?2 [16, 18]. In this model of adhesion, NTPDase2 did not

significantly influence cell-cell adhesion with primary astrocytes (Fig 3C and D).
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3.4. NTPDase2 does not localize in cell-cell contacts

In order to evaluate whether the NTPDase2-EYFP would be localized at the
cell-cell contacts or in free membrane regions, we measured the fluorescence
intensity of transduced cells seeded over different extracellular matrices (Fig
4A).

The cell-cell contact regions (CCC region) had similar fluorescence
intensities when compare to the sum of the fluorescence intensity of the two
free membranes areas (FM 1 and 2) of the same cells (Fig 4A). This was
observed when cells were grown in all substrates tested, except collagen type |
and fibronectin, in which the fluorescence in the CCC region was smaller when
compared to the FM region (Fig 4B).These results argue against homophilic
interactions capable of concentrating NTPDase2 in the cell-cell adhesion sites.

FRAP assay was used to measure diffusion of the protein on the membrane
plane and did not show significant differences between the half-time of
fluorescence recovery of paired cell-cell contact and lateral membranes (Fig 4C
and Supplementary Fig 3A and 3B). This indicates that NTPDase2 located in
cell-cell contacts is not differentially linked to cytoskeleton or adhesion

complexes, when compared to that localized in free membrane areas.

4. Discussion

The history involving extracellular nucleotide and nucleoside degrading
enzymes acting in adhesion dates back to the nineties, when the
immunoglobulin Cell-CAM 105 was shown to have an ecto-ATPase activity [3,
8]. Recently, Na-K-ATPase a,3; heterodimer [28] was reported to be directly
involved in adhesion. In the same way, CD73/E5NT was shown to be involved
in this cellular process [12, 13, 29]. Among the NTPDases, NTPDasel might be
indirectly linked to adhesion proteins, since it binds to RanBPM that is known to
interact with many proteins. One of them is LFA-1, an integrin that in turn,
mediates cell-cell and cell-matrix interactions [15, 30]. ATP seems to be
important in proliferation and migration as well as in cell adhesion. In 1990,
Aurivillius stated that: “Interactions between the Ig-domains of C-CAM may be

the structural basis for the specific homophilic interaction”. Binding and
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hydrolysis of ATP may then modify this interaction in a manner similar to the
ATP-regulated binding between actin and myosin” [3]. This suggests that the
association among immunoglobulins could be modulated through the ATP
present in the extracellular compartment. Additionally, extracellular ATP acting
through purinergic receptors, can stimulate N-cadherin expression and its
localization on astrocytes surface, thus indirectly affecting cell adhesion [31].

In our study, we observed a trend towards decreased cell-matrix adhesion
caused by NTPDase2 overexpression. One hypothesis for this disturbance
would be the ATP depletion caused by NTPDase2 enzymatic activity. Minimal
mechanical alterations such as resuspension and reseeding of cells may cause
a release of ATP in the culture medium [32]. Since it was shown that some
cells can release ATP to guide chemotaxis, in concentrations as low as 100 nM
[33, 34] and induce expression of adhesion molecules [31, 35], the depletion of
ATP due to NTPDase2 overexpression, could therefore, block this process. The
fact that NTPDase2 may modulate adhesion when cells are seeded on different
extracellular matrices, reinforces the idea that the enzymatic depletion of ATP is
an important player in the observed effect. Additionally, our unpublished results
suggest that the non-specific NTPDase inhibitor, suramin is capable to partially
revert the decrease in adhesion caused by NTPDase2 overexpression in U87
cells.

The NTPDase2 is a key protein in brain during neurogenesis. Knockout
animals for this enzyme had an increased cell proliferation in the subependimal
zone and hippocampus [1, 36]. NTPDase2 expression appears first in the
border cells of ventricular zone. Later, its expression disappears from this zone
and appears in sheaths around subependymal doublecortin-positive cells,
suggesting a role in neuronal migration [36, 37]. We did not observe changes in
in vitro migration of NTPDase2-transduced cells. This could be due to the
absence of a gradient in the ATP concentration [34] knowing that ATP is a
strong chemo attractant [33, 34, 36].

We conclude that NTPDase2 is not directly involved in HEK293 and COS-7
cell proliferation or migration. The enzyme expression was not increased in cell-
cell contact regions and its overexpression decreased the cell adhesion to
selected matrices. Considering the high affinity of NTPDase2 to ATP, it is
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possible that degradation of this nucleotide is responsible for the decreased

adhesion observed in NTPDase2-transduced cells.
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LEGENDS

FIGURE 1 Expression of functional NTPDase2 enzyme in HEK293 cells. A) Lentiviral
control EGFP-coding vector (upper) and NTPDase2 fused to EYFP-coding vector (lower). B)
HEK293-transduced cells, colonies seeded in matrix uncovered wells (magnification 100x). In
more details 1) Hek293 EGFP, 1I) HEK293 UV light, Ill) Hek293 NTPDase2-EYFP, IV) HEK-293
NTPDase2-EYFP UV light (magnification 400x). C) ATPase activity and D) Morphology of
transduced cells with or without the NTPDase inhibitor RB2 (magnification 100x).

FIGURE 2 NTPDase2 does not alter cell proliferation and migration. A) Cumulative
population doubling of HEK-293 cells compared to HEK-293 transduced with NTPDase2-EYFP
after 10 days in culture. The results are presented as average + SD. B) Scratch assay in COS-7
transfected with NTPDase2-EYFP or EGFP plasmid. Pictures were taken just after scratching
and 6, 24 and 48 h later (magnification 100x). C) The scratch-induced wound healing
quantification from pictures showed in B. The results are presented as average + SD.

FIGURE 3 NTPDase overexpression does not enhance cell-matrix or cell-cell adhesion. A)
Hek293 cell adhesion over poly-D-lysine (100 pg/ml), collagen type | (20 pg/ml), collagen type
IV (20 pg/ml), laminin (20 pg/ml) and fibronectin (20 pg/ml). After 30 min of incubation at 37 C,
adherent cells were fixed and stained with crystal violet. The results show log of OD 570 ratio of
HEK-293 transduced with NTPDase2-EYFP versus cells expressing EGFP only; average is
shown in red; B) U87 NTPDase2-EYFP overexpression reduced the adhesion rate, enriching
the % of fluorescent cells recovered in non-adhered fraction. C) Adhesion of Hek293
NTPDase2-EYFP and EGFP-transduced cells to rat astrocytes. Cells were seeded over a
confluent monolayer of rat astrocytes for 15 min, non-adherent cells were removed and counted
in hemocytometer. The number of adherent cells was calculated. The results are presented as
an average + SD. D) Visualization of HEK-293 expressing NTPDase2-EYFP seeded over the
astrocyte monolayer (magnification 200x). * p< 0.05.

FIGURE 4 Confocal microscopy analysis of NTPDase2 expression in cell membrane. A)
An example of the fluorescent areas measured to compare fluorescence intensity. CCC: cell-
cell contact, FM1 and 2: free membrane 1 and 2. B) Quantification of fluorescence intensity:
intensity in cell-cell contacts divided by the sum intensity in two free membrane of the same cell.
Means are shown in red and standard deviation in blue. C) Time to half recovery fluorescence
ratio between cell-cell contact and free membrane regions. Cells were seeded on different
extracellular matrices. Non-fixed cells regions were 80% photobleached and the half-time to
fluorescence recovery of cell-cell contacts and free membrane rate is shown. Means are
presented in red. *=p<0.05.
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SUPPLEMENTAL FIGURES

SUPPLEMENTARY FIGURE 1 NTPDase2-EYFP or EGFP-transduced cells. Glioma cell line
(U87) show a diffused fluorescence signal compared to HEK-293 cells transduced with the
same lentiviral construct (magnification 400x).

SUPPLEMENTARY FIGURE 2 Analysis of NTPDase2-EYFP functionality in transduced
u87 cells. Glioma cell line presents small transduction efficiency but this was sufficient to
increase the rate of ATP hydrolysis. A) Morphology and fluorescence of cells transduced with
EGFP and NTPDase2-EYFP (magnification 400x). B) ATP hydrolysis was increased in
NTPDase?2 transduced cells and blocked by 0.1 mM Evans Blue.

SUPPLEMENTARY FIGURE 3 FRAP ASSAY IN HEK293 CELLS TRANSDUCED WITH
NTPDASE2-EYFP. A) Example of fluorescence recovery after photobleaching, plotted in
fluorescence intensity versus time in seconds. B) Photobleached areas are pointed with arrows
(magnification 600x). CCC: cell-cell contact (orange), FM1 and FM2: free membrane (purple
and blue). The same areas are showed in the same colors.
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