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II. Abreviacions

AR, receptor d’adenosina A;
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AC, adenilat ciclasa
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ADN, acid desoxiribonucleic

ADP, adenosina-5-difosfat
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PD, malaltia de Parkinson
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SAM, s-adenosil metionina

SNC, sistema nervios central

SNPr, subtancia nigra pars reticulata
SNPc, substancia nigra pars compacta
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III. Introduccié

1. ELS RECEPTORS D’ADENOSINA

L’adenosina és un nucleosid de purina que juga un paper a gairebé tots
els processos cellulars. Actua en forma de nucleosid, de nucleotid (amb
l'extrem 5' fosforilat) o formant part de molécules més complexes. La seva
funcié intracel'lular es pot dividir en tres grans areas: la transmissio
d’informacio genética (ADN), el mecanisme de bescanvi energetic (ATP) i la
participacié en els mecanismes de transducci6 de senyal (AMPc). A nivell
extracel'lular actua com a indicador del metabolisme energétic i juga un paper
en l’activitat eléctrica de les neurones, la lipolisis en els adipocits o la
contraccio en els cardiomiocits (Cunha, 2001).

En el sistema nerviés central (SNC) 'adenosina actua principalment com
a regulador homeostatic, funcié6 comu per totes les cél-lules incloses neurones i
glia i com a neuromodulador, controlant la neurotransmissio i ’excitabilitat
neuronal (Cunha, 2001).

En condicions normals, la concentracié d’adenosina intracel-lular es
troba entre 10-50nM (Cunha, 2001) i la concentracié d’adenosina extracellular
és aproximadament del rang de 25-250nM (Dunwiddie & Masino, 2001). La
concentraci6 intracel-lular esta estretament lligada al metabolisme energeétic i,
petits canvis en la concentracio d’ATP generen grans canvis en els nivells
d’adenosina intracel-lular (Meghji et al., 1989). Tots els tipus cellulars
presenten transportadors de nucleotids bidireccionals i no concentratius, de
manera que la concentracio intracel-lular s’equilibra amb l’extracel-lular. El
transport de 'adenosina extracel'lular cap a l'interior de la cél'lula és a través
de transportadors de nucleosids concentratius (Baldwin et al., 2004). Si hi ha
un increment de ’adenosina intracellular, aquest es trasllada a l’entorn de la
cél'lula activant els receptors d’adenosina de forma autocrina i paracrina.

En situacions d’estrés energétic com la hipoxia o la isquémia,
l'adenosina extracel-lular augmenta a causa del fort consum d’ATP per part de
la cél'lula (Newby et al., 1991; Latini & Pedata, 2001). L’adenosina tendeix a
restablir el balanc energétic i per aquest motiu, s’ha considerat un
neuroprotector endogen (Dunwiddie & Masino, 2001). Hi ha tres fonts
d’adenosina extracel'lular: la sortida d’adenosina intracel'lular a través dels
transportadors, com a consequéncia de lactivitat ecto-nucleotidasa i per
I’accio dels enzims que degraden ’AMPc secretat (Zimmermann & Braun, 1996

; Fredholm et al.,2005)(Figura 1).
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@ 5°- nucleotidasa

@ Adenosina cinasa

Adenosina @ Adenosina deaminasa

@ SAH hidrolasa
@ 5’ ecto-nuceotidasa

@ Apirasa

Adenosina Transportadors equilibratius
i concentratius

Transportador

Inosine

Adenosina

!

Homocisteina AMP

AMPc AMP

Figura 1. Vies de produccio, metabolisme i transport d’adenosina. L’adenosina
es pot formar a partir A’AMP, ATP (1) i de la S-adenosilhomocisteina (SAH) per accio
d’enzims intracel-lulars (4). L’adenosina pot convertir-se: en 5’AMP, a través de ’enzim
adenosina cinasa(2); en inosina, per ladenosina deaminasa (3) o passar a lespai
extracel-lular a través de diversos transportadors (7)(8). Un cop a lespai extracel-lular
ATP, AMP i AMPc es poden convertir en adenosina a través de la 5’ ecto-nucleotidasa (5)

i ’Apirasa (6). [Adaptat de Uarticle Latini,S. 2001]

1.1. Estructura dels receptors acoblats a proteina G (GPCRs)

Els receptors d’adenosina formen part de la familia de receptors
purineérgics. Aquests es classifiquen en: els P1, que responen a ’adenosina i els
P2, que responen a I’ATP. L’adenosina és el principal lligant natural dels
quatre receptors (A1, A2a, Ass 1 As) que es troben distribuits per tot I'organisme
(Ralevic & Burnstock, 1998). Tradicionalment han estat classificats en funcio
de la seva capacitat d’estimular (Aza i Azg) o d’inhibir 'adenilat ciclasa (A: i
A3)(Taula 1). Actualment, hi ha autors que questionen aquesta classificacié ja
que, s’ha demostrat que molts receptors tenen capacitat d’acoblar-se a
diferents tipus de proteina G i a diferents sistemes de transduccio de senyals
en funcio del teixit. Per aquest motiu, 'autor proposa que aquests receptors

presenten efectes pleiotropics, és a dir, potencialment poden acoblar-se a
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diferents sistemes de transducci6é de senyal depenent del grau d’activacié i de

la localitzacio subcellular (Cunha, 2005) .

Receptor Proteina G Mecanisme de transduccio Afinitat

Az ] Inhibeix AC 70nM
Activa GIRKs
Inhibeix canals de Ca+2
Activa PLC

Activa AC
Inhibeix canals de Ca+2

Activa AC 5100nM
Activa PLC

Gi Inhibeix AC 6500nM
Activa PLC
Gq/11 Increment de Ca+2 intracel lular

Taula 1. [Adaptat de Fredholm,B.B. 2005 |

Els receptors d’adenosina so6n receptors acoblats a la proteina G
(GPCRs) de la familia A, és a dir, presenten una estructura similar a la de la
rodopsina. Es caracteritzen perqué atravessen la membrana amb set dominis
a-helix, on la regi6 N-terminal queda a l'espai extracel-lular i la C-terminal a
l'espai intracel-lular. La regio extracel-lular interacciona amb el lligant i la
intracel'lular, s’acopla a la proteina G (s6n d’especial importancia els bucles 2 i

3)(Figura 2).

Figura 2. Els receptors
d’adenosina son de tipus A. El
receptor A2a presenta un major
nombre de glicosilacions i
fosforilacions juntament amb
una regiv C-terminal més llarga
que el receptor A; .

Les proteines G formen part de la familia de les proteines G
heterotrimeriques, formades per tres cadenes polipeptidiques diferents

anomenades a, 3 i y. El mecanisme d’accio és el seglient (Figura 3):
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La proteina G inactivada esta

formada per les subunitats a, B i vy

Proteina G inactiva

P —
o
R B

Receptor
on, la subunitat a, esta unida a una

molecula de GDP(A). Al unir-se

1Ay

Membrana
Plasmatica

l'agonista al receptor, aquest, canvia
Espai extracerular € conformacio, augmentant lafinitat
per la subunitat a de la proteina G
o (B). En la interaccio, a perd l’afinitat
per GDP, unint-se al GTP. Aquesta
molécula carregada d’energia, permet
que la subunitat a es dissocii del

dimer pBy. Cada subunitat (a i fy

passa a activar les seves respectives
Subunitat a activada Complex By activat molécules efectores (C). Aquest
mecanisme actua com un interruptor
molecular, que un cop encés, roman
inactiu fins que la GTP s’hidrolitza i la
Figura 3. Mecanisme d’accié dels

receptors de proteina G. subunitat a torna a augmentar

I’afinitat pel dimer By.

Existeix una gran heterogeneitat de subunitats: uns 16 subtipus de Ga,
S subtipus de S i 14 de y, que confereixen al sistema un alt grau de

complexitat i capacitat d’amplificacio (Milligan et al., 2006).
1.2. Mecanismes de transduccio de senyal dels receptors d’adenosina

Com s’ha mencionat a l’apartat anterior, aquests receptors poden
interaccionar amb diferents mecanismes de transduccio de senyals.
Classicament, el principal mecanisme emprat per aquests receptors ha estat la
via de transducci6 de 1’ adenilat ciclasa (AC).

Les AC so6n una familia d’enzims que catalitzen la formacié d’AMP ciclic
(AMPc), un segon missatger que es troba en totes les cél'lules de 'organisme.

S’han descrit nou subtipus d’ACs distribuides de forma diferenciada en funcio
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del teixit. Les AC tenen un pes molecular d’entre 120-130KDa i tenen dotze

dominis transmembrana. L’adenilat ciclasa I és la majoritaria en el SNC.

La subunitat ai de les proteines

G(Gai), inhibeix lactivitat de I'AC i la

Receptor Adenil Receptor
estimulador ciclasa inhibidor

& G o el aWaWa o U B
(DT
Ly i il

Gi molts altres substrats, la proteina

subunitat Ggs 'activa. L’AMPc té, entre

cinasa A (PKA). Aquesta cinasa, un cop

NP activa, fosforila els residus serina o
Proteinquinasa A treonina dels substrats diana. La PKA
fosforila la proteina d’'uni6 a I’element de
achi CREB-P
i resposta a AMPc o CREB, un factor de
transcripci6  important en = moltes
CREB-P
funcions neurals. La fosforilacio de
Figura 4. Mecanisme de transducci6 ~CREB, permet que dimeritzi i es

de senyal de l'adenilat ciclasa transloqui cap al nucli, promovent la

transcripci6 de gens amb elements de resposta a AMPc (CRE) en els seus

promotors (Figura 4)(De Cesare et al., 1999).

1.3. Regulacio dels GPCRs

1.3.1. Desensibilitzacio

Les cel'lules diana responen a les senyals que reben regulant el temps
d’exposicio dels receptors a la membrana, per tal d’evitar una sobrestimulaci6.
Aquest procés s’anomena adaptacié o desensibilitzacié, i permet a la cellula
regular de forma reversible la sensibilitat a l’estimul durant periodes
prolongats de temps. Es un procés de retroalimentaci6 negativa i es pot
produir de dues formes:

Per fosforilacio, promovent una inactivaciéo rapida dels receptors (en
questi6 de minuts). Un cop el receptor esta sobreexposat a un lligant, la
concentracié de ’AMPc augmenta activant cinases com la PKA, que fosforilen el
receptor interferint en I'uni6é amb la proteina G efectora.

Per altra banda, les célllules adeqiien el nombre de receptors que

mantenen a la membrana, mitjancant el procés d’internalitzacio. Aquest
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procés permet desacoblar el receptor de la seva proteina G efectora,
descarregant el seu lligant en endosomes que retarden la seva reaparicio a la
membrana. De forma independentment a la concentracio de I’AMPc les cinases
acoblades a GPCR, les GRK, fosforilen al receptor. Sobre aquests residus
fosforilats, és on s’uneix una proteina anomenada [-arrestina que bloqueja
l’'activitat del receptor per activar la proteina G. La P-arrestina recluta a la
clatrina promovent l’endocitosi (Figura 5)(Pierce & Lefkowitz, 2001). Un cop
internalitzat, els GPCRs son defosforilats i retornen a la membrana o

s’eliminen a través dels lisosomes.

Ligard binding Recaptor paRR Asacciation with Oyramin-depandert Erdocytosia
@} phoaphordatian intersction clathrin-coated pits fizgion

Figura 5. Procés d’internalitzacié de la B-arrestina.
[Adaptat de Uarticle Pierce,K.L. et al., 2001]

La desensibilitzacié pot ser heterologa quan un lligant interfereix sobre
l’'activacié de la céllula diana per un altre lligant i homologa, si afecta la
resposta de si mateix. A més, el procés de desensibiltzaci6é varia en funcio del
tipus cel'lular ja que expressen diferents cinases i fosforilen els receptors a

diferents llocs i amb diferents cinétiques (Tobin et al., 2008).

1.3.2. Heterodimeritzacio

Tradicionalment s’han estudiat el fenomens de la neurotransmissié com
una entitat individual formada pel receptor i el seu agonista. Al passar a
estudiar qué passa in vivo, pero, s’ha demostrat que existeix una complexa
xarxa on els receptors interaccionen fisicament entre ells actuant com a
unitats funcionals.

La interacci6 directa entre els receptors de membrana va ser proposada
per Agnati i Fuxe, fa més de vint anys (Agnati & Fuxe, 1980). Ciruela i col.
1995, van demostrar per primera vegada que els receptors A; dimeritzen en
extractes de cervell (A:/A1). A partir de 'any 2000, ha crescut enormement el

nombre d’articles on descriuen que receptors d’adenosina poden formar
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dimers, trimers, multimers, homolegs o heterdlegs amb altres receptors
acoblats a proteina G. Gracies a l'assaig de transferéncia d’energia per
ressonancia de bioluminiscéncia (BRET) i als experiments de co-
immunoprecipitacio s’han mostrat evidéncies de l'existéncia d’heterodimers
entre els receptors A; i Asa (Ciruela et al., 2006) i amb altres receptors com els
de dopamina (Gines et al., 2000; Hillion et al., 2002; Canals et al., 2003),
glutamat (Ciruela et al., 2001; Ferre et al., 2002) cannabinoids (Carriba et al.,
2007) i receptors P2Y1 ( Yoshioka et al., 2002).

El paper fisiologic de la formaci6é d’heterodimers es posa de manifest per
exemple en el cas dels heterodimers dels receptors d’A; i Asa (Ciruela et al.,
2006). Aquest receptors, acoblats a vies de senyalitzacio de sentit oposat,
permeten modular la resposta glutamatergica tan al nucli estriat (Ciruela et al.,
2006) com a l’hipocamp. Els dos receptors d’adenosina tenen una afinitat
diferent pel seu agonista endogen (Taula 1), que els permet un acurat control
de la resposta. Com si es tractés d’un interruptor, a concentracions basals
d’adenosina extracel-lular, el receptor A; s’acopla a la proteina Gi/, disminuint
lalliberament de glutamat. Per altra banda, si augmenta la concentracio
d’adenosina, el receptor A; queda rapidament saturat i s’activa el receptor Asa.
Aquest receptor es capac¢ d’inhibir el receptor A; i estimular l’alliberament de

les vesicules de glutamat (Rebola et al., 2005).

1.4. El receptor A;

1.4.1. Organitzacio génica

El receptor A; (326 aa) presenta un 90-95% d’homologia entre mamifers. El
gen huma ADORAI1, localitzat al cromosoma 1q32, codifica pel receptor
d’adenosina A; (Townsend-Nicholson et al., 1995). Aquest gen esta format per
quatre exons: 1A, 1B, 2 i 3 i esta sotmés al control de dos promotors
independents: el promotor A, que produeix el transcrit a format pels exons 1A,
2 i 3; el promotor B, a uns 600 parells de bases i que genera el transcrit 3
format pels exons 1B, 2 i 3. El promotor A, és el responsable de l'expressio
especifica de teixit mentre que el promotor B intervé en l’expressio constitutiva

(Ren & Stiles, 1995, 1998, 1999)(Figura 6).
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Figura 6. Estructura genomica del gen huma ADORA1. [Adaptat de U'article Ren,H. 1995]

El receptor A; esta distribuit per tot l'organisme perdo al cervell esta
fortament expressat a hipocamp, cortex cerebral i cerebel. A més, 'expressen
tots els tipus cellulars: les neurones, els astrocits, la microglia i els

oligodendrocits (Fredholm et al., 2005).

1.4.2. Funcionalitat

El receptor A; juga un paper com a neuroprotector del SNC i esta
relacionat amb el control del son i la vigilia, isquémies, dolor, deméncia i
l’'ansietat. El receptor A; actua a través de dos mecanismes: la inhibici6 de
I’alliberacio de glutamat, a través de canals de Ca*2 (Cunha, 2001) i la
inhibici6 de l’activitat neural, reduint la conductancia del K+ (Greene & Haas et
al.,1991). El rol com a neuroprotector l'exerceix reduint l’exitotoxicitat del
glutamat i per tant, reduint el dany en front d'una hipoxia o isquémia. Durant
l'envelliment s’han observat canvis en l’expressio del receptor A; tant en
ratolins (Cunha, 2005) com en humans (Meyer et al., 2007). S’ha corroborat
una disminucio de l'expressié en hipocamp i cortex de ratolins (Sperlagh et
al., 1997; Cheng et al., 2000). La pérdua del receptor en ratolins joves SAMPS8
suggereix que pot tenir un paper en les malalties associades a l’envelliment
com les malalties neurodegeneratives ja que es perd la capacitat
neuroprotectora (Castillo et al., 2009). Aquest receptors s’han descrit alterats a
I’alca en patologies com la malaltia d’Alzheimer, Creutzeldt-jakob i a la malaltia

de Pick (Angulo et al., 2003; Rodriguez et al., 2006; Albasanz et al., 2007).
1.5. El receptor Aza

1.5.1. Organitzacioé génica

Aquest receptor ha estat clonat en huma, rata, ratoli, gos i conill d’indies
i la seva homologia entre espécies és d'un 90%. El gen ADORA2A codifica pel
receptor Az i es troba localitzat en el cromosoma 22q11.2 (MacCollin et al.,

1994). ADORA2A esta format per tres exons: dos codificants (ex62 i ex63)
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separats per un intré6 d’aproximadament unes 7 Kb i l’ex6 1, no-codificant.
L’ex6 1 presenta sis isoformes especifiques de teixit: h1A-h1F (Yu et al., 2004).
L’ex6 huma 1E manté un 74% d’homologia amb 1’ex6 m1C muri (Figura 7), fet
que reforca el seu paper regulador de l'expressio del gen. El gen ADORA2A esta
regulat com a minim per quatre promotors independents: P1A, P1B, P2 i P3 i
tots els transcrits que s’han identificat contenen una seqiiéncia comu en la
regio 3’'UTR i una regio 5'UTR canviant (Chu et al., 1996). S’ha descrit una
expressio diferencial de les isoformes del receptor Asa en els granulocits de
pacients amb sepsis, indicant un paper important de la regi6 S'UTR en
l'expressio d’aquest receptor (Kreth et al., 2008). Cal destacar que el receptor
huma Aja és polimorfic i s’ha descrit una mutacioé silent T1083C amb major

freqiiéncia en la poblaci6 asiatica (Soma et al., 1998).

Human 83% identity 83% identity
e L -
| ~56k | ~36kp L) ~4.2 kb L
(265 bp) (331 bp) (111 bp) (1 16 bD} (105 bp? r~6 ka :
N bp)
Fn
= r f#\.
| uo I

Exon-1B ~T.2kb [-xon 1A l-xonz Exon 3
(414 bp) [{u hqn s ~7. 6kh .

Mouse </ ¢ 4 ' : ': i
1
mic 1BMAm1 i
mc| — 18 1A R /7 =R

(40 bp) (51 bp) (117 bp) ~6.7kb

94% identity 84% identity
Promoter P1B Transcript 1B (Exons 1B.25.3)
Promoter P1A Transcript 1A (Exons 1A.2..3)
Promoter P2 Transcript 2 (Exons 2,.3)
Promoter P3 Transcript 3 (Exons 25.3)

Figura 7. Esquema de l’estructura genica del gen ADORAZ2A.
[Adaptat de Fredholm,B.B. 2007]

En el SNC, el receptor Ass esta abundantment expressat en les neurones
gabaeérgiques de la via nigro-pallidal dels ganglis basals i en el bulb olfactori,
tot i que es pot detectar per qPCR a tot el cervell. A més, s’expressa en
astroglia, microglia i en els capillars sanguinis que atravessen el cervell
(Fredholm et al., 2005).

1.5.2. Funcionalitat

Tot i tenir una localitzacié majoritaria als ganglis basals, els estudis amb
preparacions de membranes han demostrat la preséncia dels receptor Asa en
altres estructures com el CF, talem i hipocamp (Wan et al., 1990). Sembla que
pot tenir un paper diferent, tant per 'abundancia com per la seva localitzacio

cel'lular, en el nucli estriat que a la resta del cervell (Cunha, 2005). En regions
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extraestriatals, el receptor A.a regula l’alliberament de glutamat juntament
amb el receptor A; pero en sentit contrari, és a dir, té un paper facilitador. A
més, regula lalliberament de neurotransmissors com el GABA i la
noradrenalina, que no estan controlats pel receptor A;. De la regulacio del
receptor Asa en parlem més endavant en 'apartat: Aza i ganglis basals.

Durant I’envelliment el receptor Axx augmenta la seva expressio (Rebola
et al., 2003, 2005). S’ha observat que el receptor pot canviar el seu
comportament a mesura que augmenta l'edat, per exemple s’ha descrit com el
antagonistes del receptor Azx disminueixen l’alliberamnent de glutamat en
l'estriat de rates joves i l'augmeten en rates velles (Corsi et al., 2000). La
desregulacio de l’expressié del receptor esta associada a patologies com
I’epilépsia, Parkinson, la isquémia, el Huntington, 'esquizofrénia entre altres
desordres psiquiatrics (J. F. Chen et al., 1999; P. A. Jones et al., 1998; Popoli
et al., 2002).

1.6. El receptors Azpi Az

Asp (332 aa) va ser clonat a huma i ratoli amb un 45% d’homologia entre
Ao, A1 i Asa. El receptor Az (337 aa) va ser clonat en huma, rata, gos, conill i
ovella i presenta un 72% i 85% d’identitat amb rata i ovella respectivament. Asg
té una baixa expressio a cervell i Az té nivells intermedis en algunes regions

com el cerebel i hipocamp i, gairebé gens, a la resta del cervell.

2. LES MALALTIES NEURODEGENERATIVES

26.6 milions de persones en tot el mon estan afectades per malalties
neurodegeneratives i s’espera que al 2.050 la prevalencia es quadruplicara
(Brookmeyer et al., 2007). Aquest, és un grup heterogeni de malalties on
s’afecten areas especifiques del sistema nervidos, generant una progressiva
peérdua cognitiva i de moviment depenent del tipus especific de neurona que
degeneri. Les més comuns so6n: malaltia d’alzheimer (AD), malaltia de
parkinson (PD), l'esclerosi lateral amiotrofica (ELA) i la malaltia de Huntington
(HD). EI nombre de casos s’ha incrementat conjuntament amb l’esperanca de
vida i actualment s’han convertit en un problema tant de salud com economic

en els paisos industrialitzats.
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L’etiologia d’aquestes malalties no es coneix tot i que es considera que
l'acumulacié de factors geneétics, epigeneétics i ambientals conjuntament amb
esdeveniments estocastics poden influir en el risc de patir la malaltia. Els
factors genétics s’associen amb les formes familiars (5-10%), on mutacions
especifiques provoquen una aparicio preco¢c de la malaltia. Els factors
ambientals com soén l’exposici6 a metalls i pesticides, el menjar, lesions
cerebrals i infeccions han estat forca estudiats, en molts casos, sense arribar a
resultats concluents (Coppede et al., 2006).

Malgrat que  presenten  cliniques  diferents les  malalties
neurodegeneratives conflueixen en unes mateixes vies moleculars basades en
la interacciéo anormal entre proteines. Hi ha evidéncies d’acumuls de proteines
aberrants o mal plegades, formant protofibrilles i agregats insolubles en totes
elles, tot i que la composicio de l'agregat varia. També coincideixen en una
desregulacio del sistema ubiquitin-proteasoma, 'insult exitotoxic, l’activacio de
l'estrés cellular (oxidatiu, mitocondrial i de reticle endoplasmatic), el dany
mitocondrial, la pérdua sinaptica i del transport axonal (Bossy-Wetzel et al.,
2004).

Les vies d’investigacié per coneixer l’etiologia d’aquestes malalties han
estat dos: l'estudi de les formes familiars i 'estudi bioquimic de les lesions
neuropatologiques. La primera vegada que es va suggerir la relacido directa
entre les mutacions géniques, els agregats proteics i les malalties
neurodegeneratives va ser 'any 1991. Es va identificar un canvi en el codé 717
(d’ isoleucina a valina) del gen de ’APP (proteina precursora péptid 3 amiloide) i
per tant, un error en el seu processament, responsable d’'un tipus d’Alzheimer
familiar (AD{) (Yoshioka et al., 1991).

Les formes familiars, presenten mutacions especiques a través d’una
heréncia autosomica dominant. L’estudi d’aquestes mutacions ha permeés
postular teories al voltant de l’etiologia de cada patologia. Els fenotips
d’aquestes formes familiars s6n molt semblants als de les esporadiques amb la
diferéncia de 1’edat d’aparicio. Les principals mutacions que es coneixen son:
en ADf, mutacions en APP i la presenilina (PSEN1 i 2); en la demeéncia
frontotemporal amb parkinsonisme associada al cromosoma 17 (DFT-17), en el
gen de la tau (MAPT) i en el gen de la progranulina. En la forma familiar de la
malatia de Parkinson (PDf) les principals mutacions son: al gen de la a-
sinucleina, a una cinasa rica en repeticions de leucina 2 (LRRK2), al gen de la

parkina, a la PARK7 (DJ-1) i en el gen PINK1. De les formes de PDf es parlara
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amb més profunditat en l'apartat dels factors genétics de la malaltia de
Parkinson (Gosal et al., 2006).

Els agregats proteics permeten el diagnostic definitiu de la patologia
dels pacients a partir de l'estudi de la seva preséncia o abséncia i distribucio
en el cervell postmortem. Aquests agregats estan formats per proteines
inicialment solubles que adopten una conformaci6 de lamina 3 com estructura
secundaria, sovint ubiquitinitzada i tipicament resisitens a la degradacio
proteolitica (Lovestone & McLoughlin, 2002). Existeixen dos tipus de lesions:
diposits extracel-lulars, les plaques senils (proteina P-amieloid) en AD i
sindrome de Down (DS) i els diposits de les formes de la proteina pridonica
(PrPs¢) en la malaltia de Creutzfeld-Jakob (CJD) i els agregats intracel-lulars
que formen inclusions en els cossos cellulars, nuclis i els processos de les
neurones o de ceéllules glials. La composicio bioquimica dels agregats és
complexa (Armstrong et al., 2008).

Actualment les malalties neurodegeneratives es classifiquen clinicament
en demencies i desordres motors i, a nivell bioquimic, en funcié de la proteina
majoritaria que contenen en els agregats. La Taula 2 és representativa de les

principals malalties neurodegeneratives.

Taupaties Alfa-Sinucleinopaties

Malaltia d'Alzheimer
Demeéncia de grans argirofils
Malaltia de Pick

Sindrome de Down

Demeéncia fronto-temporal associada
al cromosoma 17

Paralisi supranuclear progresiva

Malaltia de Parkinson
Demeéncia amb Lewy bodies

Atrofia multisistemica

TDP-43 proteinopaties

Degeneracio frontotemporal lobar amb
inclusions d'ubiqtiitina

Esclerosi lateral amiotrofica

Malaltia de Kennedy

Poliglutaminopaties Prionopaties
Malaltia de Huntington Malaltia de Creutzfeld-Jakob
Ataxia espinocerevelar Insomni fatal
L'atrofia dentato-rubro-palido-
Luysiana Kuru

Malaltia de Gerstmann-Straussler-Scheinker

Taula 2. Classificacié de les principals malalties neurodegeneratives en funcié de la

proteina més abundant en els agregats. [Adaptat de Uarticle Woulfe et al., 2008]
Cal considerar que només en un petit nombre de pacients presenten

mutacions en gens concrets. La gran majoria (aproximadament el 90%) de

casos son esporadics i no presenten cap evidéncia de mutacions en els gens de
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les proteines agregades. Si la preséncia d’agregats intracel-lulars té una relacio
amb la etiologia de la malaltia o és un mecanisme de protecci6 de la cél'lula ha

estat un tema de discusi6 durant els ultims anys. (Figura 8).

S

Disease protein

Figura 8. S’han proposat mecanismes
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Abnormal conformation
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; S e » Protective 7
* @ C.M. 2004; Ross, C.A. 2004]

Inclusions

2.1. Taupaties

Les taupaties son el grup més comu de malalties neurodegeneratives. Al
1986, es va descriure la proteina tau, com el component majoritari dels
cabdells neurofibril-lars acumulats al citoplasma de les neurones degenerades
en AD (Kosik et al., 1986). Tot i aixi, no es va demostrar que podia participar
en l’etiologia de la malaltia, fins que es va identificar com una mutacio del gen
de la tau, produia la demeéncia frontotemporal amb parkinsonisme associada al
cromosoma 17 (DFTP-17) (Spillantini et al., 2000). En els ultims anys s’han
identificat 34 mutacions patogéniques del gen MAPT patologiques en 101
families en tot el mon.

Els cabdells neurofibrillars contenen la tau hiperfosforilada formant
parells helicoidals de filaments (en l’anglés PHF) que van substituint
progressivament el citoesquelet de la neurona i quedant acumulada en

agregats intracel'lulars (Grundke-Igbal et al., 1986).
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Figura 9. Neurona amb degeneracio neurofibril-lar.
Immunohistoquimica contra AT-8. La composicié dels
cabdells neurofibrillars és: ApoE, HSPG, ubiqtiitina,
proteina NF, sinaptofisina, MAC, bFGF, peptid f3-
amiloid i 3R/4R Tau. [HSPG, proteoglicans del tipus
heparan sulfat]

2.1.1. La proteina tau

La tau és una proteina associada a microtubuls que forma part del
citoesquelet de les neurones i és important en la neurogénesi. La seva funcié és
essencial en el transport axonal i esta regulada tant a nivell génic com a nivell
funcional. El control genetic, és a través de lexisténcia de 6 isoformes
expressades en el sistema nerviés adult, totes derivades d’un Unic gen. El gen
que codifica per la proteina tau s’anomena MAPT (110 Kb) esta localitzat al
cromosoma 17 en la posicié q21 (Neve et al. 1986). Aquest gen consta de 16
exons que generen 6 isoformes via splicing alternatiu a cervell (Andreadis et
al., 1995). Es poden classificar en funcié de l'abséncia o preséncia dels exons

2, 3110 (Sergeant et al., 2005).

A.
_ fBxons Aminoacids
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Figura 10. A. Estructura del gen huma MAPT. Les caixes negres
indiquen els exons codificants i les caixes blanques els no codificants. B. Les
6 isoformes de la proteina tau humana presents en el sistema nerivés d’un
adult es diferencien per la preséncia o absencia dels exons 2, 3 i 10.

[Adaptat de Uarticle Sergeant et al., 2005].
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La regulacié a nivell de proteina té lloc per fosforilaci6. En condicions
fisiologiques, tau es troba sota un equilibri constant que li permet unir-se i
desunir-se als microtubuls ciclicament, controlat per fosforilacio. Es coneixen
diferents cinases: la cinasa de la glicogen sintasa 3, de 'anglés GSK3; la cinasa
dependent de ciclina 5, de l'anglés CDKS5; les cinases regulada per senyals
extracel-lulars, de l'anglés ERK 1 i 2; la cinasa reguladora de l’afinitat pels
microtubuls, de 'anglés MARK. Per altra banda, hi ha diferents fosfatases com
PP1, PP2A, PP2B i PP2C que in vitro tenen la tau com a substrat. S’han descrit
alteracions d’expressio i localitzaci6 en les taupaties (Ferrer et al., 2001.a;
Ferrer et al., 2001.b).

2.1.2. El paper funcional de la tau

En el cervell huma la proteina tau forma una familia de sis isoformes
d’entre 352 i 441 aa (Figura 10) i el seu pes molecular és al voltant de 45 i
65kDa. Aquestes isoformes es diferencien en ’extrem N-terminal i per tenir 3 o
4 regions repetitives en 'extrem C-terminal per on s’uneixen a la tubulina dels
microtubuls. En condicions fisiologiques, la tau manté un estret equilibri entre
el seu estat fosforilat i no unit als microtubuls, i el no fosforilat i unit. En
condicions patologiques, la fosforilacié anormal de tau trenca aquest ’equilibri
dinamic, augmentant els nivells de tau a la fraccié citosolica (Ballatore et al.,
2007).En aquestes condicions, la tau no pot realitzar la seva funcio i es
desestructura el trafic vesicular axonal. Un model del paper de la tau en la

neurodegeneracio ha estat proposat per Dixit et al., 2008. (Figura 11).

Soma Sinapsi
cinesina cinesina
-\ unida Neurona sana desunida
N p—
N Tt
y;’.‘A —aa Dineina
s I unida

# cinesina no es

pot unir

. Neurona en Degeneracio
Baixa ~ Alta

Figura 11. Model del paper de Tau en la regulacié del transport axonal. En una
neurona sana, la proteina tau esta distribuida en gradient desde l'extrem proximal al
distal. Aquest fet permet el transport autoretrograd de la cinesina des de el cos cel-lular
a la sinapsi. A lextrem sinpatic, amb una major concentracid de tau, permet la
dissociacié de la cinesina i la unié de la dineina que permet el transport anterograt.

[Adaptat de l’article Dixit et al., 2008]
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El motiu pel qual la proteina tau comenca a tenir un comportament
toxic no es coneix. Mutacions en el gen de la tau, alteracions de l’equilibri
entre cinases i fosfatases (augment de les cinases depenents d’estrés oxidatiu)
o modificacions covalents que promoguin el canvi conformacional s6n possibles
causes que poden povocar laugment de la tau citosolica. El canvi
conformacional de la tau augmenta la concentracio de la forma no unida
dipositant-se en la neurona en forma de pre-cabdells (en anglés pretangle). En
un nivell d’agregacié major és quan s’observa l'estructura en lamina [ dels
filaments hiperfosforilats de tau i la formacio dels cabdells neurofibril-lars que
degeneren la neurona o NFT en anglés (Ballatore et al., 2007). Constantment
apareixen noves hipotesi per tal d’explicar el guany de funcié toxica de la tau.
En aquest sentit recentment s’ha proposat la possibilitat de que algunes

formes de ADf pugin ser transmisibles (Clavaguera et al., 2009).

2.1.3. La malatia de grans argirofils (AGD)

La malaltia de grans argirofils (AGD) és una taupatia esporadica
d’aparicio tardana. La principal marca histopatologica que presenta son uns
agregats de la proteina tau hiperfosforilada anomenats grans argirofils (GAs) en
el cortex entorrinal, hipocamp, amigdala i a la regi6é veina del cortex temporal
(Braak & Braak, 1987; Togo et al., 2002).

Desde que Braak i Braak, al 1987, van descriure per primera vegada la
AGD, ha estat en continua revisio per tal de cosiderar-la una entitat
independent o una lesio associada a altres malalties neurodegeneratives. Els
principals motius de controveérsia son: que els GAs acostumen a estar
associats a altres taupaties com AD, PiD, PSP, CBS, CJD i a-sinucleopaties
com PD i DLB i que un 30% no presenten deficit cognitiu (Grinberg et al.,
2009).

L’incidéncia és d’entre un 4 i 5% de la poblacidé general observant un
increment associat a lenvelliment. Sovint no és facil definir una
simptomatologia clarament associada a la AGD tot i que sembla, que els canvis
d’humor i els desequilibris emocionals i de personalitat, juntament amb
esporadiques pérdues de memoria son coincidents en la majoria dels pacients

(Ikeda et al., 2000).
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2.1.3.1. Caracteritiques neuropatologiques

La AGD deu el seu nom a la preséncia de grans argirofils tot i que
presenta altres alteracions. S’han descrit agregats de tau hiperfosforilat en
neurones (en forma de pre-cabdells neurofibril-lars i grans argirofils), astrocits
positius per tau i cossos d’inclusié en oligodendrocits. També s’ha descrit la
preséncia de neurones balonades que contenen acumuls de af-cristalina,
encara que es consideren lesions inespecifiques (Fujino et al., 2004, Ferrer et

al., 2008).

; - ] b e

 Els grans argirdfils deuen el seu nom a la

Sl e ‘ ~ potent coloraciéo que presenten amb la tincio de

. : iodur de plata de Gallyas. Aquests son petits

F g § (entre 4-8 micres) i localitzats a les dendrites i
| als arbres dendritics.

Fiét;ra 12. Grané arqirofils

La composiciéo bioquimica dels grans argirofils i de les neurones en
cabdells neurofibrillars és molt semblant. Amdos casos presenten la tau
hiperfosforilada i poliubiquiitinada co-localitzant amb p62/sequestrosoma, amb
una tau de menor pes molecular (o tau truncada), ubiquitina, una ubiquitina
mutada (UBB*!) i recentment s’ha descrit la localitzaci6 anomala de TDP-43
(Ferrer et al., 2008; Fujishiro et al., 2009).

L’origen d’aquests agregats prové, possiblement, de les neurones de
projeccio amb cabdells neurofibrillars del cortex entorrinal, la regio CAl
hipocampal, gir dentat i cortex temporal entre altres. S’han proposat dues
classificacions basades en la distribucio dels grans argirofils que estableixen

entre tres i quatre estadiatges (Ferrer et al., 2008; Saito et al., 2004).
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S L 1.4

Figura 13. 1. Cabdells neurofibrillars de tau hiperfosforilat en el = -'?'Q
citoplasma de les neurones. 2. Cossos d’inclusié 3. Astrocits positius per . .

tau 4. Neurones balonades.

Les neurones amb cabdells neurofibril-lars, no es diferencien de les que es

troben en AD i presenten una distribucio paral-lela als grans argirofils.

2.1.3.2. Etiologia

Tot i estar molt lluny de coneéixer l’etiologia de la malaltia sembla que

l'edat i l’estrés oxidatiu propi de l'envelliment tenen un paper capdal en la

AGD. Convergeixen cinc factors que poden tenir diferent grau d’importancia en

el desenvolupament de la patologia tot i que, ara per ara, no es coneix:

L’estrés oxidatiu indueix a les cinases d’estrés que provoquen
I'increment de la fosforilaci6é de tau (Ferrer et al., 2002, 2003).

La preséncia d’ubiqiiitina mutada (UBB*!) en els agregats suggereix un
mal funcionament del sistema del proteasoma (Fischer et al., 2003).

La proteina p62 s’agrega en els cabdells ja que té una gran afinitat amb
les cadenes d’ubiquitina. S’ha proposat que té un paper promovent
l'agregacio i traslladant les proteines poliubiquiiitinades cap al
proteasoma per la seva degradaciéo (Kuusisto et al., 2002; Ferrer et al.,
2008).

La preséncia de tau truncada en els agregats. Curiosament, la
sobrexpressio d’aquesta tau en rates produeix degeneracio
neurofibril-lar, suggerint un paper en la etiologia de la malaltia (Zilka et

al., 2006).
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- Els acumuls del factor de transcripcio TDP-43, tot i que encara no s’en

coneix el seu rol (Fujishiro et al., 2009).

2.1.3.3. Factors genétics

Els factors geneétics sembla que no son gaire rellevants ja que només
s’ha trobat una forma familiar de la malaltia. Es tracta d’'un cas amb un
fenotip semblant a la AGD associat a una mutacioé nova S3051 MAPT (Kovacs et
al., 2008). El principal factor de risc de AD, l’al'lel ApoE €4, no sembla tenir
relacio tot i que l’al'lel ApoE &2 sembla més freqlient que en casos AD

(Ghebremedhin et al., 1998).

2.2. a-sinucleinopaties

Les a-sinucleinopaties s6n un conjunt de malalties que es
caracteritzen per la preséncia de dipodsits anormals de proteines, anomenats
cossos de Lewy (Taula 3). Al 1993, la a-sinucleina va ser aillada com el
component no amiloideu (NAC) de les plaques senils de pacients amb la AD
(Ueda et al., 1993). Al 1997, van apareixer dos articles on identificaven aquesta
proteina com la responsable d'una PDf i com el component majoritari dels
cossos de Lewy (Polymeropoulos et al., 1997; Spillantini et al., 1997). A partir
d’aquests fets, la sinucleina va passar a ser la diana principal en l'estudi de

l’etiologia d’aquestes malalties.

2.2.1. La proteina a-sinucleina

L’ a-sinucleina pertany a una familia multigénica altament conservada.
Esta codificada en el gen SNCA o PARKI1 localitzat en la regi6 q21.3-q22 del
cromosoma 4. Aquesta familia la conformen dos proteines més: - (5q35) i y-
sinucleina (10g23), les quals han estat descrites només en vertebrats

(Spillantini et al., 1995).
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1 140

Domini hélixa d’unié a lipids de NAC (2) Domini acidic (3)

classe A (1)

Domini homologia 14-3-3 (4)
Y S Y Y

. Set seqtiéncies repetitives d’aa 125129 133 136

<7 . . . L1 de fosforilacio
(1) Quatre a-hélix responsables de les interaccions amb les proteines de membrana ocs de foslortiacio

(2) NAC, fragment que es trobaa les plaques senils
(3) Domini acidic, un C-terminal sense estructura secundaria
(4) Cinc a-helix responsables de les interaccions proteina-proteina

(5) Mutacions sense sentit als residus 30 (A30P) i 53 (A53T)

Figura 14. Estructura de la seqiiéncia d’aminoacids i possibles estructures
secundaries de la a-sinucleina [Adaptat de Uarticle Beyer, 2006]

L’ a-sinucleina és una proteina soluble, acidica i altament conservada de
140aa i 19Kda, sense una estructura secundaria tipica, localitzada
majoritariament als terminal presinaptics. La seva seqUiéncia d’aminoacids
conté set regions repetides dels aminoacids KTKEGV imperfectes, que
conformen les cinc heélix anfipatiques de l'extrem N-terminal (Figura 14). S’ha
especulat que pot estar associada a vesicules lipidiques (Figura 15). L’extrem
C-terminal roman sense estructura secundaria i és una regio acidica amb alt

contingut de glutamat.

Vesicules carregades a Figura 15. La segiencia N-terminal amb

negativament h°t . Uestructura a-helix i carregada
positivament, pot interaccionar amb la
vesicula. L’extrem  C-terminal no té
estructura secundaria i no interacciona
amb els lipids. [Adaptat del’article Jao,C.C.
20041

2.2.2. El paper funcional de U’a-sinucleina
Malgrat la possibilitat d’interaccionar amb les vesicules carregades
negativament, per ara, es considera una proteina sense una funcio definida.

L’estructura bioquimica de la sinucleina suggereix una forta capacitat
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d’interaccionar amb altres proteines tant perqué té dominis homolegs a la
xaperona 14-3-3 com perqué interactura amb nombroses proteines
relacionades amb la homeodstasi de la dopamina als terminals axonics. Una
d’aquestes és la fosfolipasa D2 que podria regular el contingut de la vesicula i
del magatzem de dopamina (Ueda et al., 1993; Ostrerova et al., 1999). En
ratolins amb la mutacié A3OP (Figura 14) i en pacients amb LBD s’ha descrit
que la sinucleina i Rab3a perden la seva interaccio. Les proteines Rab son
GTPases associades al transport de membrana, al trafic vesicular i la exocitosi
durant la sinapsi. Aixi, la peérdua d’interacci6 amb Rab3A suggereix un mal

funcionament de la neurotransmissioé (Dalfo et al., 2004; Dalfo & Ferrer, 2005).

El desencadenant del guany de funcié toxica de l’a-sinucleina no es
coneix. Per alguna rao, es trenca l'equilibri entre la forma anomala i la normal,
ja sigui per una mutacio en el gen SNCA, per una modificacio
postranscripcional o per altres motius. En aquest punt, la forma monomeérica
insoluble comenca a agregar i s’estabiliza a través de la conformaci6 de lamina
B, formant fibril'les d’alt pes molecular. Parallelament, el canvi de l’activitat
eléctrica de les neurones altera la unié de la sinucleina a les vesicules. El
truncatge, la fosforilacié de Ser129 i la nitracié a través de espécies reactives
de nitrogen augmenten la possibilitat de ’'agregacio. Aquest procés neurotoxic
pot alterar: el transport ER-golgi, les vesicules sinaptiques, mitocondris i
lisosomes tant perqué la sinucleina deixa de fer la seva funci6 com per

I’aparici6 de 'agregat intracel-lular.

2.2.3. Classificacio de les sinucleinopaties

La malaltia de Parkinson (PD), la deméncia de cossos de Lewy (LBD) i
I’atrofia multisistémica (MSA) son les patologies de major incidéncia en aquesta
familia (Taula 2). La PD i LBD presenten cossos de Lewy en el citoplasma
neuronal i les neurites de lewy. La seva distribucio és especifica ja que, en la
PD es localitzen en el tronc encefalic, mentre a la LBD estan repartits per totes
les regions cerebrals. Clinicament, la PD produeix alteracions del moviment i la
LBD, demeéncia. En canvi, en la MSA els agregats d’ a-sinucleina es troben en

inclusions glials citoplasmatiques (GCI).
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2.2.4. La malaltia de parkinson

El parkinsonisme és una alteraci6 motora que produeix bradicinésia,
hipocinésia, rigidesa i tremolor descrita per James Parkinson al 1817 com a
principal caracteristica de la paralisi agitans (Parkinson, 2002). El
parkinsonisme apareix com a simptoma de diverses malalties
neurodegeneratives com per exemple: PD, PSP, MSA, LBD, AD avancada.
També apareix en altres condicions: infeccions, intoxicacions i fenomens

postraumatics.

2.2.4.1. Caracteristiques neuropatologiques

La PD es caracteritza per la degeneracio del sistema nigro-estriatal
juntament amb neurones del locus coruleus, nucli dorsal del vagus, nucli del
rafe i Meynert. A més dels simptomes motors descrits, presenta simptomes no
motors com soén: deéficit olfactori, desordres del son, depressio, ansietat,
alteracié intestinal i disfunci6é eréctil. Aquests simptomes so6n prematurs i
estan associats a canvis patologics dels nuclis dorsals glossofaringis, nervis
vagals i anterior, nucli olfatori i eventualment acompanyat per canvis al
neocortex (Grinberg et al., 2009).

La degeneraci6 especifica d’aquesta via posa de manifest Ila
vulnerabilitat de les neurones de la via nigro-estriatal respecte a qualsevol
altre. Aquestes neurones son de projeccio, poc o gens mielinitzats (Hawkes et
al., 2009; Braak et al., 2004). La pérdua neuronal va acompanyada de tres

tipus d’inclusions: els cossos de Lewy, els cossos palids i les neurites de Lewy.

Figura 16. La composicié dels cossos de Levy
no es coneix completament, perd se sap que
estan formats per: a-sinucleina, tau, ubiqtiitina,
tubulina, MAPS, cdk5, proteines IF, af-
cristalina, proteina NF, UCHL-1, AB, APP,
Gelsolin, Rab3a, sinfilina i Cu/Zn SOD

Tanmatex, un 10% de persones majors de 60 anys presenten cossos de
Lewy sense simptomatologia. Aquesta afectaci6o s’ha considerat per Braak i
colaboradors, com un estadiatge preclinic de la PD i s’han classificat segons les
areas d’afectacio dels cossos de Lewy en sis estadiatges diferents. Clinicament

es considera PD els estadiatges 3 i 4 (Braak,H. 2004).
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Fase Fase

X X ) ) Neocortex primari i
presimptomitica simptomatica

secundari

Neocortex

Mesocortex
talem

Llinda + Subtancia Nigra Figura 17. A. Estadiatge
i amigdala presimptomatic i simptomatic de la
MP. La intensitat del color indica
un incremnet en la severitat de la
Nucli dorsal patologia. B. El diagrama mostra
L la progressio de la patologia.

[Adaptat de Braak,H. 2004]
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Aquest diagrama (Figura 17.B) suggereix que la patologia comenca al
plexe gastric autonom de Meynert i al final del nervi olfactori seguint les vies
nervioses des de la regi6 inferior del tronc encefalic fins la part més rostral
afectant a als ganglis basals, en concret a la substancia nigra pars compacta
(SNPc). Recentment Braak H i els seus collaboradors han proposat una
hipotesi sobre la etiologia de la PD. Aquesta teoria anomenada teoria dual o
“dual hit” es basa en que un patogen desconegut podria utilitzar tan el nas
com els intestins com a porta d’entrada al sistema nerviés (Hawkes et al.,

2009).

2.2.4.2. Factor genétics

En els ultims anys s’han descrit gens responsables de formes familiars
de la MP. El primer gen identificat va ser el SNCA o PARK1 (4g21-22) que
codifica per la a-sinucleina i on s’ha identificat tres mutacions patogéniques
(A30P, E476K i AS53T) a més de duplicacions i triplicacions (Figura 14).
Juntament amb el SNCA dos gens més estan relacionats amb mutacions
autosomiques dominants amb preséncia de cossos de Lewy: el gen dardarina o
LRRK 2 (cinasa rica en leucina 2) (PARK 8) (Hernandez et al., 2005) i una
glucocerebrosidasa o GBA (1g21)(Goker-Alpan et al., 2008). Alguns pacients
que presenten mutacions en l’a-sinucleina, LRRK-2 o GBA, son indistingibles
dels malalts de parkinson ideopatic en el diagnostic histopatologic postmortem.
Per altra banda, hi ha mutacions de pérdua de funcidé associades amb el
parkinsonisme sense preséncia de cossos de Lewy: en el gen DJ-1 (PARK?7)
(Kitada et al., 1998), en la quinasa mitocondrial induida per PTEN (PINK1)
(Gosal et al., 2006), en la ubiquitina lligasa o parkina (PRKN o PARK2), i en

25



III. Introduccio

ATP13A2. Aquestes mutacions son responsables duna forma autosomica

recessiva de parkinsonisme precoc (Lees et al., 2009)(Taula 3).

Histopatologia Tipus de mutacio
Parkina Degeneracié de la Substancia Nigra Mutacio recessiva
perd sense preséncia de cossos de Lewy

PINK sense cossos de Lewy Mutaci6 recessiva

DJ-1 sense cossos de Lewy Mutacio recessiva

ATP132A2 sense cossos de Lewy Mutacio recessiva
Mutacions Dominants i

sinucleina Cossos de Lewy Duplicacions

LRRK2 Cossos de Lewy Mutacions Dominants

Taula 3. Gens associats al Parkinsonisme. [Adaptat de Uarticle Lees,A.J. 2009]

2.2.4.3. Etiologia

Encara que el PD es considera un desordre esporadic s’han descrit
algunes causes mediambientals com per exemple, la neurotoxina MPTP (1-metil-
4-fenil-1,2,3 ,6 -tetrahidropiridina) i els pesticides com la rotenona, que entre
altres, poden causar una clinica similar (Langston et al.,1983). Ambdoés
compostos alteren la cadena respiratoria mitocondrial i produeixen la mort de
les neurones de la substancia nigra. El factor de risc principal per al parkinson
idiopatic continua sent l’envelliment i la major consequiéncia clinica la

bradicineésia.

2.2.4.4. Els ganglis basals i el moviment

Els ganglis basals son un conjunt de nuclis altament interconectats que
s’associen amb el control dels moviments involuntaris que han estat
préviament apresos. Els ganglis els conformen: el nucli estriat (caudat i
putamen), la substancia nigra (pars reticulata, SNPr i pars compacta, SNPc), el
globus pallid (intern, Gpi i extern, Gpe) i el nucli subtalamic (NST). El nucli

estriat és la principal porta d’entrada del circuit dels ganglis basals.
En el nucli estriat, hi ha dos poblacions de neurones gabaérgiques

d’acord amb el patré d’expressio peptidica: neurones que expressen encefalina

i neurones que expressen dineina. Aquestes dos poblacions neuronals
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delimiten la conexid cortical amb els ganglis a través de dos vies: la via directa,
que indueix moviment i la indirecta, que linhibeix. El circuit controla el
moviment a través de dos vies: la via indirecta (estriat, GPe, NST i GPi) i la via
directa (estriat, SNPc i Gpi). Es l’equilibri entre aquestes vies el responsable
dels desordres motors. Com s’observa en la Figura 18, la desaparicio
d’aproximadament un 60% de les neurones de la SNPc produeix hiperactivitat
del Gpi i el NST augmentant la senyal gabaérgica cap a les zones talamiques i
en consequéncia corticals, produint hipocinésia (Figura 18) (Schwarzschild et
al., 2006).

A. CORTEX FRONTAL B. CORTEX FRONTAL

ESTRIAT

e 1 dopaminergiques

mmmmmm  -gabacrgiques

s 0 -glutamateérgiques

NST

GPi

TALEM TALEM

Figura 18. Diagrama anatomic on es relacionen els nuclis dels ganglis basals
responsables del control motor. El circuit controla el moviment a través de dos vies: la
via indirecta (estriat, GPe, NST i GPi) i la via directa (estriat, SNPc i Gpi). A. En
condicions normals, les vies dopaminérgiques tenen un efecte inhibitori de la via
indirecta cosa que permet el moviment B. La disminucié de dopamina, disminueix la
via directa i augmenta la via indirecta. Aquest desequilibri, produeix una inhibicié de
les vies talamiques i en consegiiencia, de les corticals que provoquen una reducccié del

moviment. [Adapatacic de 'article Schwarzschild, M.A. 2006]

2.2.4.5. Ganglis basals i el receptor d’adenosina Az, (Az2aR)

El nucli estriat dels ganglis basals el conformen en un 90%, neurones de
projeccio gabaérgiques amb alta densitat d’espines dendritiques. Aquestes

neurones reben informaciéo per dos vies aferents principals: les neurones
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glutamatergiques, que provenen del cortex frontal, nucli talamic i sistema
limbic i les neurones dopaminergiques, que provenen de la SNPc a la PD i area
tegmental ventral (ATV)(Figura 19.A). Amboés vies convergeixen, juntament
amb els terminals colinérgics i les interneurones gabaérgiques en les espines
dendritiques. Els botons glutamatérgics interaccionen per la part apical de
I'espina i les vies dopamineérgiques i colinérgiques ho fan al coll on la seva
funcio és modular la senyal glutamatergica (Figura 19.A).

L’adenosina és un altre neuromodulador important de les sinapsis
glutamatergiques de l'estriat a través els seus receptors distribuits tant en les
neurones presinaptiques com postsinaptiques. El mecanisme de modulacio
adenosinérgica és diferent a la modulacio dopamineérgica. Mentre la dopamina
és un neurotransmissor que depén de limpuls sinaptic, I’'adenosina és un
neuromodulador local producte de la propia funcié estriatal. EI receptor AR,
esta especificament localitzat en les neurones encefalinérgiques estriatals,
responsables de la via indirecta. Aquest receptor exerceix una funcio
antagonista sobre el receptor de dopamina 2 (D2R) i el receptor AR i
sinergistica sobre el receptor metabotropic de glutamat 5 (mGIluSR) (Ferre et
al., 2002 , 2005). En les neurones presinaptiques es formen els heteromers
AiR, AoaR, i mGIuRS per tal de controlar Iimpuls glutamatérgic i, a les
neurones postsinaptiques trobem els heteromers DR, AsaR, i mGIluSR, per tal
de modular l’'activacio gabaérgica (Figura 19.B).

Des de un punt de vista funcional, entendre el paper del AzaR en els
heterodimers  postsinaptics 1 presinaptics de la neurotransmisio
glutamatergica, permet conéixer quin paper juga el receptor en les patologies
associades als ganglis basals. En condicions fisiologiques, la concentracio
d’adenosina extracel'lular és baixa, probablement a causa d'una baixa
estimulacié cortical. En aquestes condicions, s’activa el receptor AR de la
neurona presinaptica reduint l’exocitosi del glutamat i en la postsinaptica, el
receptor DR es manté actiu. En canvi, davant dun fort estimul exitatori,
presinapticament, el receptor AsR s’activa facilitant [Dalliberament
glutamatergic i postsinapticament produeix una forta inhibicié del receptor
DoR. El AsaR té un paper en el control de les sinapsis glutamateérgiques durant
periodes de forta exitaci6 activant mescanismes que intervenen en exitabilitat
neuronal i la plasticitat sinaptica a través dels canvis de l’expressido génica

(Figura 19. Ci D).
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C. A baixa concentracis
d’adenosina

B. D. A alta concentracis
A _ d’adenosina
1 Asa mGluS -~
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Figura 19. A. Esquema de les aferéncies de les espines dendritiques de les neurones
gabaérgiques B. Heterodimers de A2aR en la sinapsis estriatal. L'activacio d’Az2aR
inhibeix D2R 1 Ai:R C. A baixes concentracions d’adenosina, A:R actua
predominantment evitant l'entrada de Ca*? i l'alliberament de la vesicula sinaptica. D.
En canvi, si la concentracio d’adenosina al medi augmenta, a nivell presinaptic
s’insensibilitza el AiR i s’activant el receptor AzaR,, que permet l'entrada de Ca*? i
l'alliberament de la vesicula. L’augment de glutamat en el terminal indueix a nivell
postsinaptic una activaciéo del receptor A2aR, el qual inhibeix la senyal dopaminergica
[Adaptat de Uarticle Schiffmann,S.N. 2007 |

2.2.4.6. Terapia

La terapia de reemplacament de dopamina pel seu precursor, la L-Dopa,
és la més efectiva pels primers simptomes motors de la PD. Malgrat aixo, a
partir dels dos anys de tractament, els pacients poden desenvolupar
discineésies i fluctuacions motores en resposta a la dosi de L-Dopa (Obeso et
al., 2000). La ra6 per qual apareixen aquests efectes secundandaris no es
coneix. S’ha suggerint que la pérdua de terminals, les fluctuacions de levodopa
en el plasma i l'estimulacié pulsatil, indueixen canvis d’expressio génica a
nivell postsinaptic. Aquests canvis, resulten en una alteracido de les vies de
comunicacio neuronals produint discinésies (Olanow & Obeso, 2000). A més,
s’ha descrit un augment de l’expressio del AaR en pacientes de PD que

presenten discinésia com consequiéncia del tractament amb L-Dopa. Aquest
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increment d’expressio es tradueix amb una major inhibicié del receptor D;R
(Calon et al., 2004; Varani et al., 2009).

Per tal d’evitar els efectes secundaris d’aquest tractament, s’han
desenvolupat terapies no-dopaminérgiques alternatives. En aquesta direccio,
estudis preclinics recents, utilitzant antagonistes selectius dels AaR permeten
una millora del tremor, redueixen el progrés de la neurodegeneracio i la
desensibilitzacio derivada del tractament amb L-Dopa (Chase et al., 2003;
Bara-Jimenez et al., 2003; Pinna et al., 2007; Lewitt et al., 2008; Simola et al.,
2008). Els antagonistes de 1’ A,aR han demostrat efectes tant en el tractament

combinat com per si sols (Aoyama et al., 2000).

3. LA REGULACIO TRANSCRIPCIONAL

3.1. L’organitzacio de la cromatina

Els eucariotes superiors organitzen la informacié genética en 23 parells
de cromosomes que contenen aproximadament 25.000 gens. La molécula
d’ADN té aproximadament dos metres i es troba compactada unes 10.000
vegades dins del nucli cel'lular. Aquest ADN esta protegir per una coverta
proteica formada per histones que, a més, li permeten empaquetar-se formant
la cromatina. La unitat funcional de la cromatina s’anomena: nucleosoma
(Kornberg et al., 1974). Cada nucleosoma esta format per un octamer
d’histones (amb dos unitats de cada histona H2A, H2B, H3 i H4) al voltant de
les quals es disposen 147 parells de bases d’ADN que doénen 1,67 voltes
superhelicoidals levogires. La suma de 'octamer d’histones i ’ADN conformen
la particula core del nucleosoma (Figura 23)(Luger et al., 1997; J. O. Thomas
& Kornberg, 1975; Richmond & Davey, 2003). El nucleosoma el completa un
fragment d’ADN de longitud variable d’entre 10 i 90 parells de bases d’ADN que
conecta cada particula de core amb les demés. La consecusié dels nucleosomes
dona lloc a una fibra polinucleosomal duns 10nm de diametre. Aquesta
cadena es plega sobre si mateixa per donar lloc a una estructura d'uns 30nm
de diametre que s’estabilitza per la histona H1l. La fibra de cromatina
s’estructura en una série de bucles o nanses superenrotllades, que
s’estabilitzen al interaccionar amb les proteines de la matriu nuclear. La fibra
de 30nm, adopta un grau major d’empaquetament al voltant dun eix que
segueix un model en zig-zag (o de 'anglés two-start hélix) en comptes de fer-ho

al voltant d’un eix axial o solenoid (Figura 20) (Dorigo et al., 2004).
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U]

Figura 20. a. La doble cadena d’ADN b.

Fibra polinucleosomal de 10nm c. La fibra
de 10nm s’enrotlla al voltant d’un eix

formant una fibra de 30nm d. Cada bucle
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de cromatina representa un domini
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s’estabilitzen gracies a la interacci6 amb

les proteines de la matriu nuclear. e. La
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f o0 m condensacio, els cromosomes.

La cromatina apareix molt aviat en l'evolucié per tal de solucionar els
problemes dels eucariotes per empaquetar ’ADN dins al nucli (Slesarev et al.,
1998). Historicament, la cromatina ha estat classificada entre heterocromatina,
altament compactada i silent, i eucromatina descondensada i
transcripcionalment activa. Actualment es considera que la cromatina és una
macromolécula dinamica que pot assumir un alt nombre de conformacions i
on tenen lloc simultaniament multitd de processos com: la replicacio, la
reparacié del dany, la formacié del cinetocor, els centromers, els telomers, la
regulacio transcripcional entre altres.

EUCROMATINA HETEROCROMATINA

messenger RNA =~
M

EEEE———— gene N <=5+ v e -2 e —

Modificacio L e
d’histones Factors modeladors ARN no codificants =~ _

o Modificacio
Factors de transcripcié Metilacié de 'ADN d’histones

nucleoso%
~remodeling )

ADN inaccessible ala
maquinaria

ADN accesible ala
maquinaria
Figura 21. Diferencies estructurals i funcionals entre la heterocromatina 1
eucromatina. Adaptat del llibre Epigenetics, CSHL, 2007

La cromatina confereix un estructura altament organitzada que permet ser
interpretada per la maquinaria transcripcional. Aquesta organitzacido esta

formada per diferents components:
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- Modificacio postraduccional de les histones. Cada histona que
conforma el core té en el seu extrem amino terminal una regié que sobresurt de
l'estructura del nucleosoma anomenada la cua de la histona (Figura 23).
Aquesta regio esta sotmesa a tot tipus de modificacions postraduccionals com
fosforilacio, acetilacid, metilacio, entre altres controlant el grau de compactacio
de la cromatina (Figura 21) (Jenuwein & Allis, 2001; Zhang & Reinberg,
2001).

- La posicio del nucleosoma. El core dels nucleosomes té certa
flexibilitat de desplacament al voltant de la regi6o de ’ADN que l'envolta. Canvis
en la composicio del nucleosoma poden permetre que I’ADN es separi del core
augmentant l’accessibilitat de la regi6 a la maquinaria transcripcional. Les
cel'lules disposen de mecanismes enzimatics dependents d’ATP (per exemple
SWI/SFI) que li permeten remodelar l’estructura del nucleosoma (Becker &
Horz, 2002; Lin et al., 2007). La seva distribucié al llarg de la seqiiéncia no és
aleatoria sindé que es concentren en les regions exoniques. En canvi, en les
regions reguladores de 1’splicing tenen una distribucio més flexible suggerint
un paper en el control de les isoformes (Tilgner et al., 2009).

- La metilacio de VADN. L’addici6 d'un grup metil en la posicié C5 dels
residus de citosina dels dinucleotids CpG, es considera un dels mecanismes
epigenetics més importants en el silenciament de l'expressio génica. Aquesta
modificacié permet estabilitzar la molécula d’ADN, defensar-la d’atacs de
seqUiéncies exogenes, interaccionar amb la bastida nuclear i el silenciament de
I'expressio de certs gens (Ehrlich et al., 1982; Espada & Esteller, 2007; Keshet
et al., 1986)

- Les variants de les histones, son histones (H3.3, H2AZ o H2A.X) que
s’incorporen de forma independent a la replicacio. Per exemple, les variants de
la histona H2A, que son H2AX i H2AZ, s’incorporen i es fosforilen quan hi ha
lesions en la doble cadena de ’ADN remodelant la conformacié del nucleosoma
(Ahmad & Henikoff, 2002; Smith et al., 2002).

- L’ARN d’interferéncia (ARNi). Son fragments d’ARN no codificant amb
una sequéncia complementaria a la diana d’entre 21-30 nucletotids. Aquests
ARNs participen en diferents processos: en el manteniment i formacié dels
estats de l’heterocromatina en llevats; en mamifers, en limprinting, en els

mecanismes de compensaciéo de dosi (cromosoma X) i en el silenciament de
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l'expressio génica (Hall et al., 2002; Panning & Jaenisch, 1998; Rougeulle &
Heard, 2002; Tufarelli et al., 2003).

- L’arquitectura nuclear. La cromatina té una morfologia i funcio
heterogénia organitzada a través dels seus compartiments subnuclears. Els
principals son: els territoris cromosomics, on es concentra una alta densitat
génica i, els cossos nuclears, on hi predomina la composicié dun tipus de
proteina. En sén un exemple, el nucleol que és una regi6 de sintesi de
ribosomes i els cossos de cajal, regio d’ensamblament de snRNP. Els factors de
transcripcié poden quedar segrestats en aquestes regions i quedar a disposicio
de la maquinaria transcripcional (Cremer & Cremer, 2001; Isogai & Tjian,
2003; Espada & Esteller, 2007).

L’alt grau d’empaquetament de la cromatina fa inaccessible 'ADN a la
maquinaria de transcripcio i per tant, és una estructura essencialment
repressora. Aixi doncs, l'expressioé génica necessita de la col-laboracié dels
mecanismes reguladors de la cromatina, dels enzims efectors i reguladors i
dels factors de transcripcio. La sinérgia de tots aquests elements és el que
permet formar el complex proteic capac¢ de regular de forma precisa l'expressio

d’un gen.

3.2. Epigenéetica

El terme epigenética classicament es defineix com els canvis
heredables a través de divisions mitotiques i meidtiques que afecten a
I’expressio geénica sense alterar el codi genétic (Riggs, 1975). La definici6 del
terme ha estat en constant revisi6. L’existéncia de modificacions epigenétiques
transitories i I'ambigtiitat del terme “heredable” fan necessaria una definicio
menys restrictiva del terme. Per aquests motius, A. Bird (A. Bird, 2007), ha
proposat una definici6 més laxa on s’anomena epigenética a: “l’adaptacio
estructural de les regions cromosomiques per registrar, senyalitzar i perpetuar
els estats alterats d’activitat”, és a dir, ’estudi dels mecanismes de regulacio
que controlen la cromatina.

L’epigénetica va comencar a surgir com el component que permetia
explicar les diferéncies interindividuals més enlla de la seqiiéncia de ’ADN i la
influéncia de l’ambient. Han estat fonamentals els estudis amb individus

geneticament idéntics com: els animals estabulats, que ho han estat durant
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moltes generacions i es consideren isogenics; els estudis amb bessons
monozigotics (MZ), que soén clons naturals i els bessons dizigotics (DZ), que
provenen de dos ovuls fecundats separadament.

Al 1990, Gartner va demostrar que 'ambient nomeés justificava un 20%
de la dispercio que trobava en variables com el pes de 'animal i el tamany del
ronyo en les seves soques de ratolins estabulats. Gracies al diseny dun
conjunt d’experiments, Gartner va anar aillant el component responsable de
l'aleatorietat, restringint les variables ambientals com l’ambient uteri i
I'ambient postnatal. Aquests experiments, van demostrar que un 80% de les
diferéncies fenotipiques que detectava no es podien explicar amb el model
classic de gens/ambient. Gartner suggeria l'existéncia d'un tercer component
que introduia variabilitat al sistema (Baunack et al., 1984; Gartner et al.,
1990).

Per altra banda, els estudis amb bessons MZ i DZ s6n una de les eines
que s’utilitzen per establir la possible base genética d'un caracter. La
discordancia entre MZ ha estat fins ara, associada només a l'ambient. El
treball de Fraga M, al 2005, ha posat en evidéncia que patrons epigenétics
(distribucio de la metilacio i acetilacio) de bessons MZ joves van divergint en
funcio de l’edat. Per tant, existeix una maquinaria bioquimica que és sensible a
les variacions de l'ambient i pot modificar el control de l'expressioé génica: el
component epigenétic o epigenoma (Fraga et al., 2005; Wong et al., 2005).

L’envelliment produeix canvis no en la sequéncia d’ADN siné en
I’epigenoma que la controla. Des de fa temps es coneix que hi ha una pérdua
de metilaci6 a mesura que avanca l'edat. Aquest fet s’ha demostrat in vitro, en
cultius de fibroblast (Wilson & Jones, 1983), en animals estabulats (Wilson et
al., 1987) i recentment, en els besons MZ (Fraga et al., 2005). Tot i aixi, sembla
que la hipometilacio afecta més a les zones repetitives com els elements
transposables (Barbot et al., 2002; Bestor & Tycko, 1996; Fraga et al., 2005).
Aquest fet, s’ha confirmat a través de l’estudi de Eckhart 2006. En aquest
treball s’ha descrit que nomeés un 17% dels 876 gens analitzats modifiquen la
metilacio en 'extem 5'UTR, i només una tercera part, ho reflecteixen a nivell de
proteina. Aquestes dades suggereixen que la metilacié ontogénica sobre les
regions géniques és més estable del que s’esperava (Eckhardt et al., 2006). Hi
ha canvis de metilacié de gens especifics : s’ha observat I’hipermetilacié de gens
en funcio de 'edat, com per exemple: el receptor dels estrogens, el gen IGF i el

MYOD, que és practicament indetectable de joves i comenca a expressar-se
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amb l’edat (Issa et al., 1994, 2000). A més, s’han descrit casos on alteracions
de la dieta per falta de grups folat, produeix inestabilitat cromosomica, defectes
en el tub neural i hipometilacio genomica. Aquesta pédua de grups metil pot
produir un augment del cancer de fetge per hipometilacié de c-ras, c-myc i c-
fos (Blount et al., 1997; Dizik et al., 1991; Jacob, 1999). Poc a poc es va
demostrant que no només la dieta pot afectar a la maquinaria epigenética sin6
també el comportament matern i el tabac entre altres (von Zeidler et al., 2004;
Weaver et al., 2004).

Les principals sistemes epigenétics que controlen l'expressié d'un gen
son quatre: la metilacio de I’ADN, la modificacio de les histones, els ARN

d’interferéncia i la posicié dels nucleosomes (Figura 22).

Figura 22. La modificacio d’histones, el

patré de metilacio de I’ADN, l'accié dels

T,

[ |
\._Herftable sllencing ./

ARN d’interferencia i la posicio dels

N

nucleosomes permeten el silenciament

genic. [Adaptat de Egger,G. 2004]

Aquesta tesi es centrara en la metilacié de I’ADN i el paper dels factors

de transcripcio en la regulacié transcripcional.

3.2.1. La modificacié d’histones

Les histones soOn proteines altament conservades. S’han descrit
proteines equivalents en el regne dels Arquebacteris, on no només tenen funcio
d’empaquetament sin6é també intervenen en la regulacio génica (Dinger et al.,
2000). Les histones son proteines petites i basiques formades per dos dominis
funcionals: un domini globular i flexile, i una regié poc estructurada
anomenada “la cua de la histona” que sobresurt de la superficie del
nucleosoma (Figura 23). Al formar l'octamer, les histones en el core
comparteixen un motiu estructural molt conservat anomenat histone fold,
d’aproximadament 65 aa. L’histone fold esta format per tres a-hélix que li

permeten estabilitzar el nucleosoma (Luger et al., 1997).
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Figura 23. Estructura del
nucleosoma (a Uesquerra) Model
A de l’estructura del nucleosoma.
(A la dreta) Representacié de
lorganitzacié del nucleosoma.

S’observen el domini globular i la

cua de cada histona. Adaptat del
llibre Epigenetics, CSHL, 2007.

Els extrems N-terminals so6n extremadament basics a causa de la
proporcio de lisines i arginines. Sobre aquesta regio tenen lloc la majoria de
modificacions postraduccionals essencials per la regulacié de l'estructura de la
cromatina i la seva funci6 (Jenuwein & Allis, 2001). S’han identificat i
caracteritzat diferents tipus de modificacions covalents com son: fosforilacio,
ubiquitinitzacio, sumoilacié, ADP-ribosilacio, biotinilacié6 i la isomeritzacio de la
prolina. Aquestes acostument a tenir lloc en residus concrets i en diferents

combinacions com s’observa a la Figura 24.
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Figura 24. Llocs principals de modificacié de la cua de les histones. En general les
marques verdes son activadores i, les vermelles, repressores. Adaptat del llibre

Epigenetics, CSHL, 2007.

Al 2000, Strahl, BD i els seus col'laboradors van postular ’hipotesi del
codi de les histones (Strahl & Allis, 2000). Aquesta hipotesi proposa que les
modificacions que es donen sobre les histones son reconegudes per un sistema
de proteines que interpreten el codi i d’altres que l’escriuen. Per exemple,
modificacions com l’acetilaci6 es relacionen amb la activacié transcripcional.

Curiosament, la metilacio de la lisina 36 de la histona 3 (H3K36) té un efecte
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positiu sobre la transcripcido si es troba en regions codificants i un efecte

negatiu si es troba en regions promotores (Vakoc et al., 2005).

3.2.1.1. L’acetilacié de les histones

L’acetilacio és una modificacié reversible que té lloc sobre els residus de
les lisines (K) de les cues de les histones. Aquesta modificacié esta associada a
la reparacio de I’ADN i a regions transcripcionalment actives (Qin et al., 2002;
Roh et al., 2005). Les K acetilades neutralitzen les carregues negatives de
I’ADN afeblint la relaciéo entre l’histona i ’ADN o linteracci6 nucleosoma-
nucleosoma, fent accesible a la regio als factors de transcripcio (Fletcher &
Hansen, 1995; Norton et al., 1989; Steger & Workman, 1996).

Els enzims responsables de l’acetilacio i la desacetilacio dels residus de
lisina son: histones acetiltransferases (HAT, Histone acetyltranferase) que
transfereixen els grups acetil de l’'acetil-coenzim A a un grup es-amino de la
lisina i les histones deacetilases (HDAC, Histone Deacetylase), que eliminen els
grups acetil. Les HAT tenen com a substrat tant histones com factors de
transcripcié relacionats amb linici de transcripcio. Es classifiquen en tres
families: GNAT, MYST i CBP/p300 en funci6é de la homologia de la seqtiéncia i
els motius acetil-transferasa (Sterner & Berger, 2000). Per altra banda, les
HDAC atenuen el procés de transcripcio deacetilant cada lloc en particular.
Aquests enzims es classifiquen en dos categories: les de tipus I (HDC 1, 2, 3 i
8) que regulen la seva activitat per la col-laboraci6 amb altres proteines; les de
tipus II (HDAC 4, 5, 6, 7 i 9) que es regulen via la subcompartimentacio
cel'lular. A més, el sistema HAT-HDAC s’ha proposat com un mecanisme
associat a llocs especifics de replicacié i reparacido de ’ADN. En condicions
normals hi ha un equilibri entre les HAT/HDAC. Pero en situacions de
neurodegeneracio, s’ha descrit una pérdua generalitzada d’acetilacio a les
histones com a consequiéncia de la pérdua de especifiques HAT. Aquest fet pot
produir el col'lapse de la cromatina, impedint que els factors de transcripcio
entrin en contacte amb I’ADN. Per exemple: factors com CREB i NF-kB
necessiten grups acetil per dur a terme la seva funci6 (Anne-Laurence et al.,

2007).
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3.2.1.2. La metilacio de les histones

La metilacio és una modificacié que pot ser reversible i té lloc sobre les
lisines (K) i arginines (R). El residu pot estar mono-, di- o tri- metilat i el seu
efecte depén tant del tipus d’aminoacid modificat com del grau de metilacio.
Aquest tipus de modificacio ha estat relacionada en la regulacié transcripcional
i en la compactacié de ’heterocromatina.

S’han  descrit diferents lisines metiltransferases i arginina
metiltransferases classificades en funcié6 de I’homologia de sequiéncia. Les
principals posicions han estat: histona H3 (K4, K9, K27 i K79), la H4(K20) i la
H2BKS (Kouzarides et al., 2002). Seguint la teoria del codi de les histones,
s’han observat certes modificacions associades a posicions activadores o
repressores: la monometilacié de H3K27, H3K9, H4K20, H3K79 i H2BKS esta
relacionada amb l’activacio geénica i per altra banda, trimetilacions de H3K27,
H3K9 i H3K79 amb la repressio (Barski et al., 2007). Per exemple, H3K9 esta

relacionada amb el silenciament de la heterocromatina (Bannister et al., 2001).

3.2.2. La metilacio6 de ’ADN

La metilaci6 de ’ADN és ’addicié d'un grup metil en la posicio C5 en els
dinucleotids de CpG del genoma (Ehrlich et al., 1982). Evolutivament, la
metilacié6 de ’ADN és un mecanisme forca conservat, tot i que varia la seva
funcio en cada organisme. En procariotes, la metilacio té lloc en el C5 de
l’'adenina i actua com a mecanisme de defenca contra bacteris invasors. En
els eucariotes la metilacio és heterogénia: en plantes i fongs filamentosos, es
produeix exclusivament sobre els transposons 1 sequeéncies repetitives
simétriques CpG i CpNpG (on N es cualsevol nucleotid) o asimétriques CpHpH
(on H és C, Ao T) (A. Bird, 2002). En mamifers, en canvi, la metilacié es troba
repartida per tot el genoma afectant a un 70-80% dels dinucleotids CpG. La
distribucié dels CpG metilats mostra un enriquiment en les regions no
codificants i sobre els transposons i una falta de metilacié sobre les illes CpG.
La metilacio de '’ADN té diferents funcions fisiologiques importants com soén
(Ehrlich et al., 1982):

- Control de dosi génica. Els mamifers, per ser diploids, contenen dos
dotacions géniques una d’origen patern i una altre matern. Per la
majoria de gens les dues copies son funcionals pero, hi ha una centena
de gens que només utilitza un dels allels parentals que conté.

Limprinting és el mecanisme de control de la dosi de l'expressio
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d’aquests gens. També ocorre en la condensacio del cromosoma X per
part de les dones (Falls et al., 1999; Straub & Becker, 2007).

L’ estabilitzacio cromosomica. La metilacio de ’ADN esta enriquida
en les regions no codificants, com les regions centromeriques i sobre els
transposons, per evitar la desestabilitzacio cromosomica. El
silenciament de seqUéncies endopardsites prevenen a la céllula de
l'activaci6 de gens que poden desencadenar tumors (A. P. Bird, 1986;
Yoder et al., 1997;Walsh et al. 1998).

El control de la memoria cel-lular. El grup de proteines del complex
del Polycomb/trithorax en Drosophila i la metilaci6 de I'’ADN en
mamifers han estat sistemes que s’han succeit al llarg de 1’evolucio.
L’objectiu ha estat el manteniment de la memoria cellular, és a dir,
matenir un mateix patré de metilaci6 en un mateix llinatge cellular
(Birchler et al., 2000; A. Bird, 2002).

Control de l'expressio genica. En el genoma huma la proporcié i
distribucié de dinucleotids CpG no és aleatoria. Com a conseqiiéncia
d'un procés espontani de desaminaci6 de I’ADN, els dinucleotids
metilats CpG redueixen la seva proporcio i els no metilats s’enriqueixen
(Figura 25). Les regions amb alta freqiiéncia de dinucleotids CpG
s’anomenen illes CpG. Aquestes son regions al voltant de 500 parells de
bases amb un contingut de GC d’aproximadament un 55% i no estan
metilades a diferéncia de la resta de '’ADN. Han estat conservades
durant l'evoluci6é. Aquestes illes es situen en regions promotores al
voltant d’'un 40% dels gens dels mamifers i, si es metilen, causen el
silenciament de l’expressio del gen (Takai & Jones, 2002;Gardiner-

Garden & Frommer, 1987).

NH, (o} Figura 25. Deaminacio: Procés

N H:0 NH, HN CH, de mutacié espontani on una
c%\ | NS OA\ | citosina metilada resulta en una
deamination timidina, i una citosina en un
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5-metilcitosina Timidina reparacié de UADN no reconeix
l'uridina com a propia i la

NH, repara, no aixi amb la timidina.

P H.O NH, o Les regions no metilades

N | \ NH acumulen  dinuclectids  CpG
C%\ deamination | A mentre que les metilades

| N9 disminueixen la seva fregiiéncia
Citosina Uridina e dinucleotids CpG. Adaptat del

llibre Epigenetics, CSHL, 2007
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3.2.2.1. DNMT (ADN metiltransferases)

Les DNMT son els enzims encarregats de mantenir el patré6 de metilacio
en les diferents divisions cel'lulars. Aquests enzims catalitzen la transferéncia
de grups metils des de la S-adenosil-L-metionina (SAM) fins a la posici6é 5 de la
citosina. La familia de les DNMT esta formada per S5 proteines: DNMT]I,
DNMT2, DNMT3a i la DNMT3b i les DNMT3 anomenat DNMT3L (de DNMT3
like). Esta establert que les DNMT3a i la DNMT3b so6n les responsables de la
metilacié6 de novo durant etapes tempranes del desenvolupament. Per altra
banda, la DNMT1 és responsable del manteniment del patro d’expressio
durant les divisions de les cél'lules somatiques (Hendrich & Bird, 2000). La
pérdua de l’habilitat de mantenir la metilaci6 genera diferents malalties com
ICF (Immunodeficiencia per inestabilitat centromeérica) i abnormalitats facials.
La metilacio aberrant de novo sobre regions concretes dels promotors d’alguns
gens altera el patr6 'expressio en estadiatges primerencs en la carcinogenesi

(A. Bird, 2002; P. A. Jones & Baylin, 2002).

3.2.2.2. Proteines d’unié a VPADN metilat

La sequéncia metilada de I'ADN és interpretada per una familia de
proteines que comparteixen un domini d’uni6 a I'’ADN metilat (de l'anglés
anomenat metil-CpG binding domain o MBD) (Ohki, I et al., 2001). Aquestes es
classifiquen per homologia de seqiiéncia i per la preséncia de MBD en: MeCPs,
MBD1, MBD2, MBD3 i MBD4. L’estudi dels dominis funcionals MBD ha
mostrat poca homologia a excepcio de MBD2 i MBD3 (Figura 26). Les
proteines amb MBD (MeCP,, MBD1 i MBDZ2) estan associades amb la repressio
transcripcional i MBD3 forma part del complex corepressor NuRD (complex
remodelador del nucleosoma i l’'activitat HDAC (Ng et al., 1999; Zhang et al.,
1999). La MBD4 s’ha proposat com proteina que forma part del sistema de
reparacio de ’ADN(Jorgensen & Bird, 2002).
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mecrz | 1
MBD TRD

MBD CXXC CXXC CXXC TRD

meoe — [} 1+
GR repeats MBD TRD

MBD3 —*

MBD E-repeat
MBD4

MBD DNA glycosylase domain

Figura 26. Representacio esquematica des principals dominis de les
proteines amb MBD. Els dominis TRD son de repressio trasncripcional en
MeCP2 i MBD1 i el domini (cxxc) és ric en citosines en MBDI1. [Adaptat de
I'article Sansom,O.Jet al., 2007 |

La conexi6 entre la metilaci6 de les histones i la metilaci6 de I’ADN
comenca a dilucidar-se. Sembla que el mecanisme de silenciament génic a
partir de la metilacio dels residus de les histones atrau a les proteines HP1,
que son proteines d’ancoratge relacionades amb la heterocromatina. Aquestes,
interaccionen amb les DNMT3 que metilen ’ADN. Aquesta modificacié permet
I'uni6 de les MBP, HDAC i metilases generant el colapse de la cromatina i la
consequUent repressio transcripcional (Figura 27)(Kouzarides et al., 2002,

2007; Nan X et al., 1998).

DNMT3
Methylase

\f;'g;wi' l \ \(2%'} Deacetylase 5‘? 3\9‘
PR APPSR 4

Stage 1 — > Stage 2

Current Opinion in Genstics & Development

Figura 27. El model de com la metilacio de I’ADN pot estar relacionat amb el procés
de metilacio d’histones. Pas 1. Les DNMT3 només poden actuar sobre els grups metil
de la lisina 9. HP1 és una proteina d’ancoratge als grups metils de les cues de les
histones. Pas 2. Les MBP reconeixen UADN metilat, ajudant a reclutar HDAC i
possiblement metilases.[Adaptat de Kouzarides,T et al., 2002]
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La proteina d’unié a grups CpG metilats 2 (MeCP2), és la proteina
amb MBD més estudiada i membre fundador d’aquesta familia. El gen que
codifica per MeCP2 es troba localitzat al cromosoma Xg28 i disposa de 4 exons.
Aquest gen dona lloc a dos isoformes (MeCP2B i MeCP2a) per splicing
alternatiu, en funcié de la preséncia o abséncia de 'ex6 2. MeCP2[3 va ser la
primera isoforma caracteritzada, tot i ser minoritaria en els teixits. L'expressio
majoritaria és la isoforma MeCP2a que en cervell de ratoli és dun 90%.
Ambdues formes s6n nuclears i colocalitzen amb ’heterocromatina en cel-lules
de ratoli (D'Esposito et al., 1996; Ballestar & Wolffe, 2001; Kriaucionis & Bird,
2004).

MeCP2 és un péptid de SOKDa amb dos dominis funcionals principals:
MBD, que permet reconeixer sequiéncies de ’ADN metilat in vivoi el domini de
repressio transcripcional (de l'anglés TRD, que es troba entre els aminoacids
207 i 310)(Figura 26.B). S’ha demostrat que MeCP2 reprimerix la transcripcio
com a minim via dos mecanismes: a través d'una HDAC, on el domini TRD
interacciona amb Sin3A (un co-repressor que forma un complex amb la
HDAC); o via independent de HDAC, on el domini TRD interacciona amb TFIIB
(Nan et al.,1997; Kaludov & Wolffe, 2000). Recentment també s’ha observat
que MeCP2 s’uneix directament als gens que s’associen al activador
transcripcional CREB1 (element de resposta a AMPc), presentant un paper
activador (Figura 28) (Chahrour et al., 2008; Jones PL et al., 1998; Yasui et
al., 2007).

Target gene Target gene

Figura 28. S’ha demostrat que el paper de MeCP2 és més complex del que semblava
ja que pot actua com a mecanisme de repressio i activacio genica. Inhibeix l'expressio
gencia a partir de la interaccio amb Sin3A i HDAC i activant 'expressio dels gens que

responen a increments d’AMPc via CREBI. [Adaptat de Chahrour,M. et al. 2008].

Un ampli espectre de mutacions en el gen del MeCP2 han estat

identificades en el Sindrome de Rett (OMIM 312750), responsable del
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1/10.000-22.000 dels casos de retras mental en dones (Amir et al., 1999). Es
un sindrome exclusiu de dones ja que el homes amb mutacions no arriben a
néixer. En canvi, les dones heterozigotes per aquesta mutacio, inactiven de
forma aleatoria un dels cromosomes X generant un patro de mozaisisme per la
proteina mutada. Aquesta proteina té una expressié ubiqiia en l'organisme,
pero s’ha observat que l'expressio a cervell és més abundant fet que justifica
una major severitat de la simptomatologia (Jorgensen & Bird, 2002;
Kriaucionis & Bird, 2003). Recentment, s’ha observat que es poden revertir els
defectes neurologics dels models de ratoli amb sindrome de Rett, fins i tot, en

animals adults (Guy et al., 2007).

3.2.3. Malalties neurodegeneratives i Epigenética

S’han descrit alteracions en els mecanismes epigenétics com a
responsables de diferents malalties i sindromes, inclosos cancer i desordres
neurologics. Actualment aquest estudi s’esta extenent a altres disciplines com
son el neurodesenvolupament i les malalties neurodogeneratives (Urdinguio et
al., 2009). Els principals efectes son canvis en el patré de metilacié de ’ADN
(hipometilacio/hipermetilacid) i en les modificacions postranscripcionals de les
histones. La seva identificaci6 permetria considerar-los biomarcadors de la
patologia o dianes de farmacs epigenétics.

A PD, com s’ha comentat anteriorment, hi ha una pérdua neuronal
progressiva de les neurones dopaminérgiques i de projeccions estriatals
causant rigidesa muscular, tremor, bradicinésia i inestabilitat postural. S’han
descrits canvis tant en el patr6 de metilacio d’alguns gens com canvis en la
modificacié d’histones. Cal estudiar ara, si aquests canvis poden arribar a ser
biomarcadors de la malaltia o dianes terapéutiques. Per exemple s’ha descrit
que:

- La hipometilacié del promotor del gen TNF-alfa pot contribuir a la
vulnerabilitat de les neurones de la substancia nigra. En aquest sentit
s’ha observat que la sobrexpressi6 de TNF-alfa indueix apoptosi en
cel'lules neuronals. Cal destar, que s’han detectat alts nivells d’aquesta
citoquina en el fluid cerebroespinal de pacients de Parkinson (Mogi et

al., 1996; Pieper et al., 2008).
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- L’efecte toxic de l'a-sinucleina nuclear esta relacionat amb la seva
associaci6 amb Sirt2 i una HDAC, inhibint l’acetilaci6 d’histones
(Kontopoulos et al.,2006).

- La disminuci6o de dopamina esta associada a la pérdua de H3K4me3,
mentre que la terapia amb levodopa cronica permet la deacetilacio de
les histones H4K5, K8, K12 i K16 de les neurones del nucli estriat
(Nicholas et al., 2008).

Els principals tractaments epigenétics son: farmacs desmetilants i els
inhibidors de les HDAC (HDACIi). S’ha observat un rescat en el grau de toxicitat
de l'a-sinucleina en ceél'lules tractades amb ARNi contra Sirt2 i HDACi (com el
butirat sodic). D’aquesta manera protegeix dopaminérgica in vitro i en un

model de parkinson de drosophila (Outeiro et al., 2007;Urdinguio et al., 2009).

3.3. Els factors de transcripcio

El rol dels factors de transcripcio en la regulaci6 de la funci6 cel-lular és
indiscutible. Amb funcions de repressido i activaci6 i/o modificadors de
l'expressio génica son necessaris per determinar quins gens, com i quan
s’expressen en cada tipus cel'lular. Diferents evidéncies han demostrat que el
mal funcionament de factors de transcripci6 poden conduir a alteracions
cel'lulars, inestabilitat i, fins i tot, tumorogénesi. Els factors de transcripcio
mantenen una estreta coordinacio amb altres proteines reguladores com: HAT,
HDAC, les proteines amb MBD, per tal de controlar ’estat de condensacié de la
cromatina i dur a terme la seva funcio.

La familia de gens amb dominis amb dits de zenc (C2H2-ZNF) és una de
les més abundants formada per 718 membres. Els primers membres van ser
identificats a Xenopus (TFIIIA) i a Drosophila (Kriippel) i sovint es classifiquen
com membres tipus TFIIIA o tipus Kriippel, en funcié de la conservacio de la
seqUéncia d’aminoacids que uneix els dits de zenc disposats en tandem
(Tadepally et al., 2008). Tant ZBP-89 com YY1, tenen quatre dits de zenc i s6n
funcionalment multifuncionals, és a dir, poden activar o reprimir l'expressio
génica en funcio del context cellular. Ambdos tenen un paper en la

diferenciacio, la proliferacio, I’apoptosi i el cancer (He et al., 2008).
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3.3.1. ZBP-89

El ZBP-89 (ZNF148, BFCOL1, BERF1) és un factor de transcripcio de
tipus krippel, ubiqu i de 794 aa. Aquest factor de transcripcié esta codificat
per un Unic gen huma anomenat ZNF148 de 110Kbases localitzat al
cromosoma 3q21(Law et al., 1998). Comparteix un 90% de la sequiéncia amb el

seu homoleg de ratoli i conté nou exons.

ATG TAA

Unio
r300

Dits de zenc

Repressi6é
transcripcional

Figura 29 a. Organitzacié del gen de ratoli Ztp146 format per 9 exons on els
quadrats negres soén exons no codificants (Exons 1, 2 i 3) i els quadrats blancs soén els
exons codificats (Exons 4, 5, 6, 7, 8 i 9). b. Representacié esquematica dels diferents
dominis de la proteina ZBP-89. Conté una regié rica amb aminoacids acids (DA), dos
dominis basics (DB) flanquejant els quatre dits de zenc i un domini PEST que esta

relacionat amb la degradacio pel proteasoma. [Adaptat de Uarticle Feo et al., 2001]

A nivell de proteina, el ZBP-89 té un complex patré d’expressio que pot
ser per una combinaci6é entre 'splicing alternatiu, la preséncia de diferents
promotors i de diferents llocs de poliadenilacié (Feo et al., 2001). S’ha descrit
una isoforma ZBP-892N| a la que li manquen els primers 127 aa perdent el lloc
d’'unio a p300/CBP, que predisposa a la colitis (Law et al., 2006). També s’han
observat modificacions postranscripcionals com la sumoitzacio i la fosforilacio
que poden afectar a la seva distribuci6 i funcionalitat (Chupreta et al., 2007;
Bai & Merchant, 2007). ZBP-89 té una expressi6 baixa i ubiqua tot i que, hi ha
alguns teixits o tipus cel-lulars que contenen uns nivells més alts del factor de
transcripcio: els limfocits T (Wang et al., 1993;Law et al., 1998; Reizis & Leder,
1999; Yamada et al., 2001; Law et al., 2006)el cancer gastric (Taniuchi et al.,
1997) el cancer de colon (Law et al., 2006), I'adenocarcinoma hepatic (HCC) (G.
G. Chen et al., 2003) i als illots pancreatics humans i murins i insulinomes

humans (Bai et al., 2006).
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3.3.1.1. El paper funcional del ZBP-89

El ZBP-89 (ZNF148, Zfpl48) és un factor de transcripcio que
interacciona amb regions riques en CG tant en la regié promotora com en
enhancers regulant l'expressio de molts gens. Com molts altres factors de
transcripci6 pot actua com activador o com a repressor en funcio del
promotor i del tipus cel'lular. El1 ZBP-89 actua com a repressor, en general,
competint amb un factor de transcripciéo activador anomenat Spl. Ambdos
sovint tenen solapats els llocs d’uni6 com és el cas la gastrina (Merchant et al.,
1991, 1995, 1996). També pot tenir un paper d’activador, per exemple en
processos de diferenciacié cel-lular. Durant la miogénesi, gens que codifiquen
per proteines musculars comencen a expressar-se mentre d’altres deixen de
fer-ho. En aquest mecanisme intervé Spl, que, unit a una HDAC1 controla

negativament ’expressio de molts gens.

Tot i l'ambient repressor, p21lwafl

f Histone (una cinasa inhibidora de ciclines

Acetylation que atura el cicle cellular a G1)

augmenta la seva expressid, aturant

TSA, _I e el cicle a G1, fet que permet la
Butyrate

diferenciacio cel'lular. El sistema de

ZBP-89 repressio via Spl necessita

Sp1
o |_' interaccionar amb p300 (una HAT)
p21Wall promoter

per induir 'expressio i aixd només ho

Figura 30. [Adaptat de article Bai L. 2000] Pot fer a través de ZBP-89
(Doetzlhofer et al., 1999).

Aquest mateix mecanisme s’ha identificat en processos de desenvolupament

del sistema nervios.

3.3.2. Yin-Yang 1 (YY1)

El YY1 (6, NF-E1, UCRBP i CF-1) és un factor de transcripcié ubiqu de
414aa amb una sequiéncia homologa als dits de zenc de tipus Kriippel. A més,
pertany al grup de proteines de la familia Polycomb (Gordon et al., 2006). Les
proteines d’aquesta familia estan associades als processos de manteniment de

la repressio transcripcional durant el desenvolupament. YY1 és homoleg al gen
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Pleiohomeotic (PHO) de Drosofila que s’ha demostrat que pot reclutar proteines
PcG in vivo permetent la deacetilacié de la H3 i la metilaci6 en la lisina 27
formant complexes estables de repressio (Atchison et al., 2003; Wilkinson et
al., 2006;Srinivasan et al.,2005). El gen que codifica per YY1 en huma
s’anomena amb el mateix nom i esta localitzat al cromosoma 14q22.2 (Yao et
al., 1998). Pel que fa a la seva estructura génica, esta compost per 5 exons
altament conservats i dos promotors que generen 8 transcrits diferents (a-h)
per splicing alternatiu, dels quals no es coneix funcié. L’estructura proteica del
YY1 esta formada per cinc dominis diferents que li confereixen tant activitat
repressora com activadora de l'expressio génica (Figura 31).

4 Dits de zenc

GA

[] His ok | I N B |

54 80 170 200 298 414

Figura 31. Estructura proteica de YY1 esta formada per dos regions acidiques,
una rica amb histidines, una regié rica amb glicina i alanina (GA) i una regié rica
amb glicina i lisina (GK) i quatre dits de zenc. Funcionalment els dominis que li
permeten actuar com a repressor sén (298-397) i (157-201) en el C-terminal i el
domini (43-53) en lextrem N-terminal actua com activador. [Adaptat de l’article
Shi 'V etal 1997]

S’han identificat dos possibles membres de la familia del YY1: YY2 i
REX-1. Amdues proteines comparteixen majoritariament el fragment dels dits
de zenc tot i que, la resta no presenta homologia (Nguyen et al., 2004). La
funcié de YY1 esta regulada a través de multitud de parametres que inclouen
la localitzaci6é subcel-lular, modificacions postraduccionals com la fosforilacié i

I'uni6 a altres proteines.

3.3.2.1. El paper funcional del YY1

El YY1 intervé en la repressio i l'activacié transcripcional a través de
multiples mecanismes:
1. Model on YY1 inhibeix directament l'activacié transcripcional. Tot i la
preséncia d’un factor activador en la regié6 promotora, YY1 reprimeix la
transcripcio situant-se fins i tot a certa distancia del factor activador.

Un exemple és el promotor del gen c-fos on YY1 té dos llocs d'unio.
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YY1 Activador ®_>

2. El1 YY1 pot mediar la inhibicié d’un gen interaccionant directament amb el

factor de transcripcié activador. E1 YY1 interfereix en l’accio del factor de
transcripci6 activador. Un exemple és el gen c-fos, on CREB actua
d’activador transcripcional. El YY1 interacciona amb CREB mitjancant
el domini de dits de zenc, bloquejant ’expressio de c-fos (Guo et al.,
1997).

3. La tercera estratégia és a través d’un cofactor. Per exemple s’ha descrit
que YY1 pot interaccionar amb HDAC1/2 i amb MeCP2, permetent-li
regular la compactaci6 de la cromatina (Nan et al., 1998; M. J. Thomas

& Seto, 1999).

Cada cop és més complicat simplificar els mecanismes d’accio dels
factors de transcripcio assignant l’adjectiu de repressor/activador. Sembla que
hi ha una gran flexibilitat de funcions depenent dels elements que intervinguin
i és la suma de tots ells els que determinen un balanc¢ positiu o negatiu de

l'expressio del gen.
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IV. Objectius

1. Caracteritzacié dels receptors d’adenosina i la seva transduccié de

senyal en la malaltia dels grans argirofils.

2. Caracteritzacio del receptor d’adenosina Aza en el putamen de pacients

amb la malaltia de Parkinson sense tractament farmacologic.

3. Estudi epigenetic del gen ADORAZ2A in vitro i en el putamen de pacients

amb la malaltia de Parkinson sense tractament farmacologic.

4. Caracteritzar el paper dels factors de transcripcio ZBP-89 i YY1 en
lexpressio del gen ADORAZ2A.
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1. L’expressio dels receptors d’adenosina en Phipocamp i el cortex frontal
en la malaltia de grans argirofils.

S. Perez-Buira, M. Barrachina, A. Rodriguez, J.L. Albasanz, M. Martin, I. Ferrer.

La malaltia de grans argirdfils és una taupatia de tipus 4R. La seva
principal marca histopatologica és la preséncia de tau hiperfosforilat en el
citoplasma de les neurones en forma de pre-capdell i en els processos neuronals
formant grans argirofils. Les principals arees afectades son la regié entorrinal, la
CA1 hipocampal, amigdala i altres regions del sistema limbic. En la majoria de
casos el cortex frontal no presenta afectacié. L’adenosina és un nucleosid de
purina que juga un paper en la majoria de processos cel'lulars tant en condicions
fisiologiques com en condicions patologiques. L’adenosina duur a terme la seva
activitat a través de quatre receptors acoblats a proteina G: Ai, Aza, Asgi Az on els
A: i As inhibeixen l'adenilat ciclasa i els Azx i Ags l’activen. L’objectiu d’aquest
treball va ser concloure l’estudi descriptiu dut a terme en el nostre grup sobre
l'expressio dels receptors d’adenosina en diferents malalties neurodegeneratives.
Vam caracteritzar el perfil d’expressié dels receptors d’adenosina en la regio
hipocampal (regi6 afectada) i en la regi6 cortical (sense afectacid) i vam mesurar el
grau d’afectacio de la via de senyalitzacio. Els nivells d’expressio dels receptors i
de l’adenilat ciclasa (AC) es van estudiar per western blot i el grau de
sensibilitzacié de la via, mitjancant el percentatge d’inhibici6é per I’'agonista. Es va
observar un increment del receptor A; i de la AC en la regi6 hipocampal perd no
dels receptors Aoa i Azg. A més, hi ha es va detectar un increment, tot i que no
significatiu, del percentatge d’inhibicié de l’activacio de I’AC per forskolina, al
afegir un agonista del receptor A;. Com a conclusio, aquestes dades indiquen
que la via de senyalitzacié del receptor A;/AC esta alterada en la regio
hipocampal dels pacients amb la malaltia de grans argirofils, probablement com a

mecanisme neuroprotector.
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Abstract

Expression of adenosine receptors of the A1, A2A and A2B type has been examined in the post-mortem frontal cortex and hippocampus in
argyrophilic grain disease (AGD), a tauopathy affecting the hippocampus but usually not the frontal cortex, in an attempt to learn about the
modulation of the adenosine pathway in this disorder. Significant increased levels of A1, but not of A2A and A2B, have been observed in AGD
in the hippocampus but not in the frontal cortex, when compared with age-matched controls. This is accompanied by increased levels of adenylyl
cyclase (AC), an effector of Al, and by increased (although not significant) percentage of inhibition of forskolin-stimulated AC by the A1 agonist
cyclohexyladenosine in the hippocampus in AGD. These findings indicate sensitization of A1/AC in the hippocampus in AGD, and support a
putative activation of the A1/AC pathway that may facilitate protection of this preferentially involved region in AGD.

© 2007 Published by Elsevier Ireland Ltd.

Keywords: Argyrophilic grain disease; Adenosine receptors; Adenylyl cyclase

Argyrophilic grain disease (AGD) is a late-onset neurodegen-
erative disease, producing cognitive impairment and dementia,
which is morphologically characterized by the presence of
abundant spindle-shaped argyrophilic grains in neuronal pro-
cesses and coiled bodies in oligodentrocytes, especially in the
entorhinal and perirhinal cortices, CA1 region of hippocampus,
amygdala and other regions of the limbic system. The neocor-
tex and, particularly, the frontal cortex, are not morphologically
affected [5,14,19]. The main biochemical abnormality is the
deposition of hyper-phosphorylated tau 4R in the cytoplasm of
neurons (usually in the form of pre-tangles) and in the neuropil
grains, as well as in oligodendrocytes and certain astrocytes in
vulnerable brain regions [21,22,25]. Hyper-phosphorylation of
tau is accompanied by selective over-expression of tau kinases
in sensitive cell populations [11]. The reasons for cellular degen-
eration are not known but it may be assumed that injuring
mechanisms are combined with compensatory responses to
reduce cell damage.
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Adenosine is involved in the regulation of different metabolic
processes under differing physiological and pathological condi-
tions and mediates its function through the adenosine receptors
(ARs) [10,16,23]. Al and A3 mediate inhibition of adenylyl
cyclase (AC) activity through Gai-proteins, and A2A and A2B
mediate stimulation of AC activity through Gas-proteins [13].
In addition, stimulation of A1 activates phospholipase C, phos-
pholipase D and several types of K* channels, and inhibits
Ca* currents [16]. Al type receptors are found in several tis-
sues [9], but they are enriched in the CNS, where they are
mostly expressed in the cerebral cortex, hippocampus, cerebel-
lum, thalamus and brain stem. In the brain, adenosine modulates
neuronal activity by decreasing pre-synaptic release of vari-
ous neurotransmitters [3,12,23]. The most dramatic inhibitory
actions are on the glutamatergic system [10].

Based on these findings, and in an attempt to learn about
adenosine receptors in AGD, the present study used western
blotting to analyze the expression of ARs in the frontal cortex
and hippocampus in AGD. Protein studies were accompanied
by in vitro assays of AC activity using A1l agonists.

Brain samples were obtained from the Institute of Neu-
ropathology brain bank following the guidelines of the local
ethics committee. The brains of five patients with AGD (three
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Table 1
Summary of cases
Case Age Gender p-m delay Diagnosis
1 62 F 4 Control
2 63 M 17 Control
3 46 F 20 Control
4 73 F 5 Control
5 87 F 5 AGD
6 64 F 9 AGD + ADIII
7 77 F 3 AGD + ADIV
8 72 F 10 AGD
9 65 F 4 Control
10 79 M 7 Control
11 73 F 7 Control
12 71 F 20 AGD

F: female; M: male; p-m delay: post-mortem delay (in hours); AGD: argyrophilic
grain disease; AD: Alzheimer’s disease stage of Braak; control: no neurological
and metabolic disease, and no neuropathological findings.

pure AGD and two AGD with Alzheimer’s disease stage III
and I'V) and four age-matched controls were obtained from 3 to
20 h after death and prepared for morphological and biochem-
ical studies. Age-matched controls (n=7) had no neurological
or metabolic abnormalities, and the neuropathological examina-
tion was strictly normal including lack of neurofibrillary tangles
and amyloid plaques. A summary of cases is found in Table 1. At
autopsy, one hemisphere was cut into coronal sections, rapidly
frozen on dry ice and stored at —80 °C until use. The other hemi-
sphere was fixed in 4% buffered formalin for 2-3 weeks, and
selected samples were embedded in paraffin and processed for
morphological study. In addition, samples of the frontal cortex
(area 8) and hippocampus were fixed in 4% paraformaldehyde
for 24 h, cryoprotected with 30% saccharose, and frozen.
Cryostat sections, 15-um thick, were processed free-
floating. Rabbit polyclonal antibodies to Al (Oncogene,
Barcelona, Spain), A2A (Chemicon, Millipore, Barcelona,
Spain) and A2B (Abcam, Cambride, UK) were used at dilu-
tions of 1:1000, 1:500 and 1:500, respectively. The peroxidase
reaction was visualized with NH4NiSOy4 (0.05 M) in phosphate

buffer (0.1 M), 0.05% diaminobenzidine, NH4Cl and 0.01%
hydrogen peroxide (dark blue precipitate). Some sections were
incubated without the primary antibody. No immunoreactivity
was found in these samples.

Immunohistochemistry disclosed Al, A2A and A2B
immunostaining in the frontal cortex and hippocampus restricted
to neurons, in control and diseased cases. No evidence of
immunoreaction in grains was noted in AGD (Fig. 1).

Plasma membrane extracts of the frontal cortex (area 8) and
hippocampus were obtained for study. Tissue samples were
homogenized in a buffer containing 20mM Hepes, 0.25M
sucrose, 0.3 mM PMSF, 1 mM DTT, 1 mM EGTA, and 1 mM
MgCI2 (pH 7.4), and centrifuged at 600 x g for 10 min. The
supernatants were centrifuged at 48,000 x g for 20 min. The
pellets were re-suspended in a buffer containing 20 mM Hepes,
0.3mM PMSF and 1 mM DTT (pH 7.4), and centrifuged in
the same way. Membrane-enriched pellets were re-suspended
in the same buffer and stored at —80 °C until use. Protein con-
centration was measured with the BCA method using bovine
serum albumin (BSA) as a standard. For Western blots, 10 g
of protein was mixed with loading buffer containing 0.125 M
Tris (pH 6.8), 20% glycerol, 10% P-mercaptoethanol, 4%
SDS and 0.002% bromophenol blue. Sodium dodecylsulphate-
polyacrylamide gel electrophoresis (7.5-12% SDS-PAGE) was
carried out using a mini-protean system (Bio-Rad, Madrid,
Spain) with molecular weight standards. Proteins were trans-
ferred to nitrocellulose membranes which were washed with
TTBS containing 10 mM Tris—HCI (pH 7.4), 140 mM NaCl and
0.1% Tween-20, blocked with TTBS containing 5% skimmed
milk. Then the membranes were incubated with one of the pri-
mary antibodies at 4 °C overnight. The rabbit polyclonal anti-A 1
(Oncogene) was used at a dilution of 1:1000; the rabbit poly-
clonal anti-A2A (Chemicon) was used at a dilution 1:500; the
rabbit polyclonal anti-A2B (Abcam) was used diluted 1:500;
and the rabbit polyclonal anti-AC1 (Santa Cruz Biotechnology,
Madrid, Spain) was used at a dilution of 1:1000. After rinsing,
the membranes were incubated with the corresponding anti-
rabbit secondary antibody (Dako, Madrid, Spain) at a dilution

Fig. 1. Immunoreactivity to Al (A), A2A (B) and A2B (C) in the hippocampus in AGD brain. Immunoreactivity is found in neurons but no evidence of immunostaining

occurs in neuropil grains. Thick section processed free-floating. Bar =25 pum.
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Fig. 2. Western blots to A1, A2A and A2B in the frontal cortex showing a double band of 37 kDa corresponding to A1, one band of 45 kDa corresponding to A2A
and one band of 52 kDa corresponding to A2B in control and diseased cases. No differences in the density of bands of A1, A2A and A2B immunoreactivity are seen
between control and diseases cases. Accompanying graphs show no differences between AGD-only (5, 12, 8) and AGD + AD (6,7) cases. AU: arbitrary units.

of 1:1000. The immunoreaction was visualized with the ECL
chemiluminescence detection Kit (Amersham, Madrid, Spain),
and the specific bands were quantified by densitometry using
Total Laboratory v2.01 software. The monoclonal antibody to [3-
actin (Sigma, Madrid, Spain), at a dilution of 1:30,000, was used
as a control of protein loading. Densitometric studies were nor-
malized with -actin. The numerical data obtained from diseased
cases and the corresponding controls were statistically analyzed
using STATGRAPHICS plus 5.0 software from ANOVA and the
LSD statistical tests. Asterisks indicate the following p values:
(*) p<0.05.

61

AC activity was determined in plasma membranes as previ-
ously described [18]. Plasma membranes were first incubated
with adenosine deaminase (ADA, 5 U/mg protein) at 37 °C for
30min in order to remove endogenous adenosine. Assay was
performed with 20 wg of protein in a final volume of 250 .l of
50mM Tris—HCI (pH 7.4) containing 5 mM MgCl,, 1 mM DTT,
1 mg/ml BSA, 1 mg/ml creatine kinase, 10 mM creatine phos-
phate and 0.1 mM Ro 20-1724 (a phosphodiesterase inhibitor).
Plasma membranes were incubated at 37 °C for 6 min in the
absence (basal activity) or in the presence of 5 uM GTPyS,
and 50 or 100 uM forskolin. AIR/AC functionality was deter-
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Fig. 3. Western blots to A1, A2A and A2B in the hippocampus in control and diseased cases. No differences in the density of A2A and A2B are seen in AGD cases
when compared with controls. However, increased Al immunoreactivity is found in AGD cases. Accompanying graphs include all control and AGD-only cases (5,

8, 12), and all control and two AGD + AD (6, 7) cases. Differences are significant (*p <0.05) in the AGD hippocampus when compared with age-matched controls.
AU: arbitrary units.
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Fig. 5. Adenylyl cyclase (AC) activity in the frontal cortex (A) and hippocampus (B) in control and AGD (AGD-only: 5, 8, 12) cases. cAMP levels detected by
the cAMP enzyme immunoassay Kit in vitro are expressed as the percentage of AC basal activity in the presence of 5 uM GTPvS and 50 uM forskolin (Fsk). No
significant differences in AC activity are seen between AGD and control cases. Inhibitory effects on adenylyl cyclase (AC) activity in the presence of the Al agonists
CHA or CPA on 50 uM forskolin-stimulated AC activity in the frontal cortex (C) and hippocampus (D), expressed as the percentage of AC inhibition, show a higher,
although not significant, percentage of inhibition with CPA in AGD when compared with controls.

mined in the presence of 1 mM CPA (N®-cyclopentyladenosine)
and 1 mM CHA (cyclohexyladenosine), used as specific A|Rs
agonists. The reaction was started by adding 200 uM ATP and
continued with incubation at 37°C for 10min while shak-
ing. The reaction was stopped by boiling the samples. This
was followed by centrifugation at 12,000 x g for 5 min. Fifty
microliters of the supernatant was used to determine cAMP
accumulation. cAMP concentration was determined by using
the cAMP enzyme immunoassay kit (Assay Designs, Inc.,
Bionova, Madrid) following the instructions of the supplier.
The resulting plates were examined with a plate reader at
405nm. Results were analyzed with GraphPad Prism and
Microsoft Excel. All the experiments were carried out in
triplicate.

Expression levels of Al in the frontal cortex, characterized
by a double-band of 37 kDa, were similar in control and AGD
brains. Expression levels of A2A (45 kDa) and A2B (52 kDa) in
the frontal cortex were also similar in control and diseased cases.
Moreover, no differences were seen between AGD only (cases
5, 8 and 12, Table 1) and AGD + AD (cases 6 and) in relation to
controls (Fig. 2).

However, a significant increase (p <0.05) in the levels of Al
was found in the hippocampus of AGD-only (5, 8, 12, Table 1)
cases when compared with controls (Fig. 3). Individual varia-
tions in AGD + AD cases resulted in non-significant differences
with corresponding controls. In contrast, no differences in the
hippocampal levels of A2A and A2B were seen between control
and diseased brains (Fig. 3).
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Finally, a significant increase (p <0.05) in the level of AC
(120 kDa) was found in the hippocampus, but not in the frontal
cortex in AGD brains (Fig. 4).

Basal AC activity in the hippocampus and frontal cortex was
approximately of the same order in the frontal cortex in AGD
(cases 5, 8 and 12) and controls (117 pmol/mg of protein/min),
and also approximately of the same order in the hippocampus in
AGD and controls (115 pmol/mg of protein/min) (Fig. 5). Based
on these data, values were normalized to 100% in every case.
However, differences were seen following the addition of the
Al agonist CHA in the cAMP production in a forskolin (fsk)-
stimulated AC system in the hippocampus but not in the frontal
cortex. Increased inhibition of Fsk-stimulated AC was found in
the presence of 1 mM CHA. This increase represented raised Al
levels of about 70%. Yet, they were not significant because of
individual variations in the samples (Fig. 5).

The present findings show increased expression levels of
Al and AC in the hippocampus, a region vulnerable to AGD,
whereas Al and AC are not abnormally expressed in frontal cor-
tex, a region usually preserved in AGD. In contrast, no apparent
differences in the expression levels of A2A and A2B occur in the
frontal cortex and hippocampus in this disease, thus suggesting
that the increase is specific to Al. Therefore, abnormal expres-
sion of Al and AC are related with regional vulnerability in
AGD. Although not significant, because of individual variations,
the trend of decreased forskolin-stimulated cAMP production in
response to the Al agonist CHA further suggests sensitization
of Als in the hippocampus in AGD.
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Early studies showed loss of human hippocampal Al in AD
and sclerosis-type pathology, thus suggesting that loss of Al in
dementia was not specific to AD-type pathology [8]. Yet recent
studies have not reproduced these findings. Increased expression
of Al has been reported in AD and CJD [2,18]. Differences may
be related to the use of total homogenates or plasma membrane
extracts in the different studies. Immunohistochemical studies
have shown increased Al immunoreactivity in dendritic pro-
cesses surrounding amyloid plaques [2], whereas this particular
localization does not apply to CJD and AGD because of the
absence of senile plaques in those cases.

Previous studies have also shown reduced AC expression and
activity in AD brains [20,24]. However, AC expression and acti-
vation are increased in CJD and related prionopathies [18]. The
present findings further suggest differences between AD and
AGD in relation to AC expression.

Expression of adenosine receptors in the cerebral cortex in
different pathology states is poorly documented. Up-regulation
of A2 has been observed in Pick’s disease [1], but little is known
as to whether these changes are also present in other diseases.
The present findings have shown that, in contrast to Pick’s dis-
ease, there is no evidence of modifications in the levels of A2A
and A2B in the frontal cortex and hippocampus in AGD.

The present observations may have practical implications. It
has been documented that activation of adenosine type 1 recep-
tors produces neuronal depression, thus permitting tolerance
and protection from several noxious stimuli, including ischemia,
neurotoxins, trauma and apoptotic factors [4,6,7,17]. This effect
is not limited to neurons, as endogenous adenosine has cardio-
protective effects mediated by Al [15]. Increased expression
of Al and AC in the hippocampus in AGD supports a putative
activation of this pathway and, therefore, increased capacity to
protect this vulnerable region in AGD.
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2. Els nivells d’expressio dels receptors d’adenosina estan augmentats
en el cortex frontal de la malaltia d’alzheimer.

José L. Albasanz, PhD; Sandra Perez; Marta Barrachina, PhD; Isidro Ferrer, MD
PhD; Mairena Martin, PhD

Els receptors d’adenosina son receptors acoblats a proteina G classificats en
A1, Aca, A 1 Az en funcié del grau d’afinitat pel seu agonista endogen,
l'adenosina. Els receptors A; i As interaccionen amb l’adenilat ciclasa (AC)
inhibint la seva activitat i els receptors Asx i Ass activant-la. El receptor
d’adenosina A; (Ai1R) té un paper classicament neuroprotector i els
antagonistes del receptor d’adenosina Asa (A2aR) també han demostrat reduir
la neurotoxicitat del peptid p-amiloid in vitro i in vitro. La malaltia d’alzheimer
és la major causa de deméncia a partir dels 60 anys. La seva principal marca
histopatologica son els agregats de tau hiperfosforilat en el citoplasma de les
neurones i les plaques de peptid B-amiloid a l'espai extracel-lular. L'objectiu
d’aquest estudi va ser coneéixer els nivells d’expressiéo dels receptors
d’adenosina aixi com la seva via de transduccié de senyals. Es van analitzar
els nivells d’expressié i l'activitat d’A1R i A2aR per western blot i per assaig
d’unio6 a radiolligant. També es van determinar els nivells proteics i ’'activitat
de l’adenilat ciclasa (AC). Els nivells de ARNm es van estudiar per qPCR. El
resultats demostren que hi ha un increment dels receptors AiR i AsaR ide la
seva activitat en estadis inicials de la malaltia sense observar canvis en la
progressio de la malaltia. En canvi, no es va observar un augment en els seus
nivells d’ARNm. Per altra banda, tot i no detectar un augment en els nivells
d’expressio de I’AC, hi ha un augment en el percentatge d’inhibicié de la via
afegint agonistes especifics dels dos receptors, demostrant una sensibilitzacio
d’aquesta via a AD. En conclusio, el treball demostra que ja en estadis
primerencs de la malaltia, on el cortex frontal encara no presenta lesio
histopatologica, hi ha un increment dels receptors AiR i AxaR, el qual es manté
durant el desenvolupament de la patologia juntament amb una sensibilitzacio

de la seva via de transduccié de senyal.
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INTRODUCTION

Adenosine receptors are G-protein coupled receptors which have
been classified into A, A,a, Aop and Aj receptors. A, and A; recep-
tors inhibit adenylyl cyclase through Gi/o proteins, while A,4 and
A, receptors stimulate adenylyl cyclase through Gs proteins (16,
25). The endogenous ligand of these receptors is adenosine, which
is widely distributed in both the central and the peripheral nervous
systems. Adenosine is a neuromodulator and neuroprotective
metabolite (13). Adenosine and drugs with effects on adenosine
receptors may help to inhibit the progressive neurodegenerative
process in dementia (28). However, the implications of adenosine
A, and A4 receptors in neuroprotection appear to be different.

Abstract

Adenosine receptors are G-protein coupled receptors which modulate neurotransmitter
release, mainly glutamate. Adenosine A; and A,4 receptors were studied in post-mortem
human cortex in Alzheimer’s disease (AD) and age-matched controls. Total adenosine A,
receptor number, determined by radioligand binding assay, using [’ H]DPCPX, was signifi-
cantly increased in AD cases in early and advanced stages without differences with the
progression of the disease. A significant increase of AR (37 kDa) levels was also observed
by Western blot in early and advanced stages of AD. In addition, increased numbers of
adenosine A, receptors were observed in AD samples as determined by a binding assay
using [*H]ZM 241385 as a radioligand and by Western blot. Increased binding and protein
expression levels of adenosine receptors were not associated with increased mRNA levels
coding A, and Asa receptors. Finally, increased A, and A, receptor-mediated response was
observed. These results show up-regulation of adenosine A; and A, receptors in frontal
cortex in AD, associated with sensitization of the corresponding transduction pathways.

several brain regions, including the cerebral cortex (7, 29). Previ-
ous studies have shown modifications of Adenosine A, and Asx
receptors in AD. Most of these studies were carried out in the
hippocampus and striatum, and they have shown reduced adenos-
ine A, receptors in these areas (14, 18, 20, 32). However, little is
known about adenosine A, and even less about A4 receptors in the
frontal cortex in AD in relation to the progressive stages of AD
pathology. Therefore, the aim of the present work was to analyze
adenosine A, and A, receptors and their inhibitory and stimulatory
coupling, respectively, to adenylyl cyclase activity in brains from
AD patients. Results have shown up-regulation and sensitization of
A and A,, receptors in the frontal cortex in AD as an early event of
disease progression.

While agonists of A; receptors have been widely considered as

neuroprotectors, it has recently been observed that pharmacologi-

MATERIALS AND METHODS

cal blockade or gene disruption of adenosine A, receptors confers

neuroprotection. Caffeine, a non-specific antagonist, has shown

Materials

neuroprotection to B-amyloid (AP) neurotoxicity in cultured

neurons of rats (11) and mice (5, 12).

Alzheimer’s disease (AD) is the major cause of dementia in the
elderly. It is characterized by a progressive deterioration in memory
and cognitive functions. The characteristic hallmarks of AD
include senile plaques, mainly composed of AB peptide, neu-
rofibrillary tangles, and selective synaptic and neuronal loss in

Brain Pathology 18 (2008) 211-219

Cyclopentyl-1,3-dypropylxanthine,8-[dipropy-2,3-*H(N)]

(PH]DPCPX 120 Ci/mmol) and [*H]adenosine 3’, 5’-cyclic phos-
phate ([*H]JcAMP 27.4 Ci/mmol) were from PerkinElmer (Madrid,
Spain) and [2-*H](4-(2-[7-amino-2(2-furyl)[1,2,4]triazolo[2,3-
a][1,3,5]triazin-5-ylamino]ethyl]phenol) ([*H]ZM 241385 27.4
Ci/mmol) from Tocris (Bristol, UK). Anti-A, antibody was from
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Oncogene (Cambridge, MA) and anti-adenylyl cyclase I (ACI)
antibody was from Santa Cruz (Madrid, Spain). Guanosin triphos-
phate was purchased from Roche (Barcelona, Spain). Calf intestine
adenosine deaminase (ADA), forskolin, 2-[4-[(2-carboxyethyl)
phenyl]ethylamino]-5’-N-ethylcarboxamidoadenosine (CGS
21680), Né-cyclohexyladenosine (CHA), theophylline and N°-
cyclopentyladenosine (CPA) were from Sigma (Madrid, Spain).
All other reagents were of analytical grade and obtained from
commercial sources.

Tissue samples

Brain samples were obtained from the brain banks of the Institute
of Neuropathology and the University of Barcelona-Clinic Hospi-
tal following the guidelines of the local ethics committees. The
brains of patients with AD and age-matched controls were obtained
from 3 to 24 h after death and were immediately prepared for
morphological and biochemical studies. Although agonal state
seems not to affect adenylyl cyclase measurements (8), cases with
prolonged agonal state were not considered suitable for the present
study. At autopsy, half of the brain was fixed in formalin, while the
other half was cut in coronal sections 1 cm thick, frozen on dry ice
and stored at —80°C until use. The neuropathological study was
carried out on formalin-fixed, de-waxed 4-um thick paraffin sec-
tions of the frontal (area 8), primary motor, primary sensory, pari-
etal and temporal superior, temporal inferior, anterior cingulate,
anterior insular, and primary and associative visual cortices;
entorhinal cortex and hippocampus; caudate, putamen and palli-
dum; medial and posterior thalamus; subthalamus; Meynert
nucleus; amygdala; midbrain (two levels) pons and medulla oblon-
gata; and cerebellar cortex and dentate nucleus. The sections were
stained with hematoxylin and eosin, Luxol fast blue-Kliiver
Barrera, and for immunohistochemistry to glial fibrillary acidic
protein, CD68 and Licopericum esculentum lectin for microglia,
AB, tau, oB-crystallin, o-synuclein and ubiquitin. AD-related
pathology was categorized following the proposal of Braak and
Braak (7). The cases from the present study were used for the study
of metabotropic glutamate receptors in cerebral cortex in AD (2).
The main clinical and neuropathological characteristics are sum-
marized in Table 1. No neurological or neuropathological abnor-
malities were observed in control cases.

Plasma membrane isolation

Plasma membranes from brain samples were isolated as described
previously (10). Samples were homogenized in 20 volumes of iso-
lation buffer (50 mM Tris-HCI, pH 7.4 containing 10 mM MgCl,
and protease inhibitors) in Dounce homogenizer (10 x A, 10 x B).
After homogenization, brain preparations were centrifuged for 5
minutes at 1000g in a Beckman JA 21 centrifuge. Supernatant was
centrifuged for 20 minutes at 27 000g and the pellet was finally
resuspended in isolation buffer. Protein concentration was mea-
sured by the method of Lowry ef al (23), using bovine serum
albumin as a standard.

[(HIDPCPX binding assays to
plasma membranes

Binding assays to plasma membranes were performed as described
previously (22). Plasma membranes were incubated with 5 U/mg
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ADA in 50 mM Tris, 2 mM MgCl,, pH 7.4, for 30 minutes at 25°C,
in order to eliminate endogenous adenosine from membrane prepa-
rations. Then, plasma membranes (50-75 g of protein) were incu-
bated with [PH]DPCPX for 2 h at 25°C. Saturation assays were
carried out at different [*H]DPCPX concentrations (0.1-20 nM)
using CPA at a concentration 10° times higher than the radioligand,
in order to obtain non-specific binding. Binding assays were
stopped by rapid filtration through Whatman GF/B filters, preincu-
bated with 0.3% polyethylenimine, and then immediately washed
three times with 4 mL ice-cold buffer. Filters were then counted in
a Microbeta Trilux (Perkin Elmer) liquid scintillation counter.

[2H]1ZM 241385 binding assays to
plasma membranes

Binding assays were performed as previously described (3).
Plasma membranes were incubated with 5 U/mg ADA in 50 mM
Tris, 2 mM MgCl,, 100 mM NacCl, pH 7.4, for 30 minutes at 25°C,
in order to eliminate endogenous adenosine from membrane prepa-
rations. Then, plasma membranes (100 ug of protein) were incu-
bated with [*’H]ZM 241385 for 2 h at 25°C. Saturation assays were
carried out at different [*H]ZM 241385 concentrations (0.5—
50 nM) using 5 mM theophylline to obtain non-specific binding.
As in the case of A|R, binding assays were stopped by rapid filtra-
tion through Whatman GF/B filters, and then immediately washed
and transferred to vials to count the radioactivity.

Adenylyl cyclase activity assay and
determination of cAMP levels

Adenylyl cyclase activity was determined in brain plasma mem-
branes as previously described (3) with several modifications. The
assay was performed with 15-20 pg of protein in a final volume of
0.25 mL of 50 mM Tris-HCI pH 7.4, 5 mM MgCl,, | mM DTT,
1 mg/mL BSA, 1 mg/mL creatine kinase, 10 mM creatine phos-
phate and 0.1 mM Ro 20-1724 (specific phosphodiesterase inhibi-
tor). Plasma membranes preincubated with ADA (5 U/mg protein),
in order to remove endogenous adenosine, were incubated at 37°C
for 15 minutes with 5 UM guanosine-5"-O(3-thiotriphosphate)
tetralithium salt (GTP?S), 50 uM forskolin, 1 mM CHA or 1 mM
CGS21680. The reaction was started by the addition of 200 uM
ATP and incubation at 37°C for 10 minutes. The reaction was
stopped by boiling the samples which were then centrifuged at
12 000g for 4 minutes. Twenty microliters of supernatant was used
to determine cAMP accumulation. Samples were incubated with
0.25 pmol [*H]cAMP and 6.25 pg PKA in a final volume of 200 pl
of buffer assay (50 mM Tris-HCl pH 7.4,4 mM EDTA) for 2-8 hat
4°C. Standard samples (0—16 pmol) were prepared in the same
buffer. The reaction was stopped by rapid filtration through
Whatman GF/B filters, followed by washing with ice-cold buffer.
Filters were then counted in a Microbeta Trilux (Perkin Elmer)
liquid scintillation counter.

Western blot assays

For Western blot assays, 30 ug of protein was mixed with loading
buffer containing 0.125 M Tris (pH 6.8), 20% glycerol, 10%
B-mercaptoethanol, 4% SDS and 0.002% bromophenol blue,
and heated at 95°C for 5 minutes. Sodium dodecylsulphate-
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Table 1. Summary of the main clinical and

: ) . number nder
neuropathological data in the present series. Case numbe Gende

Age p-m delay Lewy stage NFT stage B-amyloid stage

Abbreviations: M = male; F = female. 1 M
2 F
3 M
4 M
5 F
6 F
7 F
8 M
9 M

10 M
11 F
12 M
13 F
14 M
15 F
16 F
17 M
18 M
19 F
20 M
21 F
22 M
23 F
24 M
25 M
26 F
27 M
28 F
29 M
30 F
31 M

82 I 0 0 0
63 7 0 0 0
76 10 0 0 0
80 "1 0 0 0
79 7 0 0 0
80 3 0 0 0
65 4 0 0 0
71 12 0 0 0
78 2 0 0 0
80 13 0 | A
85 12 0 | B
59 7 0 | B
73 15 0 I 0
78 6 0 I B
76 9 0 Il B
81 6 0 I B
74 24 0 Il B
74 4 0 I B
74 5 0 1 0
72 3 0 l 0
81 14 0 i B
85 14 0 \% B
82 5 0 IV C
79 5 0 \% B
93 7 0 \ C
78 19 0 \ C
69 6 0 \% C
86 10 0 \ C
69 20 0 \ C
82 10 0 \% C
85 8 0 Vi C

Lewy stage corresponds to staging of brain pathology related to sporadic Parkinson’s disease. NFT
stage refers to neurofibrillary degeneration staging in Alzheimer’s-disease-related (AD) pathology,
whereas BA-amyloid stage refers to AD amyloid deposition following the classification of Braak and
Braak (7). Stages |-l correspond to entorhinal, IlI-IV to limbic and V-VI to isocortical NFTs. Stage A
indicates amyloid deposition in the basal neocortex, stage B indicates cortical association areas
affected, and stage C indicates involvement of the whole isocortex.

polyacrylamide gel electrophoresis (10% SDS-PAGE) was carried
out using a mini-protean system (Bio-Rad, Madrid, Spain) with
molecular weight standards (Bio-Rad) with molecular weight stan-
dards. Proteins were transferred to nitrocellulose membranes which
were washed with TTBS containing 10 mM Tris-HCI (pH 7.4),
140 mM NaCl and 0.1% Tween-20, blocked with TTBS containing
5% skimmed milk, and then incubated with the primary antibodies
at 4°C overnight. The rabbit polyclonal anti-A;R and anti-A,sR
(Oncogene, Barcelona, Spain) were used at a dilution of 1:500. The
rabbit polyclonal anti-ACI (Santa Cruz Biotechnology, Madrid,
Spain) was used at a dilution of 1:1000. After rinsing, the mem-
branes were incubated with the corresponding anti-rabbit secondary
antibody (Dako, Madrid, Spain) at a dilution of 1:1000. The immu-
noreaction was visualized with the enhanced chemiluminescence
detection Kit (Amersham, Madrid, Spain), and the specific bands
were quantified by densitometry using Total Laboratory v2.01 soft-
ware (Amersham, Madrid, Spain). The monoclonal antibody to
B-actin (Sigma, Madrid, Spain), at a dilution of 1:30 000, was used
as a control of protein loading. Densitometric studies were normal-
ized with B-actin.

Brain Pathology 18 (2008) 211-219

mRNA isolation

mRNA isolation was carried out using the Qiagen RNeasy lipid
tissue (Qiagen) mini Kit following the instructions provided by the
manufacturer. The concentration of each sample was obtained from
Ajs measurements. RNA integrity was tested by the Agilent 2100
BioAnalyzer (Agilent). Only RNAs with a RIN number above 6.5
were selected for TagMan PCR assay.

cDNA synthesis

The retrotranscriptase reaction (100 ng RNA/uL) was carried out
by using the high capacity cDNA Archive kit (Applied Biosystems)
following the protocol provided by the supplier. Parallel reactions
for each RNA sample were run in the absence of MultiScribe
Reverse Transcriptase to assess the degree of contaminating
genomic DNA.
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TaqMan probes

Human B-glucuronidase (GUS) (Hs99999908_m1, TagMan probe
5-GACTGAACAGTCACCGACGAGAGTG-3"), human B-actin
(Hs99999903_m1, TagMan probe 5-TCGCCTTTGCCGATCC
GCCGCCCGT-3"), human AR (Hs00379752_m1, TagMan probe
5’-GATCCCTCTCCGGTACAAGATGGTG-3") and human A,sR
(Hs00169123_m1, TagMan probe 5’-CCGCTCCGGTACAATGG
CTTGGTGA-3") were examined in the present study. The TagMan
assay for GUS is located between 11 and 12 exon boundary, at
position 1816 of NM_000181.1 transcript sequence. The predicted
amplicon size is about 81 base pairs. The TagMan assay for -actin
is located in the 5" UTR region at position 36 of NM_001101.2
transcript generating an amplicon of 171 base pairs. The TagMan
assay for A R is located between 5 and 6 exon boundary, at position
752 of NM_000674.1 transcript, generating an amplicon of 111
base pairs. The TagMan assay for A,4R is located between 1 and 2
exon boundary, at position 614 of NM_000675.3 transcript, gener-
ating an amplicon of 66 base pairs.

TaqgMan PCR

TagMan PCR assays for every gene were performed in duplicate
on cDNA samples in 384-well optical plates using an ABI Prism
7900 Sequence Detection system (Applied Biosystems). The
plates were capped using optical caps (Applied Biosystems).
The ABI Prism 7900 measures the fluorescent accumulation of
the PCR product by continuously monitoring cycle threshold
(Ct), which is an arbitrary value assigned manually to a level
somewhere above the baseline but in the exponential phase of
PCR where there are no rate-limiting components. The Ct value
sets the point at which the sample amplification plot crosses the
threshold. The Ct values correlate with the initial amount of spe-
cific template. For each 20 uL TagMan reaction, 9 uL. cDNA
(diluted 1/20, which corresponds approximately to the cDNA
from 45 ng of RNA) was mixed with 1 uL 20x TagMan Gene
Expression Assays and 10 uL of 2x TagMan Universal PCR
Master Mix (Applied Biosystems). Parallel assays for each
sample were carried out using primers and probes with B-actin
and GUS for normalization. The reactions were carried out using
the following parameters: 50°C for 2 minutes, 95°C for 10
minutes, and 40 cycles of 95°C for 15 s and 60°C for 1 minute.
Standard curves were prepared for A|R, AR, B-actin and GUS
using serial dilutions of control human brain RNA. Finally, all
TagMan PCR data were captured using the Sequence Detector
Software (SDS version 1.9, Applied Biosystems, Madrid, Spain).

Statistical and data analysis

The binding data were analyzed with the GraphPad Prism 4.0
program (GraphPad Software, San Diego, CA, USA). The numeri-
cal data obtained from diseased cases and the corresponding con-
trols were statistically analyzed using STATGRAPHICS plus 5.0
software from ANOVA and the LSD statistical tests. Differences
between mean values were considered statistically significant at
P <0.05.
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RESULTS

Adenosine A, receptors in AD

Adenosine A, receptors were studied by radioligand binding assay
using [*H]DPCPX, a selective A; receptor antagonist, as radioli-
gand. [*'H]DPCPX binding to human brain was saturable and well-
adjusted to a single binding site model in all cases. As shown in
Figure 1, the total adenosine A, receptor number was significantly
increased in AD (318.4% of controls, P < 0.001). The increase was
observed in the early stages of the disease (stages I-IV of Braak and
Braak) without differences with respect to advanced stages (stages
V and VI). However, no significant differences were observed in
their corresponding receptor affinity (Ky) value, thus showing that
receptor affinity was similar in control and AD cases. Figure 2
illustrates total receptor number values in different AD stages. An
increased adenosine A; receptor number is already observed at
stage I, suggesting early involvement of this receptor. These results
were confirmed by Western blot using specific A, receptor antibod-
ies in which a significant increase in the corresponding band of
37 kDa was observed in both early and advanced stages of AD
when compared with controls (Figure 3).

Control
AD
AD{I-I1)
AD(IV-V)

40 ®

500+

400+

300 [

200+

[PHIDPCPX specific binding
(fmol/mg prot)

1004

0.0 25 5.0 7.5 10.0 12.5 15.0 17.6 20.0 225 25.0
[*H]DPCPX, nM

Bmax Kq
{fmolimg prot) (pM)
Control 4124 £11.6(5) 42991+ 492.7 (5)
AD 533.9+18.6 (14) 30571+ 384.6 (14)
AD{I-Iny 5389+242(7)" 4074.51586.6 (7)
AD(IV-V) 520.0£30.2 (7)™ 3839.7 £540.7 ()

Figure 1. Adenosine A; receptor detection in frontal cortex brain from
Alzheimer's disease (AD). Saturation curves of [*HIDPCPX binding to
plasma membranes were performed by incubation of 50-75 ug of mem-
branes from control and AD brains with increasing concentrations of
the radioligand, as described in Materials and methods. Total receptor
number (Bnax) and receptor affinity (Kq) determined by Scatchard and
non-lineal regression analysis are shown in the inset. Data are
mean = SEM of control and AD cases performed in triplicate using
different plasma membrane isolations. **P < 0.01 and ***P < 0.001 sig-
nificantly different from control value.
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Figure 2. Total receptor number (Bmax) Vvalues of control and different
stages of Alzheimer’s disease (AD). Data were extracted from saturation
assays performed at different stage of AD classified in accord with Braak
and Braak, 1999. *P<0.05, **P<0.01 and ***P < 0.001 significantly
different from control value.

Adenosine Aza receptors in AD

Adenosine A;x receptors were determined by binding assay using
[PH]ZM 241385, a selective A,a receptor antagonist, as radioli-

A

Control AD early

- ——-—-—*—375(03

[-actin | o — — - g— - S | - 15 kDa

0.7+

0.5+

0.5+

0.4+

Optical density
{arbitrary units)

0.2

0.1

0.0-
c AD early

Figure 3. Detection of AR by Western blot. Thirty micrograms of
protein was subjected to SDS/PAGE, transferred electrophoretically to
nitrocellulose and probed with antisera anti-As, as described in Materials
and methods. For the control of protein, loading membranes were incu-
bated with anti-B-actin. Panel A represent assays from early stages and
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gand. [*H]ZM 241385 specific binding was increased in AD. A
significant increase in total A, receptors was observed in early and
advanced stages of AD. However, a significant increase in Ky values
was observed in association with the increase in A, receptors,
suggesting a lower receptor affinity (Figure 4). The increase in
A protein level, although not significant, was also detected by
Western blot assays (Figure 5).

Adenylyl cyclase | in AD

Western blot to ACI did not reveal significant differences in the
expression levels of ACI between control and AD cases at any stage
of the disease (Figure 6).

mRNA levels of A,, A,a and ACI determined
by real time PCR

We also analyzed adenosine AR and A,,R mRNA levels by
TagMan PCR using human post-mortem frontal cortex from
patients suffering ADI, ADIII and ADV compared with age-
matched controls. For each experimental sample, the amount of
target and endogenous references was determined from the appro-
priate standard curve which was plotted showing the cycle thresh-
old, Ct (y), vs. the log of ng total control RNA (Figure 7A). Then
the amount of each target was divided by the endogenous refer-
ences B-glucuronidase (GUSB) and B-actin amount to obtain a
normalized target value which permits determination of the relative

Caontrol AD advanced

AR | — -37 kDa

(-ECtn | o — — - e wmese s | - 45 kDa

dede
0.4+

0.3+

Optical density
{arbitrary units)

0.1

0.0

Cc AD advanced

Panel B from advanced stages of Alzheimer's disease (AD). Data are
means = SEM of represented cases. Inset shows A; and B-actin bands
corresponding to a representative experiment. *P < 0.05and **P < 0.01
significantly different from control value.
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O AD
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0 T T T T T

0 10 20 30 40 50
[*H1ZM 241385, nM

Brnax Ky
{fmolimg prot) (nM}
Control 259.4+18.6 (8) 24.2411.35(7)
AD(I-VI) 4550+33.7 (5)" 36.79+1.25 (5)"*
AD(I-1) 491.5+55.7 (2)** 38.07+0.97 (2)***
AD(IV-VI) 430.7 £45.0 (3)* 35.93+£2.01 (3)**

Figure 4. Adenosine A receptor detection in frontal cortex brain from
Alzheimer's disease (AD). Saturation curves of [*H]ZM 241385 binding to
plasma membranes were performed by incubation of 50-75 ng of mem-
branes from control and AD brains as described in Materials and
methods. Total receptor number (Bmax) and receptor affinity (Kq) deter-
mined by Scatchard and non-lineal regression analysis are shown in the
inset. Data are mean = SEM of control and AD cases performed in
triplicate using different plasma membranes isolations. **P < 0.01 and
*¥**P < 0.001 significantly different from control value.

mRNA levels of AjR and A,4R in control and diseased samples.
The use of both endogenous control genes has been previously
established by our group (6). Relative A|R (Figure 7B) and A,aR
(Figure 7C) mRNA levels were not modified in the frontal cortex in
early and advanced stages of AD when compared with control
samples. The same results were obtained when normalization was
performed with B-actin (data not shown). mRNA coding ACI was
not different between control (1.00 = 0.20, n=135) and diseased
cases (1.14 = 0.48,n=4).

Adenylyl cyclase activity in AD

Basal, GTPYS- and Forskolin-stimulated adenylyl cyclase activity
were not altered, suggesting no differences in the G-protein cou-
pling to adenylyl cyclase (AC) in frontal cortex in AD (Figure 8).
The inhibitory effect of CHA, a selective A, agonist, on Forskolin-
stimulated activity was increased in frontal cortex AD (Table 2).
The stimulatory effect of CGS 21680, a selective A,x agonist, was

216

Albasanz et al

also enhanced in frontal cortex in AD (Table 2), suggesting a sensi-
tization of adenosine receptors/adenylyl cyclase systems.

DISCUSSION

Brain adenosine receptors have been suggested as targets for thera-
peutic intervention in neurodegenerative diseases. A, receptor has
long been known to mediate neuroprotection, mostly by blockade
of calcium influx, which results in inhibition of glutamate release
and reduction of its excitatory effects at a postsynaptic level (1, 15,
17, 26, 30). However, the role of A,4 receptor in neuroprotection is
not so clear, probably because of its lack of abundance in brain
regions other than the striatum. Beneficial effects evoked by A,
receptor antagonists may be caused by blockade of presynaptic Asa
receptors which are stimulatory on glutamate release (1). Blocking
A, receptor function using antagonists or deleting the A4 receptor
gene results in a decrease in the extent of neuronal damage in adult
animals. However, the mechanisms of this neuroprotection remain
unknown (9).

Adenosine A; and A, receptors have been detected in post-
mortem human brain (24, 31). A, receptors are vulnerable to AD.
However, the results are controversial. Previous autoradiography
and binding experiments have shown that A receptors were signifi-
cantly reduced, with receptor affinity being higher in the hippocam-
pus of AD patients as compared with controls (14, 32). In contrast,
an increase in Adenosine A, receptor immunoreactivity was found
in neurons with neurofibrillary tangles, dystrofic neurites of senile
plaques in the hippocampus and the frontal cortex of AD patients
4).

Recently, we described how metabotropic glutamate receptors
are significantly decreased in AD and noted that the loss of mGlu
receptors was more pronounced with disease progression (2). The
results presented herein provide evidence that adenosine A; and
Ao receptors are up-regulated in the frontal cortex in the same
series of cases with AD, thus indicating different responses
between metabotropic glutamate receptors and adenosine receptors
in the frontal cortex in AD. This up-regulation is accompanied by
the sensitization of inhibitory and stimulatory transduction path-
ways mediated by adenosine receptors.

Discrepancies between previous studies and the present findings
regarding expression of A, receptors in AD cases can be explained

Table 2. Adenosine receptors mediated Adenylyl cyclase activity in
Alzheimer's disease (AD).

Adenylyl cyclase activity

A,-mediated
(% of basal)

As-mediated (% of inhibition
of Fsk-stimulated)

Control 23.3*+6.0 (8)
AD 40.1 = 3.3 (11)*

179.1 =18.9 (8)
263.7 = 35.7 9)*

Inhibitory effect of N°-cyclohexyladenosine, selective A; receptor
agonist, on Forkolin-stimulated adenylyl cyclase (AC), and stimulatory
effect of CGS21680, selective As receptor agonist, on basal AC were
analyzed in samples from frontal cortex of AD as compared with control.
Data are means = SEM of experiments performed in triplicate with
membrane preparations from different cases. * P < 0.05 significantly dif-
ferent from control value.
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Figure 5. Detection of A;R by Western blot. Thirty micrograms of
protein was subjected to SDS/PAGE, transferred electrophoretically to
nitrocellulose and probed with antisera anti-Aza, as described in Materi-
als and methods. For the control of protein, loading membranes were
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incubated with anti-B-actin. A,a was analyzed separately from Alzhe-
imer's disease (AD) stage | (A), stage Ill (B) or stage V (C). Data are
means = SEM of represented cases. Inset shows Azx and B-actin bands
corresponding to a representative experiment.
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Figure 7. mRNA levels detected by real time PCR. A. Representative
standard curves for AR, A2xR and GUSB constructed from several con-
centrations of control human brain RNA. C; values (y-axis) vs. log of
several RNA concentrations of control samples (x-axis) show a reverse
linear correlation. B. Relative AR and C, A;xR expression levels
(mean = SD) normalized with GUSB in the frontal cortex of controls (C,

=6) and different stages of Braak and Braak in Alzheimer's disease
(AD) samples (ADI, n = 3; ADIIl, n=4; ADV, n = 6).

on the basis of the different methods used. Yet the convergence of
results, using various approaches such as binding assays, RI-PCR
and gel electrophoresis and Western blotting to analyze binding,
mRNA levels and protein levels, respectively, provides a robust
combination of techniques in support of the present observations.

In agreement with our results, significantly higher levels of cor-
tical A, and hippocampal A, receptors have been found in a trans-
genic mice model of AD bearing the APP Swedish mutation when
compared with non-transgenic mice (5).

Apart from striatum, adenosine A, receptors have been detected
in other human brain areas such as cortex (3, 19, 31). These recep-
tors are involved in neurodegenerative diseases involving the cere-
bral cortex, as a significant increase in A, receptors has been
detected in frontal cortex in Pick’s disease (3). Moreover, cAMP
signaling, as mediated by A, receptors, increases cellular levels of
amyloid precursor protein by stimulating APP gene expression in
astrocytes (21). Finally, caffeine, an A5 receptor antagonist, pre-
vents AP toxicity in mice (12) and rat cultured cerebellar granule
neurons (11).
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The possible role of adenosine receptors in processes involved in
the pathophysiology of AD is unknown. Location of AR in neuro-
degenerative structures of AD has been described. A marked
increase in Adenosine A, receptor immunoreactivity was found in
degenerating neurons with neurofibrillary tangles and in dystro-
phic neurites of senile plaques in frontal cortex and hippocampus
of AD. A high degree of co-localization of AjR and A in senile
plaques and of A|R and tau in neurons with tau deposition, but
without tangles, has been shown. AR are involved in APP process-
ing and in tau phosphorylation and in its translocation toward
cytoskeleton in a human neuroblastoma cell line (4). Furthermore,
increased AR levels have also been detected in the cerebral cortex
in Creutzfeldt-Jakob disease and in the murine bovine spongiform
encephalopathy model at advanced stages of the disease and coin-
cidental with the appearance of PrP expression in brain from CJD
(27). Therefore, changes in adenosine receptors seem not to be
limited to AD neurodegeneration.

In summary, the present results show that adenosine A, and Asa
receptors are up-regulated and sensitized in the AD frontal cortex,
suggesting involvement of these receptors in the pathogenesis of
AD, and opening new perspectives to therapeutic strategies geared
to promote AR and antagonize A;4R in AD.
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Figure 8. Adenylyl cyclase activity in brain plasma membranes from
control and Alzheimer's disease (AD) cases. Fifteen to twenty micro-
grams of plasma membranes, previously treated with adenosine deami-
nase, were used to determine basal cAMP level and forskolin- or GTPyS-
stimulated in frontal cortex from AD (n =12) and control (n = 8) cases.
Data are means + SEM of n cases performed in triplicate using different
membrane preparations.
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3. La metilacio de I’ADN regula ’expressio del receptor d’adenosina Azs en
la superficie cel-lular
Sandra P. Buira, José Luis Albasanz, Guido Dentesano, Jestus Moreno, Mairena

Martin, Isidre Ferrer and Marta Barrachina

El receptor d’adenosina Az (A2aR) és un receptor purinérgic acoblat a proteina G
que respon a ’adenosina com a lligant endogen. Estudis clinics amb antagonistes
especifics del I’ A2aR han demostrat la seva eficacia en el tractament de malalts de
Parkinson que desenvolupen discinésies com a consequiéncia del tractament amb
levodopa. Malgrat els nombrosos estudis farmacologics per modular la seva
activitat, la seva regulaci6 génica ha estat poc estudiada. ADORA2A és el gen que
codifica pel AxsR i consta de tres exons: dos codificants (ex6 2 i 3) i un no
codificant (exd 1). Aquest presenta 6 isoformes (h1A-h1F) dependents de teixit on
la h1E és la majoritaria a cervell. Amb la intenci6é de conéixer si canvis en el grau
de metilacié poden controlar l'expressié del receptor, vam estudiar 15 Kbases de
la regi6 5'UTR de gen ADORAZ2A. L’analisis es va duur a terme sobre tres linies
cel'lulars amb diferents nivells d’expressi6 d’ARNm de 1I’A2aR emprant la
plataforma MassArray de SEQUENOM. Un cop tractades amb un agent
desmetilant com l’azacitidina, es va observar una forta pérdua de metilacio en les
HeLa, lleugera en les SH-SYSY i nulla en les U87-MG, de forma inversament
proporcional a 'augment de ’ARNm de receptor. Ademés, la pérdua de metilacio
es va confirmar amb un assaig d’immunoprecipitacié de cromatina (ChIP) contra
MeCP,. Aquests resultats es van confirmar a nivell de proteina per western blot i
amb l'assaig d’'unié al radiolligant. Simultaniament es van tractar les céllules
amb un agent metilante, la S-adenosilmetionina, detectant una disminuci6 dels
nivells d’ARNm i de proteina del receptor en les SH-SYSY i U87-MG. En aquestes
condicions, es va observar un augment de la unié de MeCP» per la regié S'UTR del
gen ADORAZ2A per ChIP. La conclusié del treball és que la metilaci6 de '"ADN
regula 'expressio basal del gen ADORAZ2A.
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Abstract

Adenosine A,a receptors (AxaRs) appear to play important
roles in inflammation and in certain diseases of the nervous
system. Pharmacological modulation of A;aRs is particularly
useful in Parkinson’s disease and has been tested in schizo-
phrenia. However, little is known about the regulation of A;aR
gene (ADORA2A). A bioinformatic analysis revealed the
presence of three CpG islands in the 5” UTR region of human
ADORAZ2A. Next, HeLa, SH-SY5Y and U87-MG cells were
treated for 48 h with 5 uM 5-azacytidine (Aza). Increased
AsaR levels were demonstrated in HeLa and SH-SY5Y cells
when compared with non-treated cells. No modifications were
seen in U87-MG cells. The increased A;aR mRNA and protein
levels were accompanied by a loss of DNA methylation pat-

Adenosine A, receptors (A;aRs) are G-protein coupled
receptors that stimulate adenylyl cyclase activity through G
proteins, promoting accumulation of intracellular cAMP
(Fredholm et al. 2001). The activation of these receptors
mediates multiple physiological effects of adenosine in the
CNS and peripheral tissues (Fredholm et al. 2005a). A,ARs
are highly expressed in the spleen, thymus, leukocytes and
blood platelets; A,aRs expressed in immune cells play a
protective role, attenuating inflammation and tissue damage
(Ohta and Sitkovsky 2001). In the CNS, the most enriched
AsARs brain region is the striatum, in which A,sRs are
largely restricted to the subset of striatopallidal GABAergic
neurons co-expressing dopamine D, receptors (D,Rs),
where they play out antagonistic interactions with D,Rs
(Ferre et al. 1991). As a result of this interaction, antag-

© 2010 The Authors

tern in HelLa and SH-SY5Y cells, as measured with the SE-
QUENOM MassArray platform. The Aza treatment also
reduced the affinity of a methyl-CpG-binding protein for
ADORAZ2A by quantitative chromatin immunoprecipitation in
Hela cells. Interestingly, AaR levels were reduced by S-
adenosyl-L-methionine treatment in U87-MG and methyl-CpG-
binding protein affinity was increased for ADORA2A by
quantitative chromatin immunoprecipitation. Therefore, these
results show for the first time that DNA methylation plays a
role in ADORAZ2A transcription and, subsequently, in constit-
utive AoaR cell surface levels.

Keywords: 5-azacytidine, adenosine A, receptor, CpG is-
land, DNA methylation, S-adenosyl-L-methionine.

J. Neurochem. (2010) 10.1111/j.1471-4159.2009.06538.x

onists of A,ARs have been proposed as non-dopaminergic
anti-parkinsonian agents facilitating the availability of D,Rs
(Schwarzschild ef al. 2006). Clinical trials have proven that
antagonists reduce the postsynaptic effects of dopamine
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depletion and lessen motor symptoms of Parkinson’s
disease (Bara-Jimenez et al. 2003; LeWitt et al., 2008;
Simola et al. 2008). Therapeutic uses of A;4Rs modulation
are not restricted to Parkinson’s disease, as blockage of
these receptors has been shown to be beneficial in animal
models of epilepsy, ischemia and Huntington disease (Jones
et al. 1998; Chen et al. 1999; Popoli et al. 2002). Further-
more, A,,Rs agonists have been proposed as therapeutic
agents for schizophrenia (Ferré 1997) and other psychotic
disorders (Cunha et al. 2008). The application of drugs that
modulate A,AR is presently a field of interest in an
increasing number of experimental models including
inflammation, cancer and diseases of the nervous system
(Lukashev et al. 2004; Fredholm et al. 2005b; Ohta et al.
2000).

The human A;sR gene (ADORA2A) is localized to
chromosome 22 (MacCollin ef al. 1994; Le et al. 1996;
Peterfreund et al. 1996). It consists of two coding exons
(exon 2 and 3) separated by a single intron of nearly 7 kb.
The exon 1 is a non-coding exon which is located at 5
upstream exon 2 and presents six tissue-specific isoforms:
h1A-h1F (Yu et al. 2004). Human exon 1E and its murine
counterpart, exon mlC, share 74% sequence homology,
indicating that this genomic region is highly preserved and
probably plays an important role in the expression of
AsAR. Interestingly, differential expression of these iso-
forms has been reported in granulocytes of patients
suffering from sepsis, indicating that 5 UTR plays an
important regulatory role in A,sR expression (Kreth et al.
2008).

The present study was designed to learn about the role of
DNA methylation in the expression of A;AR, and to learn
whether modulation of ADORA2A4 by DNA methylating and
demethylating agents can eventually be translated into
functional A,sR cell surface expression.

Material and methods

Materials

[PH]ZM241385 ([2-*H](4-(2-[7-amino-2-(2-furyl) [1,2,4] triazolo
[2,3-a] [1,3,5] triazin-5-ylamino]ethyl)phenol 27.4 Ci/mmol) was
from Tocris (Bristol, UK). Theophylline, 5-azacytidine, S-adenosyl-
L-methionine (SAM) and calf intestine adenosine deaminase (ADA)
were obtained from Sigma (Madrid, Spain). All other products were
of analytical grade.

Cell culture

The human epithelial HeLa and neuroblastoma SH-SYSY cells were
maintained in Dulbecco’s minimal essential medium (Invitrogen, El
Prat de Llobregat, Spain) supplemented with 10% fetal bovine
serum; human glioblastoma U87-MG cells were maintained in
minimal essential medium (MEM Eagle) with 2 mM vr-glutamine
and supplemented with 10% fetal bovine serum and 1 mM sodium
pyruvate. All cell lines were grown at 37°C in a humidified
atmosphere of 5% CO,.

© 2010 The Authors

5-Azacytidine and SAM treatment

The cell lines analyzed were plated in 6-well dishes at a
concentration of 10° (HeLa) and 2 x 10° (U87-MG) cells/well and
cultured overnight before 5-azacytidine treatment. This reagent was
prepared at 5 mM with acetic acid : water (1 :1) which was
considered as the vehicle in the results section. Cells were treated
with a dose of 5 uM for 48 h. For binding assays cells were plated
on 24-well plates. For SAM treatment, 15 x 10* SH-SY5Y cells
were also plated and cultured for the following 6 days without
changing the medium. This procedure did not promote cellular death
or changes in the color of the culture medium.

Quantitative DNA methylation analysis

DNA purification, bisulfite treatment and quantitative DNA meth-
ylation analysis by MassArray platform of SEQUENOM were
performed as recently described (Barrachina and Ferrer 2009). Six
loci of 5" UTR of ADORA2A gene were analyzed to learn their
percentage of DNA methylation. Primers for each region were
designed using MethPrimer (http://www.urogene.org/methprimer/).
Every reverse primer presented a T7-promoter tagged to obtain an
appropriate product for in vitro transcription and an 8 bp insert to
prevent abortive cycling. The forward primers contained a 10mer-
tagged to balance the PCR primer length. The sequences of primers
used for amplification of bisulfite-treated DNA were (tags incorpo-
rated are indicated below in lower case and underlined):

A,AR-10069 (PCR 1): forward, 5’-aggaagagagTTAGTTTGA-
TTAATATGGTGAAATAT-3', reverse, 5’-cagtaatacgactcactataggga-
gaaggct CCCCCTACAAACAACTTTAAAC-3';

A5 R-9218 (PCR 2): forward, 5’-aggaagagagTTTGTGAAG-
GGTTTAGGTATAGTTA-3’, reverse, 5'-cagtaatacgactcactataggga-
gaaggct ATCCATCCCTACTAAAAAAACTC-3;

A,,R-8973 (PCR 3): forward, 5’-aggaagagagGAGTTTTTT-
TAGTAGGGATGGAT-3’, reverse, 5'-cagtaatacgactcactatagggagaa-
2ectAACCTAAAACCCAACCCTAAATCT-3';

A,AR-7883 (PCR 4): forward, 5’-aggaagagagTTTTTAGTGTT
GAGTTGGTTGAGTT-3, reverse, 5’-cagtaatacgactcactatagggaga
aggctACAATCCCTATAATATCCCCTAACC-3;

A;AR-6643 (PCR 5): forward, 5’-aggaagagag AGTATAGGGGAT
GATGGGAGTTTA-3’, reverse, 5’-cagtaatacgactcactatagggagaag-
getACCAAACAAAACCTAACCACTACTT-3

A;AR-5301 (PCR 6): forward, 5’-aggaagagagTGGTTGTTTATT-
ATTGGGTAGTGAG-3’, reverse, 5'-cagtaatacgactcactatagggagaag-
getCAAAAACCTTTAAAATCTCCAAAAA-3 .

More detailed information about these primers and PCR reactions
is found in Table 2.

RNA purification

The purification of RNA from cell lines was carried out with
RNeasy Midi kit (Qiagen, Hilden, Germany) following the protocol
provided by the manufacturer. The concentration of each sample
was obtained from A,qy measurements with Nanodrop 1000. RNA
integrity was tested using the Agilent 2100 BioAnalyzer (Agilent,
Santa Clara, CA, USA).

Retrotranscription reaction

The retrotranscriptase reaction (50 ng RNA/uL) was carried out by
using the High capacity cDNA Archive kit (Applied Biosystems,
Madrid, Spain) following the protocol provided by the supplier.
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Parallel reactions for each RNA sample were run in the absence of
MultiScribe Reverse Transcriptase to assess the degree of contam-
inating genomic DNA.

SYBR green PCR

The analysis of A;aR mRNA isoforms was performed in 25 pL
SyBr Green reaction: 5 pL ¢cDNA were mixed with 0.5 pL of
forward and reverse primers (10 pM) and 12.5 pL of master mix.
Every experimental condition was carried out in triplicate in 384-
well optical plates using an ABI Prism 7900 Sequence Detection
system (Applied Biosystems). The reactions were performed using
the following parameters: 50°C for 2 min, 95°C for 10 min, and 40
cycles of 95°C for 15 s and 60°C for 1 min. All real time PCR data
were captured using the Sequence Detector Software (SDS version
1.9, Applied Biosystems), and PCR products were evaluated by
SYBR green melting curve analyses as well as being checked by
agarose gels. The comparative Ct method was used to determine
A;aR mRNA isoform levels. Briefly, expression levels of each
isoform were normalized with B-glucuronidase (GUSB) and relative
to the calibrator. This consisted of the mean expression level of the
corresponding isoform in non-treated cells as follows: 2744Ct =
2—[(Ct specific isoform — Ct GUSB) treated-cells — (Ct specific isoform — Ct GUSB)
non-treated cells] - A R mRNA isoforms were amplified with the
following set of primers. Isoform A: forward, 5-CTGATCCTTG-
GCCCTGAGT-3"; Isoform B: forward, 5'-GGGTCTCTGGCTTG-
TCCTTT-3"; Isoform C: forward, 5-AGCTGCCTCACCGTATC-
AAT-3’; Isoform D: forward, 5’-GACTGTGACATGGAGCAGGA-
3’; Isoform E: forward, 5-CGTGCGAGCGGCAGGT-3’; Primer
reverse: 5'-CAAGGGCTTTTTCACAGAGG-3". All these set of
primers were previously tested by Kreth e al. (2008).

TagMan PCR

TagMan PCR assays for every gene were performed in duplicate on
cDNA samples in 384-well optical plates using an ABI Prism 7900
Sequence Detection system (Applied Biosystems). For each 20 pL
TagMan reaction, 9 pL. ¢cDNA was mixed with 1 pL 20x TaqgMan
Gene Expression Assays and 10 pL of 2x TagMan Universal PCR
Master Mix (Applied Biosystems). Parallel assays for each sample
were carried out using primers and probe for GUSB for normal-
ization. The reactions were carried out using the following
parameters: 50°C for 2 min, 95°C for 10 min, and 40 cycles of
95°C for 15 s and 60°C for 1 min. Standard curves were prepared
for A;AR and GUSB using serial dilutions of U87-MG cells. Finally,
all TagMan PCR data were captured using the Sequence Detector
Software (SDS version 1.9, Applied Biosystems).

The TagMan assay for GUSB (Hs99999908 m1, TagMan probe
5-GACTGAACAGTCACCGACGAGAGTG-3") is located between
11 and 12 exon boundary, at position 1816 of NM 000181.1
transcript sequence. The TagMan assay for A;AR (Hs00169123 ml,
TagMan probe 5-CCGCTCCGGTACAATGGCTTGGTGA-3") is
located between 2 and 3 exon boundary, at position 790 of
NM_000675.4 transcript, generating an amplicon of 66 base pairs.
Therefore, this probe amplifies total A;AR mRNA levels.

Western blot

HeLa cells were lysed with ristocetin-induced platelet agglutination
buffer. Lysates were maintained in agitation for 30 min at 4°C and
then centrifuged at 15 000 g for 12 min at 4°C. Protein concentra-
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tion was determined with BCA (Pierce, Woburn, MA, USA)
method. 20 pg of the resultant supernatant was used for western blot
analysis as previously described (Perez-Buira et al. 2007). The
following antibodies were used: rabbit polyclonal B-Myb (Santa
Cruz Biotechnology, CA, USA, sc-725, ¢-20) used at a dilution of
1 : 100, rabbit polyclonal nuclear factor kappa-beta (NFkf) subunit
p65 (A) (Santa Cruz, sc-109) diluted 1 : 100, rabbit polyclonal
AsAR (ab-3461, Abcam, Cambridge, UK) used at a dilution of
1 : 500, and mouse monoclonal anti-B-actin (clone AC-74, Sigma)
diluted 1 : 5000.

Detection of A,a receptors by radioligand binding assay
Radioligand binding assays using intact cells were performed in 24-
well plates as described earlier (Ruiz ef al. 2000) with some
modifications. Briefly, cells were washed with their respective
serum-free culture media and pre-incubated with 2 U/mL ADA in
the same medium at 37°C for 30 min to remove endogenous
adenosine. After this incubation, saturation assays were performed
using different concentrations of [PH]ZM241385 (1-100 nM) in
serum-free medium and in the presence of ADA. Theophylline in a
concentration of 5 mM was used to check non-specific binding. A
specific adenosine uptake inhibitor (10 pM dipyridamole) was
added to the reaction mixture in order to block adenosine transport.
After incubation at 25°C for 2 h in a final volume of 250 pL, cells
were washed with ice-cold medium and disrupted with 0.2% sodium
dodecyl sulfate. Well contents were then transferred to vials and
scintillation liquid mixture was added to measure radioactivity. At
least two wells from each plate were reserved for protein
concentration measurement.

Protein determination

Protein concentration was measured by the method of Lowry (1951)
for radioligand binding assay, using bovine serum albumin as
standard.

Quantitative chromatin immunoprecipitation

Chromatin shearing from 10 000 HeLa and U87-MG cells, non-
treated and azacytidine- or S-adenosylmethionine-treated, respec-
tively for HeLa and U87-MG, was obtained using the Bioruptor™
from Diagenode (Liege, Belgium). The resultant DNA (between 200
and 500 bp) was immunoprecipitated with 10 pg of an anti-methyl-
CpG-binding protein (MeCP,) (ab2828, Abcam). As negative
control, an immunoprecipitation was performed with 10 pg of
rabbit serum (sc-2338, Santa Cruz) using the Magnetic LowCell
ChIP kit (Diagenode). Immunoprecipitated (ChIP) and non-immu-
noprecipitated (Input) DNA were stored in 150 pL of water. The
analysis of ChIP was performed by real time PCR using SyBr Green
technology (Applied Biosystems) as indicated above. Input DNA
and ChIP (5§ pL) were amplified in triplicates in 384-well optical
plates using an ABI Prism 7900 Sequence Detection system
(Applied Biosystems). The sequence and the PCR product length
for each locus are indicated in Table 3 and Fig. S5. The value of the
ChIP/Input ratio (percentage) was calculated following the instruc-
tions provided by the Magnetic LowCell ChIP kit (Diagenode).

Statistical analysis
All results, excepting those related with radioligand binding, were
analyzed by Statgraphics Plus v5 software, using ANova with post-hoc
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Scheffe test. Binding data were analyzed using Student’s #-test and
nonlinear regression with the GraphPad Prism 5.0 program (GraphPad
Software, San Diego, CA, USA). Differences between mean values
were considered statistically significant at p < 0.05.

Results

Presence of CpG islands in the 5" UTR of ADORAZA

We analyzed the 15.5 kb 5’ flanking region of the translation
start site (ATG) of ADORA2A to find dinucleotide CpG-rich
regions, using the MethPrimer software (see Material and
Methods section). This region contains six isoforms of the
non-coding exon 1 which were described by Yu et al. (2004)
and which are schematically represented in Fig. 1(a). The
bioinformatic analysis revealed three CpG islands (CGIs)
surrounding exon 1E (Table 1).

5-Azacytidine treatment increases A;AR mRNA levels

To test whether DNA methylation regulates transcription of
ADORA2A, we selected three different human cell lines,
HeLa (epithelial cells), SH-SYS5Y (neuroblastoma cells) and
U87-MG (glioblastoma cells), based on sample cells with
different baseline expression of Aj;sR. Relatively low
baseline mRNA levels were seen in HelLa cells, whereas
higher mRNA levels were observed in SH-SYS5Y and U87-
MG cells under baseline conditions by TagMan PCR
(Fig. Sla). Note that TagMan PCR was performed in parallel
and under the same experimental conditions (see Material
and Methods section) allowing the comparison of arbitrary
units among the three cell lines. As A,,R TagMan probe
spans exons 2-3 all A;aR mRNA isoforms were amplified.
The standard curves for A;4R and the endogenous control
GUSB are shown in Fig. S1b. Next, we tested basal mRNA
levels of A,AR isoforms A-E in all three cell lines by SyBr
Green PCR and using specific set of primers as previously
reported (Kreth er al. 2008; see Material and Methods
section). Very low levels of A;4,R mRNA isoforms A, C and
D were found in HeLa cells; isoforms B and D in SH-SY5Y
cells and isoforms B-D in U87-MG cells (data not shown).
Then, we treated all three cell lines with 5 uM 5-azacytidine,
an inhibitor of DNA methylation, for 48 h. A;4R mRNA
isoforms B and E were highly increased in HeLa cells
(Fig. 1b) and only A;AR mRNA isoform E was moderately
increased in SH-SYS5Y cells (Fig. 1c). In contrast, the vehicle
alone had no effect on mRNA expression. A moderate non-
specific increase in isoforms A and E was also detected in
U87-MG cells as this increase also occurred with vehicle
alone (Fig. 1d).

5-Azacytidine treatment increases A,AR protein levels as
revealed by radioligand binding assays

In order to determine whether variation observed in A,aAR
mRNA levels was associated with modifications of protein

© 2010 The Authors
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Fig. 1 Effect of 5-azacytidine treatment on endogenous A,sR mRNA
levels. (a) Scaled representation of 5° UTR region of human ADOR-
A2A gene established by Yu et al. (2004) who identified six isoforms of
non-coding exon 1 (1A-1F). Three putative CpG islands surrounding
exon 1E were predicted by MethPrimer software and are drawn in the
diagram as CGI#1-3. The analysis corresponds to the DNA sequence
located at 4209000-4214000 positions in human genomic contig
NT_011520. CGls positions are indicated in Table 1. The translational
start site (ATG) is indicated with an arrow and its location is shown in
Table 2. Mean fold change in A;aR mRNA isoforms after 5 M 5-
azacytidine (Aza) treatment for 48 h in (b) HelLa, (c) SH-SY5Y and (d)
U87-MG cell lines. The analysis was performed with SyBrGreen PCR
and B-glucuronidase (GUSB) was used as endogenous control for
normalization. Mean fold change calculation as well as specific set of
primers are indicated in Material and Methods section. Treatments
were performed in triplicate (6-well plates) in three independent
experiments. *p < 0.05, **p < 0.01 compared with non-treated cells
(anova with post-hoc Scheffe test). Vehicle corresponds to acetic
acid : water (1 : 1).

levels, we performed radioligand binding assays using
[*H]ZM 241385, a selective A,, receptor antagonist, as
radioligand. [*H]ZM 241385 specific binding was saturable
and well-adapted to a single binding site model in all cells
assayed. Total receptor numbers (B, value) were signifi-
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Table 1 Genomic localization of the three CpG islands predicted in
the 5” UTR region of human ADORAZ2A by a bioinformatic analysis

A AR protein levels (Fig. 3a) without modifying the protein
levels of NFkf p65 subunit and B-Myb with respect to non-
treated HeLa cells (Fig. 3b and c).

CpG Localization in Localization in
island human genomic human Sequence (a) e Control
number contig NT_011520 ADORA2A? length (bp) © 5-Azacytidine
i=2

#1 4209698-4210101 5’ upstream 404 E 0

exon 1E 2 g 5
#2 4210135-4211390  Includes the 1255 g, ‘g 6001

entire exon 1E 35
#3 4212238-4212344 Intron between 106 §§ 400

exon 1E and 1D é' () o
a . . ] . % 2001 [
Yu et al. (2004) — each exon 1 isoform is located in the following 2
positions of human genomic contig NT_011520: exon 1A (4219157— HelLa
4219262), exon 1B (4218964—-4218995), exon 1C (4218447- O 1o 20 %0 20 50 o 70 80 S0 100 1o
4218563), exon 1D (4214171-4214282), exon 1E (4210164— FHIZM241385, nM
4210494) and exon 1F (4204290-4204543). Buax Kaq

(fmol/mg prot) (nM)

Control 326.5+24.9 (8) 16.2£2.8 (8)
cantly increased in treated HeLa and SH-SYSY cells (Fig. 2a Azacytidine 8721561 (7)™ 39118 (7)™
and b), while A,5R levels in U87-MG cells were unaltered
by 5-azacytidine (Fig. 2¢). However, a significant increase in (b) - Control

K4 value was observed in association with the increase in
AsAR in HeLa and SH-SYSY cells, suggesting a lower
receptor affinity, probably as a compensatory mechanism to
avoid an excessive A, receptor activation because of its
higher levels at the cell surface.

5-Azacytidine treatment does not increase the expression
of transcription factors related with ADORAZ2A expression
Few studies have been performed regarding ADORA24

[*H]ZM241385 specific binding
(fmol/ mg prot)

800+

6004

400+

20

0

© 5-Azacytidine

SH-SY5Y

transcriptional regulation. NFkP has been described as a BN A
transcription factor that up-regulates AR levels (Murphree o :3:]2:;2 4:;857(:“ s e e
et al. 2005), and a B-Myb binding site has been found in the B ’ K.y
5" UTR region of ADORA2A (St. Hilaire et al. 2009). In (fmolimg proy (oM
order to test whether the up-regulation of A,5R levels after Control 274.1+18.1(9) 182356 (9)
5-azacytidine was because of the induction of these related Azacytidine ~ 8536+81.3 (7)"** 36.2:+4.8 (7)™
transcription factors, we checked the NFk p65 subunit and
B-Myb levels in HeLa cells by western blot. A time course (© & Comtrol
treatment with 5 pM 5-azacytidine promoted an increase in o m_e Shzacyidine

2

o

f‘é’. ésoo-
Fig. 2 Effect of 5-azacytidine treatment on adenosine A,a receptor l’{;E
radioligand binding. Control and 5 1M 5-azacytidine-treated (a) Hela, § E_ 200+
(b) SH-SY5Y and (c) U87-MG cells for 48 h were incubated with dif- é =
ferent concentrations of [*H]ZM241385 and 5 mM theophylline after E- 1004
pre-incubation with adenosine deaminase in order to remove endo- T
genous adenosine. Observations are mean + SEM values obtained us7-MG
from n (in brackets) separate experiments carried out in triplicate. Inset o 5 10 15 20 25 30 35 40 45
shows Bnax and Ky values for control and treated cells. Significant [*H]ZM241385, nM
increase in radioligand binding is found in 5-azacytidine-treated HelLa Bimax Ka
and SH-SY5Y cells when compared with baseline conditions, whereas (motma ey o
no changes are seen in U87-MG-treated cells. **p < 0.01 and Control 3326217.0(7) 62209(7)
***p < 0.001 significantly different from control values. Azacytidine 326.0+31.7 (5) 9.3+2.0(5)
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Fig. 3 Effect of 5-azacytidine treatment on transcription factors related
with ADORAZ2A transcription. (a) 5-Azacytidine treatment for 48 h in-
creased AxaR protein levels (45 kDa) in HelLa cells. The blot shows
three different samples for non-treated (-), treated (Aza) and vehicle-
treated cells. Time course of 5-azacytidine treatment on HelLa cells for
(b) NFkp (65 kDa) and (c) B-Myb (110 kDa). The protein levels were
detected by western blot. -Actin (45 kDa) is blotted to control protein
loading. The image is representative of three independent experi-
ments. Densitometric analysis for AyaR, NFkB and B-Myb blots
(mean + SD) is shown below every image. AU, arbitrary units.
*p < 0.001 significantly different from control values. No differences
are seen at any time point of azacytidine treatment versus non-treated
cells for NFkB and B-Myb (anova with post-hoc Scheffe test).

5-Azacytidine treatment reduces DNA methylation in 5’
UTR of ADORA2A

Based on no changes in ADORA2A related-transcription
factors after 5-azacytidine treatment, we proceeded to
analyze the DNA methylation pattern of ADORA2A4 gene
promoter using SEQUENOM MassArray platform. This
method consists of the analysis of DNA methylation by

© 2010 The Authors

gene-specific amplification of bisulfite-treated DNA followed
by in vitro transcription, base-specific cleavage and matrix-
assisted laser desorption ionization time-of-flight analysis
without cloning of the PCR products (Ehrich ez al. 2005). It
must be pointed out that CpG sites very close to each other
cannot be discriminated in the matrix-assisted laser desorp-
tion ionization time-of-flight analysis and the percentage of
DNA methylation is considered the same for each one.
Moreover, base-specific cleavage generating long or very
short fragments may under-estimate CpG sites in the PCR
product. The DNA methylation pattern of ADORA2A was
examined in HelLa, SH-SYS5Y and U87-MG cells to learn
whether the three predicted CGIs were methylated in basal
conditions. For this purpose, we amplified six regions by
PCR after genomic DNA bisulfite treatment (Table 2). The
three predicted CGI were analyzed with PCRs numbers 1-4,
and the sequences amplified are shown as Fig. S2. PCR 1
covers part of the CGI#1 and CGI#2, showing a high degree
of DNA methylation in CpG sites 18-29, especially in HeLa
cells (Fig. 4b, black bars). Because of the large size of
CGI#2, an additional two overlapping PCRs (numbers 2 and
3) were necessary to study nearly all the DNA methylation
pattern of this gene region (Figs 4c and S3a, black bars).
Interestingly, the total content of methylcytosines in both
amplified DNA sequences was higher in HeLa than in U87-
MG cells and SH-SYS5Y cells (Fig. S4a—c). Finally, CGI#3
(PCR 4) was highly methylated in all CpG sites in all three
cell lines, being a bit higher in some CpG sites in U87-MG
and SH-SYSY cells (Figs S3b and S4d, black bars). An
additional analysis was made in two 3’ flanking sequences to
CGI#3 covered by PCR 5 and PCR 6. Both DNA regions
were found to be highly methylated in HeLa, SH-SYSY and
U87-MG cells (Figs 5b,c and S4e.f, black bars).

As expected, DNA methylation decreased in all loci
studied after treatment with 5 pM 5-azacytidine for 48 h in
HeLa and SH-SYS5Y cells. Yet no modifications in methyl-
ation levels were observed in U87-MG cells (Figs 4b,c, 5b,c,
S3 and S4, white bars).

In an attempt to identify which CpG sites, if any, were the
most critical in determining A,,R expression, we looked for
changes in the percentage of DNA methylation after 5-
azacytidine treatment. These changes were statistically
significant but small at many CpG sites. For practical
purposes, we established three criteria for a CpG site to be
identified as ‘important’: (i) loss of DNA methylation after 5-
azacytidine treatment is statistically significant, (ii) the
percentage of DNA methylation is greater in HeLa (or SH-
SYS5Y) control cells than in the corresponding control U87-
MG (the most methylated of the three cell lines and not
modulated by Aza), (iii) methylation in Aza-treated HeLa (or
SH-SY5Y) cells is similar (i.e. not significantly different) to
that measured in control U87-MG. The third criterion is
undoubtedly the most difficult to establish, as the minimum
percentage of DNA methylation lost necessary to promote
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Table 2 PCRs carried out in 5" UTR regions of ADORAZ2A to analyze the percentage of DNA methylation in HeLa, SH-SY5Y and U87-MG cell
lines

Localization in human Position respect Annealing
Igenomic contig to ATG site Sequence temperature
NT_011520 (exon 2)3 length (bp)® (°C)

PCR 1 4209874-4210419 -10069/-9524 546 60

PCR 2 4210725-4210992 —9218/-8951 268 58

PCR 3 4210970-4211473 —8973/-8470 504 62

PCR 4 4212060-4212568 —7883/-7375 509 62

PCR 5 4213300-4213802 —6643/-6141 503 60

PCR 6 4214642-4215133 -5301/-4810 492 62

fHuman ADORA2A mRNA (GenBank number NM_000675) was aligned with human genomic sequence, establishing that ATG is located at
position 4219943 (contig GenBank number NT_011520).

"The PCR product length contains an additional 41 bp corresponding to the tag length incorporated in every forward and reverse primer
(underlined sequences; see Material and Methods section).

(a) 400 bp
1F 1E 1D 1C1A
B & 1 Hi
1B 2
wou /]
(b) HeLa
§100
. ) L < 80
Fig. 4 DNA methylation analysis in three £ o0
predicted CpG islands located in 5 UTR i 40
region of ADORAZA. (a) The four loci ana- g 20
lyzed were covered by PCR 1-4 which are & 6 7 8 9 1012 13 14 15 16 17 18 19 22 23 24 27 28 30 34 35 36 46 49
indicated as dotted lines in the same dia- " 2 32 2 2; 3; j; %0
. . ) 33 39
gram described in Fig. 1(a). (b) DNA CpG Site p

methylation percentage of CGl#1 and part us7-MG
of CGl#2 in HeLa and U87-MG cell lines.
Graphs represent the percentage of DNA
methylation (mean + SD) of each CpG site
located in the locus amplified by PCR 1 (see
Table 2). The rest of the CGl#2 analysis
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(c) PCR 3 whose relative positions are
indicated in Table 2. The DNA methylation
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analysis of five samples for each experi-
mental condition. Black bars correspond to
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. . L 5
dine treatment is followed by a significant Z oo K
decrease of methylation in HeLa cells. DNA 2 10
sequences of all PCR mentioned are shown % 20
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. . 2 5 9 1113 16 1821 23 30 38 42
compared with non-treated cells (aNova with 6 19 24 31 43
7

post-hoc Scheffe test). CpG Site
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gene transcription has not been established. The result of
such analysis (Table S1) is that some CpG sites located in
regions covered by PCR 1, PCR 2 and PCR 3 (i.e. CGI#1
and CGI#2) seems to contribute to A;oR expression in HelLa
cells, while PCR 1 and PCR 5 are more determining in SH-
SYSY cells.

5-Azacytidine treatment reduces MeCP, binding to 5" UTR
of ADORA2A

To confirm that DNA methylation lost in ADORA2A4 was the
molecular mechanism implied in its up-regulation after 5-

(a) 400 bp
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azacytidine treatment, we carried out a quantitative chroma-
tin immunoprecipitation assay (qChIP) for the methyl-CpG-
binding protein MeCP, in HeLa cells. After the ChIP, four
different loci in the 5 UTR of ADORA2A were amplified, all
located outside the PCR regions for DNA methylation
analyses (Table 3, Fig. S5). The assay revealed that MeCP,
reduces its affinity for ADORA2A after 5-azacytidine treat-
ment (Fig. 6). The specificity of the antibody was confirmed,
as no DNA immunoprecipitation was obtained with a rabbit
serum (IgG).

SAM treatment reduces ADORA2A expression in U87-MG
and SH-SY5Y cells

The role of methylation in ADORA2A gene expression was
further investigated by means of radioligand binding assays
using 30 nM [*H]ZM 241385 in control and S-adenosyl-1L-
methionine treated cells (100 uM SAM for 48 h) 1 day after
plating. Analysis of 5-azacytidine treated cells (5 pM Aza,
48 h) was repeated in the same set of assays. As shown in
Fig. 7(a), specific ["TH]ZM 241385 binding was significantly
decreased in treated U87-MG cells, while A;AR levels in
HeLa and SH-SYS5Y cells were unaltered by SAM. The Aza
treatment effect was similar to that obtained in saturation
curves shown before (Fig. 2). Next, we followed a procedure
which is drawn in Fig. 7(e). Four days after plating, cells
were treated with 100 uM SAM for 24 (Fig. 7b) or 48 h
(Fig. 7¢). Under these conditions, A;sRs were unaltered
after SAM treatment in HeLa cells and decreased in
SH-SY5Y and U87-MG cells. However, specific binding
was significantly lower in SAM treated SH-SYSY cells at 24
and 48 h of treatment (74% and 78% of control, respectively)
than in HeLa cells. Interestingly, comparison of specific
binding in control cells at different days in vitro after plating
revealed a gradual increase in specific binding to Aja
receptor with time of culture in both HeLa and SH-SYS5Y
cells which was absent in U87-MG cells (Fig. 7d). In
parallel, we performed the same analysis at mRNA level in
U87-MG cells. HeLa cells were not SAM-treated because of
their reduced basal A,oR mRNA levels (Fig. Sla). The

Fig. 5 DNA methylation analysis of two non-CpG island regions. (a)
The two loci analyzed were covered by PCR 5 and PCR 6. Both
sequences studied are indicated in the same diagram described in
Fig. 1(a). (b) DNA methylation percentage of both non-CpG island
regions was analyzed in HeLa and U87-MG cell lines. Graphs repre-
sent the percentage of DNA methylation (mean + SD) of each CpG
site located in the locus amplified by PCR 5 and (c) PCR 6 whose
positions are indicated in Table 2. Black bars correspond to non-
treated cells and white bars to cells treated with 5 uM 5-azacytidine for
48 h. The results correspond to the analysis of five samples for each
experimental condition. Note that 5-azacytidine treatment is followed
by significant decrease of methylation in HelLa cells. *p < 0.05,
Sp < 0.01, p < 0.001 compared with non-treated cells (anova with
post-hoc Scheffe test).
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Table 3 PCRs carried out in 5" UTR region of ADORA2A to quantify the MeCP, ChIP

Oligos name Primer forward (5" — 3’) Primer reverse (5" — 3') PCR product length (bp)
-5693 AGGAGGGCTGTCAGGTGAA CCATGTGTCCGGCTAGGG 100
-6686 ATCAGGTGGAGAGAGGAGCA AGCAGAGAAAATGCCCGAAG 105
-8427 CCTTGTTGGAGGGTGAGC ACCTGGCAATAGGGGAGAAG 108
-10885 GGAGGATCAAGGCCACACT GATGTGTCCCCAATTTCCAA 110
(a) 400bp first exon (Jones 1999). Generally, active transcription
" i3 D e regions have a majority of CGIs unmethylated, while
a A A A B2 .. . .
8 § 83 transcriptionally silent regions have mostly methylated
= % T CpG sites (Illingworth and Bird 2009). Methylation of CGIs
MeCP, 19G is usually accompanied by post-translational histone modi-
(b) 100 fications which further modulate gene expression (Lopez-
80 Serra and Esteller 2008).
2 60 The present report shows for the first time that DNA
é 0 methylation plays a role in the endogenous expression of
° A,AR. We have shown the presence of three CGls in the
2 human 5 UTR ADORA2A surrounding exon 1E which is
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Fig. 6 Quantitative chromatin immunoprecipitation (qChIP) with
MeCP; in 5-azacytidine-treated HeLa cells. ChIP analysis carried out
in non-treated (black bars) and 5 uM 5-azacytidine (Aza)-treated for
48 h (white bars) Hela cells with an anti-MeCP, and rabbit serum
(IgG). % of input represents the percentage of ChIP/Input ratio. The
graph bars show the mean + SD of three samples for every experi-
mental condition. The image is representative of two independent
analyses. Primer sequences and position are indicated in Table 3 and
Fig. S5. *p < 0.05, **p < 0.01, ***p < 0.001 compared with non-trea-
ted cells (anova with post-hoc Scheffe test).

SAM-treated promoted, as is shown in Fig. 7(e), a significant
reduction of A;AR mRNA isoform E, while isoform A was
not modified (Fig. 8a). Interestingly, the same strategy was
carried out as in Fig. 6. A qChIP was performed in SAM-
treated U87-MG showing that MeCP,, affinity for ADORA2A
is increased (Fig. 8b). The specificity of the antibody was
confirmed, as no DNA immunoprecipitation was obtained
with a rabbit serum (IgG). It is noteworthy that there is a
reduced binding of MeCP, for ADORA2A in basal condi-
tions, as the specific immunoprecipitation behaves in the
same way as rabbit serum.

Discussion

DNA methylation is one of the most important mechanisms
for epigenetic silencing in mammals and it occurs mainly in
cytosines that precede guanines, in the well-known dinucle-
otide CpG sites. The CpG-rich regions present lengths of 0.5
to several kb, and are called CGIs (Illingworth and Bird
2009). Most CGls are located in the 5" UTR regions and the

© 2010 The Authors

included in the largest CGI, already described (Yu et al.
2004). However, as there is only a 30 bp gap between CGI#1
and CGI#2, each CGI could be seen as a unique CGI. All
these CGIs are highly methylated in HeLa and to a lesser
degree in U87-MG and SH-SY5Y cells. This property
inversely correlates with A;AR mRNA expression levels
which are lower in HeLa cells with respect to U87-MG and
SH-SYS5Y cells. 5-Azacytidine treatment is accompanied by
decreased DNA methylation in all CGIs and most CpG sites
analyzed along the 5" UTR sequence in HeLa cells, and this
is further accompanied by increased expression levels of
AsaR mRNA in these cells, especially isoform E in HelLa
and SH-SYSY cells. These findings reinforce the functional
role of the large CGI found surrounding exon 1E. In contrast,
there is no apparent effect of 5-azacytidine on U87-MG cells
in which mRNA levels are altered in an unspecific way and
behave as the vehicle does. Importantly, increased Aj;sR
mRNA expression levels induced by 5-azacytidine in HeLa
and SH-SYSY cells are accompanied by increased surface
expression of A,,R protein as derived from radioligand
binding assays and western blot. Moreover, we entertained
the possibility that the effects of 5-azacytidine were indirect
through the induction of some transcription factor. It is worth
noting that few studies have focused on ADORA2A gene
regulation (St. Hilaire et al. 2009). In the present report, we
only tested the expression levels of two transcription factors
related with ADORA2A gene expression without finding
variations after 5-azacytidine treatment in HeLa cells.
Another possibility was the implication of cAMP-response
element binding protein (CREB), as it has been described as
an activator of A,sR expression (Chiang et al. 2005).
Interestingly, limited binding of phospho-CREB to methy-
lated target gene promoters has been reported (Yossifoff
et al. 2008; Sunahori et al. 2009). All together, this might

Journal Compilation © 2010 International Society for Neurochemistry, J. %urochem. (2010) 10.1111/j.1471-4159.2009.06538.x
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Fig. 8 Effect of S-adenosyl-L.-methionine (SAM) treatment on adeno-
sine Aoa receptor mRNA levels in U87-MG cells. U87-MG cell lines
were treated with 100 uM SAM as explained in the Fig. 7(e). (a) Mean
fold change in A;aR mRNA isoforms A and E (gray and white bars,
respectively) after SAM treatment. The analysis was performed with
SyBrGreen PCR, and B-glucuronidase (GUSB) was used as endog-
enous control for normalization. Mean fold change calculation as well
as specific set of primers are indicated in Material and Methods sec-
tion. Treatments were performed in triplicate (6-well plates) in two
independent experiments. (b) ChIP analysis carried out in non-treated
(grey bars) and 100 uM SAM-treated (black bars) U87-MG cells with
an anti-MeCP, and rabbit serum (IgG). The treatment was performed
as indicated in Fig. 7(e) and the ChIP was carried out on day 6. % of
input represents the percentage of ChIP/Input ratio. The graph bars
show the mean + SD of three samples for every experimental condi-
tion. The image is representative of two independent analyses. Primer
sequences and position are indicated in Table 3 and Fig. S5.
*p < 0.05 **p<0.01 and ***p < 0.001 compared with non-treated
cells (aNova with post-hoc Scheffe test).

indicate a putative role for CREB as the mechanism that
could induce A,AR levels in HeLa cells after 5-azacytidine
treatment, as high phospho-CREB levels were found in basal
HeLa cells (data not shown). However, the participation of
some other unknown transcription factor is also plausible.
Protein kinase C activity has been associated with the
induction of A;o,R mRNA levels in SH-SY5Y (Peterfreund
et al. 1997). Therefore it is also plausible that protein kinase
C activity is related with A,AR increase after 5-azacytidine
treatment in these cells.

Thus, the present observations show a relationship
between high percentages of CpG methylation sites in
ADORA2A promoter, sensitivity to demethylation of CGIs
with 5-azacytidine and increase of A;4R mRNA and protein

© 2010 The Authors
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expression levels in 5-azacytidine-treated HeLa and SH-
SYS5Y cells. The lack of effect of 5-azacytidine treatment in
U87-MG may be related to several causes, including
differences in basal levels of CpG methylation, and to
susceptibility to 5-azacytidine at the particular time-points
examined in the present study. It is worth noting that 5-
azacytidine is only active in S-phase cells incorporating in
DNA instead of cytosine (Constantinides et al. 1977). In line
with this, U87-MG cells proliferate much slower than HelLa
and SH-SY5Y cells do, so this might represent one
explanation of azacytidine different effect among these cell
lines.

Regarding the percentage of DNA methylation lost after 5-
azacytidine treatment, it was statistically significant but small
at many CpG sites. However, the minimum percentage of
DNA methylation loss necessary to promote gene transcrip-
tion has not been established. There is only one study that, to
our knowledge, attempts to measure variations of mRNA
levels after 5-azacytidine treatment using MassArray plat-
form. The authors describe 10-50% of DNA methylation lost
in several genes after 5-azacytidine treatment in Kasumi-1
cells, concluding that this percentage of DNA methylation
loss is enough to promote an increase in the specific mRNA
levels (Flotho ef al. 2009). Moreover, it must take into
account that DNA methylation occurs in the CpG sites
interfering with gene expression in two ways. The first is
interference with the binding of transcription factors to DNA
through the methyl group. The second is caused by the
binding of specific proteins (methyl-binding proteins,
MBDs), such as MeCP,, MBD1 and MBD2, to methyl
CpG sites (Ballestar and Wolffe 2001). The qChIP assay that
we have carried out with an antibody anti-MeCP, has clearly
shown the loss of MeCP, affinity for ADORA2A after 5-
azacytidine treatment in HeLa cells, demonstrating the role
of DNA methylation in its transcriptional regulation. The
same conclusion has been achieved in the analysis of SAM-
treated U87-MG. Again, the role of ADORA2A4 methylation
is confirmed, as isoform E is highly reduced after SAM
treatment in these cells. Moreover, there is also shown to be a
higher affinity of MeCP, for ADORA2A after SAM treatment
in these cells. Interestingly, the ChIP assays carried out in
basal conditions with the antibody anti-MeCP, and the rabbit
serum are very similar, correlating with the low percentage of
basal methylation detected in U87-MG cells. Regarding
HeLa cells, SAM treatment did not have any effect on A,xR
expression as its endogenous mRNA levels are much
reduced because of the high percentage of DNA methylation
found in the 5* UTR ADORA2A gene region.

It is well established that CpG islands’ hypermethylation
profile of tumor-suppressor genes varies according to the
tumor type (Costello et al. 2000). Certainly, the basal
methylation profile varies among the three cell lines tested.
Moreover, CGIs are usually unmethylated in normal cells
(Weber et al. 2007), while hypermethylation of CGlIs is a
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major event in the pathogenesis of many cancers (Herman
and Baylin 2003). As the study was performed in tumorous
cells, we do not know, at present, whether the analyzed
methylated CGIs in ADORA2A in HeLa, U87-MG and SH-
SYS5Y cell lines are also methylated in normal human cells,
including neurons of the striatum and peripheral tissues. This
aspect is particularly important in certain human diseases of
the nervous system, as human postmortem studies have
revealed increased striatal A,AR levels in Parkinson’s
disease and schizophrenia (Deckert et al. 2003; Calon et al.
2004), and in the frontal cortex in Pick disease (Albasanz
et al. 2006). We recently described how human postmortem
brain is suitable to perform DNA methylation analysis and
how the postmortem delay does not modify the DNA
methylation pattern of ADORA2A (Barrachina and Ferrer
2009). Studies are needed to analyze the methylation status
of ADORA2A in the human brain in basal and diseased
conditions in order to understand, and perhaps manipulate,
the regulation of A,AR as a mechanism of therapeutic
intervention. Indeed, it has been proposed to use SAM in the
treatment of Alzheimer’s disease (Scarpa ef al. 2003). Its
administration to cell lines down-regulates presenilin 1 gene
and reduces B-amyloid production (Fuso ef al. 2005). In
contrast, deprivation of SAM up-regulates presenilin 1 gene,
increasing P-amyloid deposits in [-amyloid precursor
protein transgenic mice (Fuso ef al. 2008). Therefore, the
present report provides increased understanding of epige-
netic regulation of ADORA2A that may have therapeutic
implications in inflammation and in certain neurological
diseases.
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expression.
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~egrcncrc Earciinfd recardE doncacliice

CT CCTCCAGCAG GGRTGGAC

1
GAGCTCCTCC AGCAGGGATG mcﬁs@o\ém 'r'rccs‘m Gmc{:jceé
[E2 GG GGGAGA TTCCCCAGGT GGA ch@e
1213 1

5 16 18 19
GAGE [OCOGGCRGA GAT: MGEECEAATE

"T&m ﬁﬁ%\ﬁ% Mﬁ@ﬂ:‘l‘l‘ é-rmm ocrscgm ACTGGGTTTG
GEGGACCCAG mﬁh@qﬁ: cm%:ms GEEETGEETE %ﬂm‘%
Gcérc-rm‘c Wuccé G&é@\«‘t mm'wﬁ GEAATGGTGG %ﬁc’rc‘r

mmsr{:u_ CCAAGGGCTT GAGGAGGAGG GCAGAGCTGA

GGTCCCTGETG TCCE%:&CTC RAGACTTTAGT TW&(%ACT GTACCATGGEG AGGARGAGGE
AGACCCAGGG CTGGGTCCTA GGCT

CGIl #3 (PCR 4

TCCCCAGTGE TGAGCTGGCT GAGCTGTGAG CTTTCCTGCT CCTTGCCTCA GGAAGCCAGS
1

a6 GG CCAGAGGEEE GCCTTAGGCC ANGGCTGACC TGGCTGGTCT
GNEN;CFGTG CTGGGCTTCT TCCCATATCA GTCTGTGAAT TACAGATCCC CAAATATGCC
@ ATGGAGGAGE mwmrc GCAATGACTG CCTCATGSGC A@%\'ﬂs’l’
GCTGGAGATT TCAGTGCTCT @rc’mﬁm"r CTGGTCTTGC CTCI:Té\:: caméc‘n:a
GCAGGTTGCT GTCC%GG\ ATCTGATATC TCATCTGTAG AACAAGGATG ATGATCTTAG
CAATGCCTAA TGTGGAAAGG CCTTGGCTTG GGAGCAAGTG GGGGARGGTT TAGGGCAGRC
GTGAGGGETS TETGCTGGAG nc&m.nosamr- GTGTTAGGCT
TGAGGGTCAG GGGACACCAC AGGGATTGC
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is % methylation statistically diferent (vs

control U87)? HelLa SH-SY5Y
HelLa SH-SY5Y criteria# criteria#
PCR# | CpG site control | Aza | control [Aza| 1 2 3 [ 1 2
6 *%* ns *%k% *%k% + + + + +
1 |7 ns ns ** ns | + + + |+ +
8 *% ns *k% *k% + + + + +
9 * *% ns * - -
10.11 ns ns * ns | + + + |+ +
12 ns ns ns ns | - -
13 ns * ns ns | - + o+
14 < ek ns ns | - -
15 ns ns ** ns [ + + + | + +
16 ns ns ns ns | - -
17 *% ns *%k% *k% + + + + +
18 ** ns ** ns | - -
19.20 *%* * *% * - + +
22 * ** ns ns | - -
23 *%* * * ns + + - + +
24.25.26 *k%k *% *k% * - -
27 *%k% * *% ns + + - -
28.29 *k% * *k% ns + + - + +
30.31.32.33 ** ** ** ns | - -
34 ns ns ns ns | - -
35 ns ns ns ns | - -
36.37.38.39.40 ** ** ** - - + -
46.47.48 ns ** ns >l - -
49.50 ns ns ns ns | - -
1 *%k% ns *% * + + + -
2 2 *k% *k% ns * + + - + -
3-4-5-6-7 *%k% *%k% *%k% *% + + . -
8 *k% *k% ns *% + + - -
9 *%k% *%k% ns ns + + - -
10.11 *k% *k% *% *% + + - + +
12 i ok ns ns [ + + - -
21 o * * ns [ + + - | -
22.23 ns * ok EL O+ o+ - -
24.25.26 o > ns ns [ + + - | -
27.28.29 i * ns ns [+ + - | -
30.31 *k%k *kk ns *kk + + - -
32.33.34.35.36 e ek * * + o+ - -
37.38 *kk *kk *kk *kk - -
1.2 *k% *% *% * + + - -
3 3 *%k% *%k% *%k% *k% + + - -
4.5.6.7 flel ns * Ly o+ o+ -
8.9 e ok ns ns | + + - -
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1
2
3 10.11 *kk ** * ns + + -
4 12.13 bkl bkl ns ns | + + -
2 14 e ns ns ns | + + -
7 15.16 bkl *k ns ns | + + -
8 17.18.19 *kk * ns * - -
9 20.21 *kk ns *kk % + + -
1(1) 22.23.24 w * wak o | ]
12 25 k%% *%k% ns *% + + -
13 27 *kk ns ok ok [ .
14 29 30 31 k%% *%k% *%k% *%k% + + + +
'11 g 35 *k%k *%k% * ns - -
1 7 36 *%k% *% *% *% + + -
18 37.38 el ns ns ns | + + + o+
19 39 * * ns oy 4 + -
g? 40 ns * * il B - -
22 41.42.43 ns ** ns * + o+ + -
23 44 ns * ns ns | + + +
gg 45 *k%k * *% *% + + +
26 1 *kk wkk ns wkk | - + -
27 2.3.4 ns X ns ns | + - -
gg 5.6 ns ns ns ns - -
30 9 ns ek ns ns | + - -
31 10 *kk wekk ns EE N - + -
32 1 1 *% *%k% ns *% + - -
gi 12 *k%k *%k% ns *%k% + - + +
35 13 ns ** ns ns | + - -
36 1 *% Hekk ns *% + - + -
37
2 ns * * ns | + + + O+
gg 3 *% *%k% *% * + - + +
3(1) 4 ns * * ns | - + o+
5 ns *% * ns + - -
jg 6 *% * *% * + + + +
44 7.8 ns ** ns oy o + -
45 *kk *% *
9 ns + - + -
3? 10 ns ** > * o+ - +
48 13 % *k *kk *% + + +
49 1 ns *k ns ns | + + -
50 2 3 * *%k% +
51 . ns ns - -
52 4 ns ** * ns | + - -
53 5 *k Sk ns * + - + }
- 6 ns ok ns ns | + - -
55
56 7 * ** ns * o+ - + o+
o7 8 ns dkk ns ns | + - -
gg 9 ns ** ns ns | + - -
60 10 ns * ns ns | + + -
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VI. Discussio

L’adenosina és particularment important en els teixits excitables gracies a
qué redueix l'activitat cel-'lular i és una font d’energia (Fredholm et al., 1999).
Aquest nucledsid de purina exerceix la seva funci6 a través de quatre receptors
acoblats a proteina G que son: Ai, Az, Az i As. Els receptors d’adenosina A;
(A1R) i el receptor d’adenosina Asa (A2aR) son els que centren la present tesi. Les
arees on el receptor AiR és més abundant son: I’hipocamp, el cortex cerebral, el
nucli talamic i els ganglis basals (Svenningsson et al., 1997). Per altra banda, el
AR es va identificar, a partir d’estudis autoradiografics en els nuclis putamen,
l'accumbens, al tubercle olfactori i al globus pal-lid (Martinez-Mir et al., 1991).
Els estudis amb preparacions de membrana han demostrat la seva preséncia
també en altres estructures com el cortex frontal, el talem i ’hipocamp (Ji et al.,
1992; M. Ikeda et al., 1993). La majoria d’estudis amb el receptor AzaR s’han dut
a terme en els ganglis basals on és vint vegades més abundant i té un paper
diferent que a la resta de regions cerebrals. En el sistema limbic i el neocortex,
AiR i AzaR tenen una localitzacié presinaptica i AjR també postsinaptica, on
controlen l’alliberament dels neurotransmissors (Cunha, 2005; Quiroz et al.,
2009). En terminals glutamatérgics hipocampals els receptors AR i AR
colocalitzen i desenvolupen una funcié oposada sobre l’alliberament de glutamat
(Rebola et al., 2005; Ciruela et al., 2006).

Les malalties neurodegeneratives han estat associades, des de sempre, a
la toxicitat produida pel glutamat. A concentracions fisiologiques, el glutamat
intervé en l'aprenentatge i la memoria, pero a altes concentracions actua com
una neurotoxina promovent la mort cel'lular. S’han descrit alteracions en les
vies glutamatérgiques, principalment en el receptor metabotropic de glutamat 1
(mGluR1). En malalties com DLBp i PiD hi ha un augment del mGluR1, mentre
que en DLBc i AD hi ha una disminuci6é del receptor a mesura que augmenta la
patologia B-amiloidea (Dalfo et al., 2004, 2005; Albasanz et al., 2005, 2006). S’ha
demostrat que mGluR1 accelera el processament del precursor amiloide (APP)
produint la forma no amileidogeéncia APPs (Louzada et al., 2001), i per tant, una
reduccio en el receptor pot afavorir la deposicio del B-amiloide.

Els efectes neuroprotectors de ’'adenosina sén principalment a través del
receptor AR, que inhibeix [l’alliberament de glutamat i la reducci6 dels seus
efectes excitatoris a nivell postsinaptic (Dunwiddie & Masino, 2001). Tanmateix

s’ha constatat que 1"as de diferents antagonistes del receptor AxsR o la delecio
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del gen ADORA2A, resulta en la disminucié del dany neuronal en animals
adults, tot i que el mecanisme pel qual actua roman desconegut (Cunha et al.,
2005).

Un increment en el nivell de 'adenosina extracel-lular es pot produir en
condicions fisiologiques i patologiques. En situacions d’isquémia, hipoxia i estrés
oxidatiu poden augmentar més de 100 vegades les concentracions normals
(Latini et al., 1999; Newby et al., 1991). Un augment d’adenosina pot provocar
tant desensibilitzaci6 com internalitzaci6 dels receptors d’adenosina per
sobreexposicio a ’agonista i, al contrari, nivells baixos d’agonista pot produir un
augment de l'expressio dels receptors especifics (Leon et al., 2002; A. Ruiz et al.,
1996, 2005). En les malalties neurodegeneratives com I’AD, els nivells
d’adenosina plasmatica estant disminuits (Selley, et al., 2004). A més, agents
que augmentin 'adenosina extracel-lular han estat considerats complementaris
als tractaments amb inhibidors de les acetilcolinesterases, tractament habitual
en els malalts d’AD (Ferroni et al., 2002).

Diversos estudis han observat una pérdua dels receptors AR a
I’hipocamp i a l'estriat en pacients amb AD (Kalaria et al., 1990; Ulas et al.,
1993; M. Ikeda et al., 1993). Malgrat tot, hi ha autors que han suggerit que
aquesta pérdua de receptors no és especifica de ’AD, ja que la mateixa peérdua
s’observa en patologies com l’esclerosi (Deckert et al., 1996). Estudis recents del
nostre grup amb collaboradors, no han reproduit aquestes dades sin6 al
contrari, s’han observat increments del receptor A;R i d’altres receptors
d’adenosina a: malaltia de Pick (PiD), a la malaltia de Creutzfeldt-jakob (CJD) i a
la malaltia d’Alzheimer (AD) en diferents regions cerebrals. La raé d’aquestes
diferéncies pot venir per la metodologia emprada perd sobretot si s’ha treballat
amb extractes d’homogenat total o extractes de membrana.

A la malaltia PiD, una taupatia pura de tipus 3R, s’ha observat un
augment d’A; i mGluR1 al cortex frontal (CF) tant a nivell de proteina com
d’ARNm. Tanmateix s’han trobat augmentats els receptor AsaR i A2pR, aixi com
la via de transducci6 de senyals (Albasanz et al., 2006, 2007; Dalfo et al., 2005).

També s’han descrit increments en la malaltia de CJD i altres
prionopaties, en els receptors AiR al CF acompanyats per la sensibilitzacio de la
via de senyalitzaci6 glutamateérgica de mGIluR1 (mGluR1/PLCbetal/PKCdelta)
(Rodriguez et al., 2005, 2006).

En el cas d’AD, s’ha observat un lleuger augment d’expressié del receptor

AR en Thipocamp en un estadiatge molt avancat sense correspondeéncia en els
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nivells ’ARNm. El fet més destacat, pero, és la redistribucié del receptor cap a
les neurones amb cabdells neurofobrillars i en neurites distrofiques al voltant
de les plaques senils de ’hipocamp. No s’observen canvis en la distribucio del
receptor mGluR1, que es manté localitzat en les cel-lules piramidals a '’hipocamp
i al CF (Angulo et al., 2003). Tanmateix, el receptor A2aR apareix localitzat en la
microglia de ’hipocamp dels pacients d’AD. Aquests resultats s’han completat
amb el Treball 1.2 de la present tesi, on s’observa un augment dels receptors
AR i A2aR ja en estadis preclinics del CF de malalts d’AD. L’intent a nivell
farmacologic d’estimular l’efecte protector del receptor AR i reduir l'efecte més
toxic del receptor AzaR pot ser un complement en la terapia contra les malalties
neurodegeneratives. D’acord amb aquests resultats, un increment significatiu en
els nivells dels receptors AR corticals i dels A2aR hipocampals s’ha trobat en els
ratolins transgeénics d’APP amb la mutaci6 suissa (Arendash et al., 2006). A més,
reforcant el paper del A2aR, la inhibicio de la seva activitat permet reduir la
formaci6 de péptid amiloide, tant en ratolins (Dall'lgna et al., 2007; Canas et al.,
2009) com en cultius de neurones granulars de rates (Dall'lgna et al., 2003).Els
mecanismes de transducci6 de senyal també estan alterats en aquestes
patologies. En AD hi ha wuna expressi6 reduida l’adenilat ciclasa (AC) a
I’hipocamp juntament amb un augment de la seva activitat (Yamamoto et al.,
2000). En canvi, a PiD hi ha un increment de la AC, fet que la diferéncia de
I’AD.

Per completar aquest estudi, es van analitzar els nivells d’expressio
d’aquests receptors a la malaltia de grans argirofils (AGD) que s’explica en el
Treball 1.1 de la present tesi. Es va detectar un augment dels nivells d’expressio
del receptor AiR a I’hipocamp de pacients amb la patologia pura, sense canvis en
l'expressio dels altres receptors. A més, la seva immunoreactivitat es va trobar
localitzada a les neurones sense trobar evidéncies en els grans. En quant a I’AC,
es va troba augmentada indicant, una sensibilitzacié6 de la via AiR/AC en
I’'hipocamp d’AGD. L’augment de l’expressié de ’AC permet establir diferéncies
entre la patologia d’AD i la d’AGD.

L’activacio del receptor A1R ha estat descrita com un mecanisme que
produeix tant disminucié de l’activitat neuronal com protecci6 en front de
diferents estimuls (per exemple: neurotoxines, traumes o isquémies). Els nostres
resultats indiquen, doncs, que l’hipocamp és una zona afectada a AGD donat
I'increment del receptor A:R aixi com, la sensibilitzacié del seu mecanisme

transductor de senyals. En el cas de I’AD, lincrement dels receptors A;R i A2aR
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corticals en estadiatges primerencs, suggereix una alteracio de la regi6 cerebral
previa a lalteraciéo histopatologica, sent doncs un possible biomarcador
d’afectacio en estadiatges asimptomatics i una diana farmacologica.

El receptor d’adenosina AxaR té una funcié estriatal diferenciada a la que
duur a terme a la resta del cervell (Cunha et al., 2005; Quiroz et al., 2009).
Aquests receptors es localitzen selectivament en les neurones gabaérgiques de la
via pallidoestriatal. En aquesta regio el receptor AsR forma complexes
heterodimerics amb els receptors de dopamina 2 (D2R) antagonitzant la seva
activitat (Ferre et al., 1991) mentre que sinergitza amb els receptors
metabotropics de glutamat 5 (mGIluRS) (Ferre et al., 2002). S’han descrit canvis
en la regio estriatal del receptor AzaR en diferents malalties neurodegeneratives,
com per exemple: la malaltia de Parkinson (PD) i la malaltia de Huntington
(Varani et al., 2009; Popoli et al., 2002).

A PD hi ha una pérdua de les neurones dopaminérgiques que projecten
des de la substancia negra a lestriat. Al desapareixer, hi ha un desequilibri
entre les vies directa i indirecta, originant una hiperactivacio del nucli STN, que
promou trastorns motors com la hipocinésia, la rigidesa i el tremor. En aquest
context, en el Treball 1.4 es descriu un increment dels receptors AR en el
nucli estriat de pacients amb PD sense cap tractament farmacologic.
Recentment, s’ha descrit un augment dels receptors A2aR , sense canvis en els
nivells del receptor D;R en el putamen de pacients amb PD, amb o sense
tractament farmacologic (Varani et al., 2009). Tradicionalment el tractament més
freqiient pels pacients amb PD ha estat la terapia de substitucio de la dopamina
per un agonista, la levodopamina (L-Dopa). Aquest tractament, al cap del temps,
produeix l’aparicio de discinésies en resposta a la dosi (LID) (Obeso et al., 2000;
Olanow & Obeso, 2000). Sembla que els nivells intermitents de dopamina i la
cronicitat del tractament son els responsables d’aquest efecte secundari. S’han
descrit increments en l'expressio del receptor AzaR en els pacients que
desenvolupen les LID (Calon et al., 2004). Nombrosos estudis amb antagonistes
del receptor A2aR han demostrat que la seva administracio evita 'aparicié de la
LID tant en models animals com en pacients (Kanda et al., 1998, 2000;Pinna et
al.,2001; Lundblad et al., 2003; Chase et al., 2003; Hauser et al., 2003; Pinna et
al., 2007; LeWitt et al., 2008). Aquests estudis confirmen que 1'is d’antagonistes
del receptor AsR o0 en una terapia combinada, pot allargar el temps de

tractament de la L-Dopa sense efectes secundaris, afavorint a una disminucié de
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la dosi (LeWitt et al., 2008; Morelli et al., 2007). El mecanisme molecular
responsable de la millora del deficit motor és la relacié antagonica dels sistemes
dopamineérgics i adenosinérgics. Com s’ha descrit anteriorment, els receptors
d’adenosina responen a increments d’agonistes i antagonistes modulant el
nombre de receptors a la membrana (Leon et al., 2002). A més, s’ha demostrat
que el bloqueig dels receptors d’adenosina A2aR redueix la captacio de dopamina
i redueix la inhibicio que el receptor AsaR exerceix sobre el receptor de dopamina
de forma directa, alleujant els simptomes motors de la malaltia (Varani et al.,
2009; Schwarzschild et al., 2006). Tot i que la majoria d’articles demostren
eficiencia dels antagonistes del receptor del receptor A:aR en els pacients que
desenvolupen LID, els nostres resultats juntament amb els de Varani K, 2009
demostren que l'increment del receptor apareix preéviament al tractament per
substituci6 de dopamina. El mecanisme concret responsable de la desregulacio
del receptor no es coneix. En el treball de Varani K, 2009 es descriu que els
pacients de PD presenten alts nivells de TNF-alfa (una citocina pro-inflamatoria)
en sang, mantenint una bona correlaci6 amb la progressi6 de la malaltia. A
partir d’aquestes dades i tenint en compte que TNF-alfa indueix l’expressio
d’A2aR en céllules epitelials de pulmé (A549) (Morello et al., 2006), Varani K i
col'laboradors, han proposat la hipotesi de que l'increment de TNF-alfa, induit
per un procés inflamatori, és un dels mecanismes responsables de lincrement
patologic del receptor AzaR. Aixi doncs, sembla que l'increment del receptor AzaR
en pacients amb PD pot tenir una explicacio tant en la falta d’innervacio
dopamineérgica propia de la patologia, per un possible procés inflamatori o per
un procés desconegut.

La modulacio terapeutica del receptor AssR no és exclusiva de la PD sino
que s’han vist beneficis en models animals d’epilépsia, d’isquémia i de la
malaltia de Huntington (P. A. Jones et al., 1998; J. F. Chen et al., 1999; Popoli et
al., 2002). Tot i els canvis d’expressio descrits en diferents malalties
degeneratives, molt pocs articles s’han centrat en la regulacio transcripcional del
receptor A2aR (St Hilaire et al., 2009). El Treball 1.3 de la present tesi, s’ha
centrat en coneixer el paper de la metilacié de ’ADN en l'expressio del receptor
en linies cel'lulars.

La metilacio de I'’ADN és un dels mecanismes més importants en el
silenciament génic en mamifers i té lloc sobre les citosines que precedeixen a les

guanines, coneguts com els dinucleotids CpG. Aproximadament la meitat dels
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promotors dels gens humans contenen regions riques en CpG d’entre 500 pb a
varies Kbases, conegudes com a illes CpG (CGlIs) (A. P. Bird et al., 1986). La
majoria estan localitzades en la regiéo S'UTR i en el primer ex6 dels gens (P. A.
Jones et al., 1999). De forma general, les regions transcripcionalment actives
tenen les CGIs no metilades, mentre que les regions silents estan metilades
(llingworth & Bird, 2009). La metilacio de les illes CpG acostuma a estar
acompanyada per modificacions de les histones que modulen l'expressido génica
(Lopez-Serra & Esteller, 2008).

El gen ADORA2A codifica pel receptor AzaR i esta localitzat en el
cromosoma 22 (MacCollin et al., 1994). Aquest gen consisteix en dos exons
codificants (ex6 2 i 3) separats per un unic intré6 d’aproximadament 7 Kb. L’ex6 1
és un ex6 no codificant localitzat en lextrem 5' i presenta sis isoformes
especifiques de teixit: h1A-h1F (Yu et al., 2004). L’ex6 huma 1E i el seu homoleg
muri, ’'ex6 m1C, comparteixen un 74% de la seqiiencia homologa indicant que la
regio genomica esta altament preservada. Després d’un analisi bioinformatic
d’aproximadament 15 Kbases de la regio 5S'UTR del gen huma ADORA2A, es van
predir tres CGI (CGI#1, 100bp; CGI#2, 400bp; CGI#3, 1200 Kb). Donat que
entre les illes CGI#1 i CGI#2 només hi ha 30pb, es poden considerar una Unica
CGI. A més, aquesta illa CG#1-2 esta localitzada al voltant de l’ex6 1E, el qual
presenta una alta homologia amb la isoforma murina, suggerint un paper
regulador en l’expressio del receptor (Yu et al., 2004).

Per valorar el paper de la metilacié de la regio S'UTR del gen ADORA2A es
va utilitzar la plataforma MassArray (Sequenom). Es van analitzar tres linies
cel'lulars amb diferents nivells d’expressio del receptor: les HeLa, d’origen
epitelial i una baixa expressio del receptor; les SH-SY5Y, que provenen de
neuroblastoma i les U87-MG, que provenen de glioblastoma i que tenen una
expressio més alta del receptor. El resultat de ’estudi, va mostrar una correlacio
entre el tant per cent de metilacié de les tres linies cellulars i els nivells de
’ARNm, és a dir, un major percentatge de metilacié en les HeLa, i un menor en
les U87-MG i les SH-SYSY de forma inversament proporcional als nivells ’TARNm
basals.

Per comprovar en quin grau la metilacio de 'ADN regula l'expressio del
receptor, les céllules es van tractar amb agent inhibidor de la metilacio,
S'azacytidina (AZA), i un agent metilant com és la S’adenosilmetionina (SAM).
L’AZA és un analeg de la citosina i al llarg de les diferents divisions cel-lulars

s’incorpora a I’ADN, provocant una pérdua de citosines metilades de forma
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generalitzada. El tractament amb AZA durant 48h redueix el percentatge de
metilacié de les HeLa, al voltant d'un 30%; un 15% a les SH-SYS5Y i no té cap
efecte a les U87-MG. Conjuntament, es va confirmar la pérdua de metilacié amb
un assaig dimmunoprecipitacio de cromatina contra una proteina d’'unio a
grups metil, la MeCP, després del tractament amb AZA. En parallel, es van
analitzar els nivells d’ARNm de les diferents isoformes a les tres linies cel-lulars.
L’estudi va confirmar la induccié de la isoforma E en les ceél'lules HeLa i SH-
SYSY, sense observar canvis significatius en les U87-MG. La falta d’efecte del
compost en les U87-MG pot estar associat a diferents causes: diferéncies en els
nivells basals de metilacio; la dosis emprada i la susceptibilitat de '"AZA en
particulars punts del cicle cel'lular, ja que s’ha descrit que només s’incorpora en
la fase S de les ceél-lules (Constantinides et al., 1977). En aquesta direccio, la
taxa de proliferacio de les tres linies cel-lulars és diferent. Les ceél-lules U87-MG
proliferen més lentament que les SH-SY3Y i les Hela, fet que pot justificar
perque tenen diferent resposta a I’AZA en el mateix temps d’exposicio.

A nivell de proteina, ’'assaig d’'unié a radiolligand no va indicar diferéncies
en la densitat del receptor en membrana en les tres linies cel-lulars estudiades
(HeLa: 335%£27,6 fmol/mg de proteina; SH-SYS5Y: 259,4+29,0 fmol/mg; U87-MG:
332,6+£17,0 fmol/mg) tot i la correlacié entre el patré de metilacié i els nivells
basals de ’ARNm. En canvi, el tractament amb AZA, va promoure un augment
del nombre de receptors semblant en les cellules HeLa i SH-SYSY sense cap
efecte en les cel-lules U87-MG. La falta de correlacié entre els nivells basals de
’ARNm i de proteina pot estar associat a canvis de 'expressio de microRNAs o a
canvis en l'estabilitat de '’ARNm en les diferents linies cel-lulars.

S’ha demostrat que canvis en la metilacié en CpG individuals afavoreixen
o dificulten la interaccié amb factors de transcripcié i per tant, poden variar
l'expressio del gen (Pieper et al., 2008). Ara per ara, no hi ha consens en el
percentatge de metilacio minim necessari per promoure la transcripcié, i només
en un article, s’han analitzat els percentatges de metilacio necessaris per
setectar canvis en els nivells de ARNm. Els autors descriuen entre un 10-50% de
pérdua de metilacio de ’ADN en molts gens després del tractament amb AZA en
ceél'lules Kasumi-1, suggerint que una petita pérdua del percentatge de metilacio
és suficient per promoure un increment en els nivells especifics d’ARNm (Flotho
et al., 2009).

Com que el tractament amb AZA és inespecific, es va valorar la possibilitat

de que pogués afectar a 'expressio de factors de transcripcié relacionats amb el
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gen ADORA2A. En aquest sentit, es va comprovar que ni NFK-f ni B-myb,
factors de transcripcioé relacionats amb ADORA2A, modificaven l'expressio del
receptor en les cél'lules HeLa després del tractament amb AZA (St Hilaire et al.,
2009). També s’ha descrit que CREB és un activador de l'expressio del gen
ADORAZ2A (Chiang et al., 2005), fet que li conferiria un paper regulador en
l'expressio del gen després del tractament amb AZA. En aquest sentit, vam
observar que les cél'lules HeLa presentaven basalment nivells elevats de fosfo-
CREB. Curiosament, esta descrit que fosfo-CREB presenta una menor afinitat
pel DNA metilat (Yossifoff et al., 2008). Per tant, aquestes dades suggereixen un
possible paper de CREB en el mecanisme d’induccié del receptor AzaR a les
cel'lules HelLa després del tractament desmetilant. Cal tenir en compte, pero,
que la pérdua de metilacio pot afavorir que els factors de transcripcié puguin
interaccionar amb més facilitat amb el promotor sense variar els seus nivells
d’expressio. Per altra banda, no es pot descartar la implicaci6 d'un factor de
transcripci6 desconegut.

Per completar l’estudi vam tractar les cellules amb el compost 5'S-
adenosilmetionina o SAM, un donador de grups metil en les reaccions de
transmetilacio i que augmenta la metilacio en els acids nucleics, proteines,
fosfolipids i amines biologiques (Mato et al., 1997). Amb aquests experiments
vam arribar a les mateixes conclusions. El tractament amb SAM permet
observar una disminucié de l’expressio del receptor en les SH-SYSY i les U87-
MG sense observar cap efecte en les cél'lules HeLa. Al mateix temps, observem
com la isoforma E és la disminuida en el tractament amb SAM a les cel-lules
U87-MG. Paral-lelament, es va confirmar el guany de metilacio amb l’assaig
d’immunoprecipitaci6 de cromatina de MeCP,, on s’observa un augment en el
grau d’'uni6 a 'ADN després del tractament amb SAM en l'extrem 5'UTR del gen
ADORAZ2A. Els tractaments amb SAM sobre les célllules SH-SYSY i U87-MG
demostren la reduccio de l'expressio del receptor. En aquest sentit, 1'us de
compostos metilants poden ser una alternativa de futur en el tractament de AD i
PD (Obeid et al., 2009; Scarpa et al., 2003, 2006). En conclusio, els resultats
permeten concloure que el grau de metilacio de la regio S'UTR del gen ADORA2A

té un paper en la regulaci6 de ’expressié del receptor.

108



VI. Discussio

Per tal d’esbrinar si la metilacio de ’ADN era un mecanisme molecular
implicat en l'increment estriatal d’ A;aR vam determinar el perfil de metilacio de
la regio S'UTR del gen ADORAZ2A en el nucli estriat mitjancant la plataforma
MassARRAY de Sequenom. Aquests resultats es presenten en el Treball 1.4 dels
resultats annexos. Malauradament, no es van detectar canvis en el percentatge
de metilacio entre el casos controls i el pacients amb PD en excepcio de dos llocs
CpG concrets. De totes maneres no es pot descartar una peérdua de metilacié en
altres punts de la seqiiéncia que puguin afectar a l'expressio del receptor aixi
com una reducciéo de l'afinitat de les proteines d'unié a grups metil (MBD). A
meés, recentment s’ha posat de manifest a partir de resultats del nostre propi
grup, les limitacions técniques que comporten aquest tipus d’estudi en teixit
postmortem. Treballar amb homogenats totals limita la resoluci6 de la técnica
impedint que s’identifiquin canvis en tipus cel'lulars minoritaris (Barrachina &
Ferrer, 2009). A més, no es possible técnicament mesurar sobre aquest material
biologic, canvis en l’afinitat de les MBDs. El que si podem concloure és que el
perfil de metilacio de la CGI a regi6 estriatal és menor al de les linies cel-lulars
analitzades. En aquest sentit, esta ben establert que les illes CpG no estan
metilades en les cellules normals (Weber et al., 2007) mentre que estan

hipermetilades a teixits tumorals.

Un altre element a tenir en compte en l'expressio patologica del receptor
Aca en pacients amb PD son els factors de transcripcié. Mitjancant el programa
bioinformatic MatInspector es van identificar dinou llocs d’'uni6 per ZBP-89 i set
per Ying Yang 1 (YY1) en les 15Kbases analitzades de l'extrem S’UTR del gen
ADORA2A. Ambdos factors de transcripcié son ubiqus i participen en processos
de diferenciacio, de proliferaci6, apoptosi i cancer. L’estudi de la implicacio
d’aquests factors de transcripcio en l’expressio del gen ADORAZ2A es presenta en

el Treball 1.4 a I’apartat de Resultats annexos.

El ZBP-89 (també conegut com BFCOL1, BERF-1 i ZNF-148) és un dit de
zenc de tipus Kruppel que es va caracteritzar per primera vegada com a
repressor del gen de la gastrina (Merchant et al., 1996). D’expressiéo ubiqua,
interacciona amb elements de ’ADN enriquits en dinucleétids GC. Actua com a

repressor i com activador, en funcié del promotor i del context cel'lular (Law et
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al., 1998; Ye et al., 1999; Wieczorek et al., 2000; Yamada et al., 2001;Bai &
Merchant, 2003; Keates et al., 2001; Law et al., 2006; Malo et al., 2006). A més,
un important nombre d’estudis associen el ZBP-89 amb tot tipus de funcions.
Entre altres, media l'arrest del cicle cel'lular a través de l’activacio de p21(wafl)
després de recaptar el coactivador de p300 (Bai & Merchant, 2000). La
sobreexpressio de ZBP-89 permet l'arrest del cicle cel'lular i la induccio de
l'apoptosi en cultiu i en el teixit intestinal (Taniuchi et al., 1997). Aquesta
propietat podria justificar la baixa viabilitat de les cél'lules SH-SY5Y després de
la sobreexpressio de ZBP-89 i la impossibilitat d'analitzar el seu paper regulador
sobre el gen ADORAZ2A. En canvi, I"is d’un siRNA especific per ZBP-89 va revelar
el seu paper activador en l'expressio del receptor. Paralllelament, no es van
detectar canvis en els nivells d’expressio ni localitzacié cel'lular de ZBP-89 en el
putamen de pacients amb PD respecte els controls. Malgrat aquestes dades, s’ha
descrit que ZBP-89 pot ser fosforilat per la cinasa ATM a la Ser202 potenciant la
inducci6 de p21Wafl) (Bai & Merchant, 2007). En aquest sentit, cap la possibilitat
que ZBP-89 estigui més fosforilat en el putamen de pacients amb PD, pero
aquesta hipotesis no s’ha pogut testar ja que no existeix cap anticos comercial
que reconegui la seva forma fosforilada. Per altra banda, aquest factor de
transcripcio és susceptible a ser sumoitzat. E1 grup SUMO pot exercir sinergia
amb ZBP-89 augmentant la seva activitat inhibidora/activadora, allargant la
seva vida mitja o participant en l'assemblatge de cossos nuclears (Chupreta et
al., 2007; Freiman & Tjian, 2003; Ulrich et al., 2009). Per tant, tot i no
augmentar la seva expressié en PD, pot quedar segrestat en compartiments
nuclears en disposicio de la maquinaria transcripcional. En resum, els nostres
estudis in vitro permeten concloure que ZBP-89 participa en ’expressié basal del
receptor A2aR amb un paper activador. Per tant, hipotetitzem que aquest és el
seu paper regulador en l'expressio cerebral del receptor en individus sans. En
quant al seu paper en PD, no podem demostrar cap implicacio en la regulacio
del gen ADORA2A donades les dificultats técniques esmentades a l’hora

d’analitzar el material huma postmortem.

En referéncia al factor de transcripcié Yin yang 1 (YY1), presenta una
sequeéncia homologa a la familia Kriippel de dits de zenc i una distribucié ubiqua
i multifuncional (Shi et al., 1997). S’han descrit gens neuronals que estan
regulats per YY1 (He & Casaccia-Bonnefil, 2008). El seu paper funcional ha
estat associat a processos cellulars, com el control del cicle cellular, la

diferenciacio, desenvolupament i apoptosis (Affar el et al., 2006). Cal destacar
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que ha estat relacionat amb la patogénesis del PD esporadic, a través de
lactivaci6 de la cinasa dels receptors de proteina G o GRKS, la qual esta
associada a la fosforilacio de lalfa-sinucleina (Arawaka et al., 2006). En els
nostres estudis in vitro, hem demostrat que YY1 és un repressor del gen
ADORA2A i en el putamen de malalts de PD, hem observat per
immunofluorescéncia confocal que les neurones Azx positives presenten YY1
nuclear. A més, els nivells d’expressio de YY1 (ARNm i proteina) estan
augmentats en la patologia. Un major estudi sera necessari per dilucidar el
mecanisme d’acci6 de YY1 sobre el gen ADORAZ2A. Sera interessant esbrinar si
YY1 interacciona amb el complex HDAC1/2 i MeCP, (Nan et al., 1998; M. J.
Thomas & Seto, 1999) o si ho fa amb CREB, el qual és un activador de
l'expressi6 ADORA2A (Chiang et al., 2005a; Zhou et al., 1995). S’ha descrit que
ZBP-89 i YY1 cooperen en diferents processos de diferenciacioé cel'lular com per
exemple durant la miogénesi. En 'augment d’expressio de la citocrom C oxidasa
Vb murina el el YY1 bloqueja l'activitat de ZBP-89 (Boopathi et al., 2004).

A partir dels nostres analisis in vitro i els estudis publicats fins ara,
I'increment d’expressio de YY1 en el nucli estriat pot ser la resposta a un estimul
extern com TNF-alfa, per la propia activitat del receptor AzaR o per un
mecanisme alternatiu.

Per una banda, en el context de la teoria inflamatoria com a origen de la
PD, s’han observat nivells alts de TNF-alfa plasmatic (Varani et al., 2009) i en el
liquid cerebroespinal (Boka et al., 1994) de pacients amb PD, aixi com un alt
nombre de cellules glials positives per TNF-alfa a la substancia negra (SNPc)
d’aquests pacients (Boka et al., 1994; Mogi et al., 1994). TNF-alfa és una citocina
que promou la inflamacié perdo també funcions de proteccio de la resposta
immunitaria, proliferacio cellular i diferenciacio (Pfeffer, 2003). En la linia de
que el TNF-alfa pot tenir un paper en la patofisiologia de la PD, s’ha observat que
els ratolins deficients en TNF-alfa protegeixen parcialment contra 1-metil-4-fenil-
1, 2, 3, 6-tetrahidrofiridina (MPTP) (Ferger et al., 2004). El1 doble knock-out de
TNF-alfa i el seu receptor, suprimeix ’activacié de la microglia i protegeix contra
la neurotoxicitat de MPTP a les neurones dopamineérgiques (Sriram et al., 2002,
2006). Finalment, una injecci6 intra-craneal de TNF-alfa causa pérdua de
neurones dopaminérques en la SNPc de ratolins (Carvey et al., 2005).
Curiosament, el TNF-alfa indueix canvis en la regulacié transcripcional de molts
gens, i un exemple és el gen YY1 (Huerta-Yepez et al., 2006). S’ha descrit que un

increment de TNF-alfa produeix un augment de l’expressié de YY1 i NF-KB,
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repressors de l'expressio de Fas, i per tant, TNF-alfa confereix resisténcia a
I’apoptosi induida per Fas-L. Cal destacar que ha estat descrit que ’expressio de
Fas i Fas-L son mecanismes regulats a la baixa en la PD (Ferrer et al., 2000). Si
aquest escenari el traslladem al context de la PD, Iincrement dels nivells de YY1
pot ser un mecanisme que contribueix la supervivéncia cel-lular en resposta a
I'increment de TNF-alfa.

Per altra banda, YY1 pot estar regulat per fosfo-CREB (X. Zhang et al.,
2005) el qual es fosforila per l'activitat AC, via augmentada al putamen de
malalts amb PD (Varani et al., 2009). Per tant, una altra possibilitat és que
I'increment dels nivells de YY1 estriatals observats a PD provinguin de la propia
activitat del receptor Az2aR (Fredholm et al., 2005, 2007). Donat que els nostres
resultats in vitro confereixen al YY1 un paper repressor en el control del gen
ADORA2A, podem hipotetitzar que YY1 representa un mecanisme de regulacio
retrograda del propi receptor aixi com un mecanisme de supervivencia cellular.
A més, donada lexisténcia del complexe YY1/ZBP-89 com s’ha mencionat
anteriorment, no es descarta que l'increment estriatal de YY1 redueixi el paper
activador de ZBP-89 sobre I’expressio del receptor AzaR.

Finalment, el conjunt de tot aquest estudi permet proposar 1"is d’agents
metilants de I’ADN, aixi com la modulacié de YY1, com a eines farmacologiques
per reduir els nivells estriatals d’ A2aR a PD i d’aquesta manera minvar les
discinésies caracteristiques d’aquesta patologia i allargar els tractaments

farmacologics amb L-Dopa i reduir la dosi terapéutica.
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VII. Conclusions

1. Els nivells d’expressié hipocampals del receptor d’adenosina A; i de

l’adenilat ciclasa estan incrementats en la malaltia de grans argirofils.

2. El receptor adenosina Az (A2aR) esta incrementat en el putamen
postmortem de pacients amb la malaltia de Parkinson sense tractament
farmacologic.

3. La metilacié de UADN regula l'expressié del gen ADORAZ2A.

4. Un tractament amb agents metilants de U’ADN pot ser una estratégia
farmacologica per reduir lactivitat del receptor d’adenosina AzaR.

5. El factor de transcripcié del ZBP-89 és un activador de l’expressio del gen
ADORAZ2A.

6. Els nivells d’expressié del ZBP-89 no estan alterats en el putamen de
pacients amb la malaltia de Parkinson sense tractament farmacologic.

7. El factor de transcripci6 YY1 és un repressor de lexpressio del gen
ADORAZ2A.

8. Els nivells d’expressié del YY1 estan incrementats a nivell d’ARNm en el
putamen de pacients amb la malaltia de Parkinson sense tractament

farmacologic.

9. Les neurones estriatals A2aR positives colocalitzen amb YY1 nuclear.
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Elevats nivells estriatals de Yin yang-1 a la malaltia de Parkinson :

possible paper repressor en I’expressio del receptor d’adenosina Aza

Sandra P. Buira, Guido Dentesano, José Luis Albasanz, Jesus Moreno,

Salvador Juvés, Mairena Martin, Isidre Ferrer i Marta Barrachina.

La modulaci6 farmacologica per antagonistes especifics del receptor
d’adenosina Asa (A2aR) ha demostrat disminuir les discinécies que
desenvolupen els pacients de Parkinson (PD) com a consequéncia del
tractament amb levodopa. En el nostre estudi hem observat un increment de
I'expressio del A2aR en el nucli estriat de malalts amb PD sense cap tractament
farmacologic previ. En el Treball 1.3 vam demostrar que la metilacié juga un
paper en l'expressio basal del AzaR. En el present treball, no hem observat
pérdua en el percentatge de metilacio a la regié 5' UTR del gen ADORA2A a
PD. Paralllelament, després dun estudi bioinformatic (Matlnspector) vam
sel.leccionar dos factors de transcripcié candidats a tenir un paper en el
control de l'expressio del AssR: Yin Yang-1 (YY1) i ZBP-89. Mitjancant I'as de
vectors d’expressio i d’ARN d’interferéncia hem demostrat que YY1 té un paper
inhibidor i ZBP-89 un paper activador en les cellules SH-SYSY. A més,
mitjantcant 1’ assaig d’immunoprecipitaci6 de cromatina (ChIP) hem
determinat que el paper d’aquest factors de transcripcio és a través d’una
interacci6 directa sobre la regio 5'UTR del gen ADORAZ2A. Per altra banda, tot i
no observar canvis d’expressio de ZBP-89 en el nucli estriat de pacients amb
PD, el YY1 esta augmentat tant a nivell de ARNm com de proteina. A més, hem
observat que YY1 esta localitzat al nucli de les cellules positives per AzaR
mitjancant microscopia confocal. En conclusio, ZBP-89 i YY1 regulen
l'expressio basal del AsaR. I donat que s’ha descrit que ’expressio de YY1 esta
regulada per AMPc, els nivells estriatals elevats del YY1 poden representar un
mecanisme de regulacio retrograda del AzaR per reduir els seus alts nivells a

PD.
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ABSTRACT

Adenosine A,s receptors (A;aRs) are G-protein coupled receptors that stimulate
adenylyl cyclase activity, promoting accumulation of intracellular cAMP.
Pharmacological modulation of A;4Rs is particularly useful in Parkinson’s disease (PD)
and has been tested in schizophrenia, due to their property of antagonizing dopamine D,
receptor activity. We have recently described how DNA methylation controls basal
AxaR expression levels. In the present report, we show that A;sRs are increased in the
putamen post-mortem of PD patients non pharmacologically-treated with respect to age-
matched controls, although it has not been associated with DNA methylation lost in the
S'UTR region of AjsR gene (ADORA2A), measured with SEQUENOM MassArray
platform. In parallel, the transcription factors ZBP-89 and Yin Yang-1 (YY) have been
characterized as regulators of ADORA2A in SH-SYS5Y cells by specific expression
vectors/siRNAs transient transfections and chromatin immunoprecipitation assay. ZBP-
89 plays a role as an activator and YY1 as a repressor of basal A;sRs levels.
Interestingly, striatal YY1 levels are upregulated at mRNA and protein levels in PD
while striatal ZBP-89 levels remain unchanged with respect to age-matched controls. In
contrast, striatal positive-A;aR neurons present nuclear YY1 localization with confocal
immunofluorescence.

These findings provide new insights into the molecular mechanisms underlying basal
ADORA2A expression and increased striatal YY1 levels in PD might represent a cellular

response to reduce A,aRs levels.
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INTRODUCTION

Adenosine is an endogenous purine nucleoside that mediates a wide variety of
physiological functions by interaction with four G-protein coupled receptors which
modulate adenylate cyclase activity: Aj, Aza, Azg and Az (Fredholm et al., 2001). In the
central nervous system (CNS), A;Rs are associated with neuroprotective processes and
they are upregulated in human neurodegenerative diseases with abnormal protein
aggregates (Angulo et al., 2003; Rodriguez et al., 2006; Perez-Buira et al., 2007,
Albasanz et al., 2007, 2008). By contrast, A,sRs activity is related to the modulation of
glutamate release in the brain and it is associated with the outcome of cerebral injury as
well as the development of AB-induced synaptotoxicity (Cunha, 2005; Stone et al.,
2009; Canas et al., 2009). The most enriched A;sRs brain region is the striatum, in
which AjsRs are largely restricted to GABAergic neurons of the indirect pathway,
projecting from the caudate putamen (CPu) to the external globus pallidus (GPe), which
also expresses dopamine D, receptors (D,Rs) (Fuxe et al., 2007). Moreover, A;4Rs play
out antagonistic interactions with D,Rs and A;Rs (Ferré et al., 1991; Ciruela et al.,
2006), whereas they synergize with metabotropic glutamate receptor 5 (mGluRs) (Ferré
et al., 2002). As a result of these interactions, antagonists of A;aRs have recently
emerged as a leading candidate class of non-dopaminergic anti-parkinsonian agents,
facilitating the availability of D,Rs (Schwarzschild et al., 2006). In fact, clinical trials
have proven that antagonists reduce the postsynaptic effects of dopamine depletion and
lessen motor symptoms of Parkinson’s disease (PD) (Bara-Jimenez et al., 2003; LeWitt
et al., 2008; Simola et al., 2008; Pinna, 2009). Moreover, therapeutic uses of AssRs
modulation are not restricted to PD, as blockade of these receptors has been shown to be
beneficial in animal models of epilepsy, ischemia and Huntington disease (Jones et al.,

1998; Chen et al., 1999; Popoli et al., 2002). However, few reports have been focused
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on AsR gene (ADORA2A) transcription regulation (St. Hilaire et al., 2009) which is
localized to chromosome 22 (MacCollin et al., 1994; Le et al., 1996; Peterfreund et al.,
1996). We have recently shown that DNA methylation plays a role in its basal
expression in several human cell lines (Buira et al., In press). Regarding AaR
expression levels in Parkinson’s disease (PD), it was reported to be upregulated at
mRNA and protein levels in the post-mortem putamen of PD patients with diskynesias
(Calon et al. 2004) and A,sRs overexpression has recently been correlated with the
typical parkinsonian motor symptoms (Varani et al., 2009). Therefore, based on these
findings, our study was designed to: a) determine the striatal A,4R levels in PD patients
without previous pharmacological treatment; b) learn about the role of DNA
methylation in the expression of this receptor in the putamen post-mortem of PD with
respect to age-matched controls and; c) identify and figure out the role of several

transcription factors in basal and pathological ADORA2A expression.
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MATERIAL AND METHODS

Human brain samples

The human post-mortem brain samples were obtained from brain banks of the Institute
of Neuropathology (Hospital of Bellvitge) and the University of Barcelona (Clinic
Hospital). The donation and obtaining of samples (central nervous system) are regulated
by the ethics committees of the two institutions. The sample processing followed the
rules of the European Consortium of Nervous Tissues: BrainNet Europe II (BNEII). All
the samples are protected in terms of individual donor identification following the
BNEII laws. The brains are maintained, half in formalin for morphological and
immunohistochemical studies, while the other half is processed in coronal sections to be
frozen at -80°C and made available for biochemical studies. The neuropathological
exams were realized in all cases on twenty sections of brain, both cerebel and brainstem,
stained with haematoxylin and eosin, luxol fast blue-Kliiver Barrera, and subjected to
immunohistochemistry for tau, 3-A4 amyloid, a-synuclein, a-Bcristalin and ubiquitin.
This is the first approximation toward a neuropathological diagnosis of the disease.
Control brains were from individuals without neurological history or neuropathological
lesions after the standard exam. The neuropathological diagnoses were made according
to well-established criteria for Parkinson’s disease (PD) (Braak et al., 2003). All cases
analyzed are summarized in Table 1.

Cell culture

Human neuroblastoma SH-SY5Y cell line was maintained in DMEM medium
(Invitrogen, El Prat de Llobregat, Spain) (ECACC number: 94030304) supplemented
with 10% fetal bovine serum. Depending on experimental conditions, cells were

maintained in culture with 10 uM of retinoic acid (RA) (Sigma, Madrid, Spain) which
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was added every 48 hours. Cells were grown at 37°C in a humidified atmosphere of 5%
CO,.

Quantitative DNA methylation analysis

DNA purification, bisulfite treatment and quantitative DNA methylation analysis by
MassArray platform of SEQUENOM were performed as recently described (Barrachina
and Ferrer, 2009). Five loci of 5" UTR of ADORA2A gene were analyzed to learn their
percentage of DNA methylation. Primers for each region were designed using
MethPrimer (http://www.urogene.org/methprimer/). Every reverse primer presented a
T7-promoter tagged to obtain an appropriate product for in vitro transcription and an 8
bp insert to prevent abortive cycling. The forward primers contained a 10mer-tagged to
balance the PCR primer length. The sequences of primers used for amplification of

bisulfite-treated DNA were (tags incorporated are indicated below in lower case and

underlined):
A»aR-10069 (PCR 1): forward, 5'-
aggaagagag I TAGTTTGATTAATATGGTGAAATAT-3', reverse, 5'-

cagtaatacgactcactatagggagaaggctCCCCCTACAAACAACTTTAAAAC-3';

A2AR-8973 (PCR 2): forward, 5'-aggaagagagGAGTTTTTTTAGTAGGGATGGAT-3/,

reverse, 5'-cagtaatacgactcactatagggagaaggct AACCTAAAACCCAACCCTAAATCT-3;

AaAR-7883 (PCR 3): forward, 5'-aggaagagagTTTTTAGTGTTGAGTTGGTTGAGTT-
3, reverse, 5'-

cagtaatacgactcactatagggagaaggct ACAATCCCTATAATATCCCCTAACC-3';

AsaAR-6643 (PCR 4): forward, 5'-aggaagagagAGTATAGGGGATGATGGGAGTTTA-
3, reverse, 5'-

cagtaatacgactcactatagggagaaggct ACCAAACAAAACCTAACCACTACTT-3;
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AyAR-5301 (PCR 5): forward, 5'-aggaagagagTGGTTGTTTATTATTGGGTAGTGAG-
3, reverse, 5'-

cagtaatacgactcactataggeagaagoctCAAAAACCTTTAAAATCTCCAAAAA-3 .

More detailed information about these primers and PCR reactions is found in Table 2.
ZBP-89 and YY1 siRNA transfection

SH-SYSY cells were plated on 6-well dishes at a concentration of 50,000 cells/well and
cultured overnight before siRNA transfection. Then cells were transfected with 100
pmol of ZBP-89 siRNA (5-GGUGAUGAGACAAACCAUGtt-3'; Ambion, siRNA ID#
109422, Madrid, Spain), YY1 siRNA (5-GGAGGACAAUUCAUGAACUtt-3";
Ambion, siRNA ID# 107093) and a negative control or scramble siRNA (Ambion, Cat.
N°4611) using lipofectamine™ 2000 (Invitrogen) following the instructions of the
manufacturer. After 5 hours of transfection, the medium was replaced with fresh
medium. For YY1 siRNA transfection, cells were treated again with 10 uM RA for 48
hours.

Cell transfection with ZBP-89 and YY1 expression vector

SH-SY5Y cells were plated in 6-well dishes at a concentration of 10° cells/well and
cultured overnight before transfection. 1 pg of ZBP-89 vector (kindly provided by Dr.
W. Hammerschmidt) or 1 pg of pPCMV/HA-YY1 vector (kindly provided by Dr. Shi)
were transfected using lipofectamine™ 2000 (Invitrogen, El Prat de Llobregat, Spain)
following the instructions of the manufacturer. After 5 h of transfection, the medium
was replaced by fresh medium. YY1 overexpression in RA-treated SH-SYSY cells was
carried out in the same way as described for siRNA transfection.

RNA purification

The purification of RNA from cell lines was carried out with RNeasy Midi kit (Qiagen,

Hilden, Germany) following the protocol provided by the manufacturer. The
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concentration of each sample was obtained from A,s measurements with Nanodrop
1000. RNA integrity was tested using the Agilent 2100 BioAnalyzer (Agilent, Santa
Clara, CA).

Retrotranscription reaction

The retrotranscriptase reaction was carried out using the High capacity cDNA Archive
kit (Applied Biosystems, Madrid, Spain) following the protocol provided by the
supplier. Parallel reactions for each RNA sample were run in the absence of MultiScribe
Reverse Transcriptase to assess the degree of contaminating genomic DNA.

TaqMan PCR

TagMan PCR assays for every gene were performed in duplicate on cDNA samples in
384-well optical plates using an ABI Prism 7900 Sequence Detection system (Applied
Biosystems). For each 20 pl TagMan reaction, 9 pul cDNA (diluted 1/20, which
corresponds approximately to the cDNA from 22 ng of RNA) was mixed with 1 pl 20x
TagMan Gene Expression Assays and 10 pl of 2x TagMan Universal PCR Master Mix
(Applied Biosystems). Parallel assays for each sample were carried out using primers
and probe for B-glucuronidase (GUSB) for normalization. Standard curves were
prepared for every gene analyzed using serial dilutions of SH-SYS5Y cells. The PCR
conditions and TaqgMan probe information are the same as previously described
(Albasanz et al., 2008). Finally, all TagMan PCR data were captured using the
Sequence Detector Software (SDS version 1.9, Applied Biosystems). The identification
number for ZBP-89 and YY1 TagqMan probes were Hs00222661 ml and
Hs00231533 ml, respectively (Applied Biosystems).

Western Blot

Retinoic acid-treated and non-treated SH-SYS5Y cells were lysed with RIPA buffer.

Lysates were maintained in agitation for 30 minutes at 4°C and then centrifuged at
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15,000 g for 12 minutes at 4°C. Striatal plasma membrane extracts from human post-
mortem samples were purified as described (Pérez-Buira et al., 2007). Protein
concentration was determined with BCA (Pierce, Woburn, MA) method. 20 pg of the
resultant supernatant was used for Western blot analysis as described (Perez-Buira et al.,
2007). The following antibodies were used: rabbit polyclonal A 4R (ab3461, Abcam,
Cambridge, UK) used at a dilution of 1:2000, rabbit polyclonal ZBP-89 (H-184, sc-
48811, Santa Cruz Biotechnology, CA, USA) used at a dilution of 1:1000, monoclonal
YY1 antibody (ab58066, Abcam) diluted 1:1000 and mouse monoclonal anti-B-actin
(clone AC-74, Sigma) diluted 1:5,000.

Quantitative chromatin immunoprecipitation (qChIP)

Chromatin shearing was obtained from 10,000 retinoic acid-treated and non-treated SH-
SYS5Y cells for 48 hours, using the Bioruptor™ from Diagenode (Liege, Belgium). The
resultant DNA (between 200-500 bp) was immunoprecipitated with 10 pg of an anti-
ZBP89 (H-184X, Santa Cruz Biotechnology) or 2 ug of an anti-YY1 (C-20X, Santa
Cruz Biotechnology). As negative control, an immunoprecipitation was performed with
a rabbit serum (sc-2338, Santa Cruz Biotechnology) using the Magnetic LowCell ChIP
kit (Diagenode). DNA immunoprecipitated (ChIP) and non-immunoprecipitated (Input)
were stored in 150 pl of water. The analysis of ChIP was performed by real time PCR
using SYBR green technology (Applied Biosystems). Input DNA and ChIP (5 pl) were
amplified in triplicates in 384-well optical plates using an ABI Prism 7900 Sequence
Detection system (Applied Biosystems). The PCR reaction was carried out with 0.5 pl
of forward and reverse primers (10 uM) and 12.5 pl of master mix in a final volume of
25 pl. The sequence and the PCR product length for each locus are indicated in Tables 4
and 6. The reactions were performed using the following parameters: 50 °C for 2 min,

95 °C for 10 min, and 40 cycles of 95 °C for 15 s and 60 °C for 1 min. All real time PCR
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data were captured using the Sequence Detector Software (SDS version 1.9, Applied
Biosystems) and PCR products were evaluated by SYBR green melting curve analyses
as well as checked by agarose gels. The value of the ChIP/Input ratio (percentage) was
calculated following the instructions provided by the Magnetic LowCell ChIP kit
(Diagenode).

Double-labeling immunofluorescence and confocal microscopy

Dewaxed sections of human post-mortem hippocampus were stained with a saturated
solution of Sudan black B (Merck, VWR Internationa/Eurolab S. L., Mollet del Valles,
Spain) for 30 min to block the autofluorescence of lipofucsin granules present in nerve
cell bodies, rinsed in 70% ethanol and washed in distilled water. The sections were
incubated at 4°C overnight with the rabbit A;sR antibody (ab3461, Abcam) used at a
dilution of 1:100 and mouse YY1 antibody (ab58066, Abcam) at a dilution of 1:50.
After washing in PBS, the sections were incubated in the dark with the cocktail of
secondary antibodies, and then diluted in the same vehicle solution as the primary
antibodies for 45 min at room temperature. Secondary antibodies were Alexa488 anti-
rabbit (green) and Alexa555 anti-mouse (red) (both from Molecular Probes, Leiden, The
Netherlands), and these were used at a dilution of 1:400. After washing in PBS, the
sections were mounted in Immuno-Fluore Mounting medium (Biomeda, Palex Medical
S.A., Barcelona, Spain), sealed and dried overnight. Nuclei were stained with TO-PRO-
3-iodide (Molecular Probes) diluted 1:1,000. Sections incubated with the secondary
antibodies only were used as controls. Sections were examined with a Leica TCS-SL
confocal microscope.

Statistical analysis



All results were analyzed with Statgraphics Plus v5 software, using ANOVA with post-
hoc Scheffe test. Differences between mean values were considered statistically

significant at p<0.05.

isB



RESULTS

Striatal A4 receptor (AzaR) levels are increased in PD

AR protein levels from plasma membrane extracts were measured by Western blot in
the postmortem putamen of PD patients non pharmacologically-treated with respect to
age-matched controls. As Fig. 1A shows, AaR protein levels were highly increased in
PD cases, correlating with high A,AR mRNA levels (Fig. 1B) analyzed by TagMan
PCR. A;aR mRNA levels were normalized with B-glucuronidase (GUSB), which was a
good endogenous control as it presented a reduced ACt value (see supplemental data
1A).

DNA methylation pattern in ADORA2A is not modified in PD

Next, we were interested in ruling out the molecular mechanisms that played a role in
AsAR gene (ADORA2A) expression. This consists of two coding exons (exon 2 and 3)
separated by a single intron of nearly 7 Kb. The exon 1 is a non-coding exon which is
located at 5" upstream exon 2 and presents 6 tissue-specific isoforms: h1A-h1F (Yu et
al., 2004). We have described that DNA methylation controls basal ADORA2A
expression in several cell lines (Buira et al., In press). Therefore, we determined the
percentage of DNA methylation in striatal ADORA2A using the MassARRAY platform
of SEQUENOM. First, we analyzed the 15.5 Kb 5' flanking region of the translation
start site (ATG) of ADORA2A using the MethPrimer software (see Material and
Methods section). Three CpG islands (CGI) were predicted surrounding exon 1E and
these are schematically represented in Fig. 2A. Then, we amplified five loci by PCR
after genomic DNA bisulfite treatment of striatal PD and age-matched samples (Table
1-2). The three predicted CGI were analyzed with PCRs numbers 1-3. PCR 1 covered
part of the CGI#1 and CGI#2, PCR 2 matched with part of CGI#2 and PCR 3 the entire

CGI#3. No loss of DNA methylation percentage in the putamen of PD cases was found



with respect to age-matched controls as a potential mechanism playing a role in the
increased parkinsonian A;AR mRNA levels (Fig. 2B). Exceptionally, CpG sites
numbers 9 and 22 in PCRI presented a statistically significant reduction in their
percentage of DNA methylation in PD cases. We must take into account that these two
loci presented a technical problem because base-specific cleavage of the in vitro
transcription product was not discriminated by MALDI-TOF, with the same percentage
of DNA methylation obtained for both CpG sites.

Finally, an additional analysis was made in two 3’ flanking sequences to CGI#3 covered
by PCR 4 and PCR 5 (Supplemental data 2A). Both DNA regions were found to be
highly methylated in the putamen of control samples and again no differences were
detected with respect to PD cases (Supplemental data 2B).

ZBP-89 is an activator of ADORA2A

After the epigenetic study performed in ADORA2A, we wanted to gain knowledge about
transcription factors that regulate expression of A;sR. For this purpose, an in silico
analysis of the sequence shown in Fig. 2A was carried out using the Matlnspector
software (Cartharius et al., 2005). Nineteen putative DNA binding sites were predicted
for the transcription factor ZBP-89, whose positions and sequence are indicated in Table
3. Next, we carried out two strategies to test whether ZBP-89 regulated ADORA2A
expression. First, we transfected an expression vector containing the ZBP-89 cDNA
(kindly provided by Dr. Hammerschmidt) in SH-SYS5Y cells. Surprisingly, A;aR
mRNA levels were unable to be tested because ZBP-89 overexpression promoted a high
percentage of cell death (data not shown). We attributed this finding to the induction of
apoptosis previously described for ZBP-89 (Bai and Merchant, 2001; Bai et al., 2004).
Second, the reduction of endogenous ZBP-89 protein levels with a specific siRNA (Fig.

3A) promoted a decrease in the basal A)aR mRNA levels (Fig. 3B). The results were
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specific as the transfection of the scramble (sc) siRNA didn’t modify the endogenous
ZBP-89 and AR levels. Moreover, the analysis of siRNA transfection was performed
by TagMan PCR using the -glucuronidase (GUSB) as endogenous control, which was
not modified in these experimental conditions as it presented a reduced ACt value.
Therefore, these results indicated that ZBP-89 is an activator of basal A»AR mRNA
levels in SH-SYS5Y cells. Finally, we checked whether the role of ZBP-89 on
ADORA2A expression was directly through an interaction with the 5' UTR region. Then,
a chromatin immunoprecipitation assay (ChIP) was carried out in SH-SYS5Y cells. After
cross-linking of proteins and DNA with formaldehyde, sonicated cell lysates from these
cells were subjected to immunoprecipitation with the rabbit polyclonal anti-ZBP89
antibody. The precipitated DNA fragments were amplified with four sets of primers
including seven ZBP-89 binding sites of the nineteen predicted in ADORA2A (Table 4,
Fig. 4A). ChIP PCR products were detected with the ZBP-89 antibody but not with the
rabbit serum used as a negative control (IgG) nor with the magnetic beads included in
the commercial kit used, except ZBP-89 binding site #2, whose immunoprecipitation
was unspecific as it was amplified in the same way using the rabbit serum (Fig. 4B). As
positive control, a PCR product covering a locus in the gastrin gene promoter region
was obtained with the ZBP-89 antibody (Fig. 4C), as previously described (Merchant et
al., 1996). The SyBrGreen PCR reactions performed in the analysis of each ChIP only
amplified one specific PCR product as dissociation curve plots show (Supplemental
data 3). In conclusion, these results show that ZBP-89 acts as an activator and that it
binds to ADORA2A.

YY1 is a repressor of ADORA2A

The Matlnspector analysis also revealed another candidate to regulate ADORA2A

expression. Seven putative binding sites for YY1 were predicted (Fig. SA and Table 5).
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To find out its potential role in ADORA2A expression, several functional analyses were
carried out. First of all, as the transfection of a specific YY1 siRNA in SH-SY5Y didn’t
show an effect on A;4R mRNA levels (data not shown), we treated SH-SYSY cells with
10 uM retinoic acid (RA) for 48 hours to reduce the endogenous A;xR mRNA levels
(Fig. 5B). In these experimental conditions (the procedure is drawn in Fig. 5C), the
reduction of endogenous YY1 protein levels with a specific siRNA (Fig. 5D) promoted
an increase in the A;aAR mRNA levels (Fig. SE). The results obtained were specific as
the transfection of a scramble (sc) siRNA didn’t modify the endogenous YY1 and AR
levels (Fig. 5D,E). The endogenous control used in the TagMan PCR analysis was
GUSB and it was unaltered in the experimental conditions used (Fig. 5F). In parallel,
we transfected an expression vector containing the HA-YY1 cDNA (kindly provided by
Dr. Shi) in RA-treated SH-SYSY cells (Fig. 5G). The YY1 overexpression promoted a
reduction of endogenous A;xR mRNA levels (Fig. SH) without modifying GUSB levels
(Fig. 51). Finally, a ChIP assay was also performed with a rabbit YY1 antibody. As Fig.
6A shows, the four sets of primers covering the seven YY1 bindings sites in ADORA2A
showed amplification in the YY1 immunoprecipitation, indicating that this transcription
factor interacts with at least four of these loci predicted in ADORA2A (Table 6). The
results obtained were specific as the immunoprecipitation with a rabbit serum didn’t
present any amplification with the set of primers mentioned. The same results were
obtained in SH-SYS5Y cells (data not shown). As positive control of YY1
immunoprecipitation, a PCR product was obtained in a locus of c-fos gene, as
previously reported (Natesan and Gilman, 1993) (Fig. 6B). All the PCR products
obtained were confirmed in the analysis of their dissociation curve plots (Supplemental

data 4).
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In conclusion, these analyses show that YY1 acts as a repressor and that it binds to
ADORA2A.

Characterization of the striatal ZBP-89 and YY1 levels in PD

Based on the in vitro findings described above, we checked the protein levels of ZBP-89
and YY1 in total homogenates from the putamen of PD patients and age-matched
controls by Western blot. No differences were found regarding ZBP-89, but increased
YY1 expression was observed in protein and mRNA levels in the putamen of PD cases
(Fig. 7B,C). Next, double-labeling immunofluorescence and confocal microscopy
disclosed nuclear YY1 immunoreactivity in striatal A;pR positive neurons in PD (Fig.
8, A-F). These changes were specific, as no immunoreaction was elicited following

incubation with the secondary antibodies alone (Fig. 8, G-I).
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DISCUSSION

AsaRs are highly expressed in the CPu and an increase in their expression was observed
in PD patients with dyskinesias, attributing this upregulation to the effect of L-dopa
treatment (Calon et al., 2004). Recently, it has been proven that high A;sRs levels
correlate with motor symptoms in PD patients who were previously treated with a wide
spectrum of drugs and not restricted to only L-dopa (Varani et al., 2009). This issue has
been quite controversial, as increased striatal levels of A;sRs were shown in 6-
hydroxidopamine (6-OHDA)-treated rats, as a consequence of dopamine denervation
(Pinna et al., 2002), and also in 6-OHDA-treated rats with intermittent L-dopa treatment
(Tomiyama et al., 2004). In our study, we only analyzed PD patients with no previous
pharmacological treatment. Our results also show an increase in striatal AssRs levels,
reinforcing the notion that this upregulation is not due to the effect of L-dopa. Then, we
were interested in elucidating the molecular mechanisms underlying the upregulation of
striatal A,aRs levels in PD. DNA methylation is associated with gene repression
(Illingworth and Bird, 2009) and we have described how this epigenetic mark regulates
the expression of basal A,sR levels (Buira et al., In press). Then, we proceeded to
measure the DNA methylation profile in ADORA2A. No DNA methylation percentage
loss was found in the 5' UTR region of ADORA2A in the post-mortem putamen of PD
patients with respect to age-matched controls, except in two CpG sites located in the
CpG islands (CGIs) #1 and #2 (PCR 1, Fig. 2B). We have no explanation for this
finding as an in silico analysis did not reveal any putative binding site for a transcription
factor candidate in these particular loci. However, the gene repression role performed by
methyl-binding proteins (MBDs) is well known (Lopez-Sierra and Esteller, 2008).
Therefore, it is also plausible that striatal A;aRs levels in PD are increased due to a loss

of affinity of MBDs to ADORA2A, but this aspect remains unresolved as it is technically
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impossible measure using human post-mortem brain samples. Apart from that, it is
established that CGIs are usually unmethylated in normal cells (Weber et al., 2007),
while hypermethylation of CGIs is a major event in many cancers (Herman and Baylin,
2003). It is noteworthy that the MassArray analysis performed on ADORA2A revealed
that the predicted bioinformatically CGI #3 can be considered as a non-CGlI, as it is
highly methylated in the post-mortem putamen of age-matched controls. Regarding the
low percentage of DNA methylation in CGIs #1 and #2, this shows the possibility of
drug intervention to reduce the A;sRs levels in PD. In fact, the analysis carried out in
SH-SY5Y and U87-MG cell lines showed a reduction of this receptor after S-
adenosylmethionine treatment (Buira et al., In press). In line with this, the use of
epigenetic tools has been proposed in the treatment of Alzheimer’s disease and PD
(Scarpa et al., 2003, 2006; Obeid et al., 2009).

After DNA methylation analysis, we proceeded to find some transcription factors
related to ADORA2A expression. Its transcriptional regulation has been less studied, and
only a few transcription factors have been associated with ADORA2A expression (St.
Hilaire et al., 2009). In the present report, the analysis carried out with the MatInspector
software revealed nineteen and seven binding sites for the transcription factors ZBP-89
and Yin Yang-1 (YY1), respectively, in the 5' UTR region of ADORA2A.

ZBP-89 (also known as BFCOL1, BERF-1 and ZNF-148) is a Kruppel-type zinc-finger
transcription factor that was first characterized as a repressor of gastrin gene expression
(Merchant et al., 1996). Its expression is ubiquitous and it binds to a GC-rich element. It
acts as a repressor (Law et al., 1998; Wieczorek et al., 2000; Keates et al., 2001) or as
an activator (Ye et al., 1999; Yamada et al., 2001; Bai and Merchant, 2003; Malo et al.,
2006), depending on the gene promoter. Further, several studies have revealed that

ZBP-89 possesses multiple functions. It mediates cell growth arrest through the
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activation of p21(Wafl), after recruiting the co-activator p300 to the p21(Wafl)
promoter (Hasegawa et al., 1999; Bai and Merchant, 2000). Overexpression of ZBP-89
leads to cell cycle arrest and apoptosis both in cell culture (Bai and Merchant, 2001) and
in intestinal tissues upon targeted transgenic expression (Law et al., 2006). These
findings may justify the low SH-SYSY viability after ZBP-89 overexpression and the
consequent technical impossibility of analyzing its role in ADORA2A expression.
Interestingly, the use of a specific siRNA revealed its role as a gene activator. However,
no changes in striatal ZBP-89 levels were found between PD patients and age-matched
controls, and confocal microscopy analysis didn’t reveal a specific ZBP-89 subcellular
distribution in pathological cases (data not shown). Furthermore, it has been described
that ZBP-89 can be phosphorylated by ATM kinase at Ser202 potentiating p21(Wafl)
induction (Bai and Merchant, 2007) and that sumoylation provides a reversible post-
translational mechanism to control its activity (Chupreta et al., 2007). Thus, it can not
be ruled out that striatal ZBP-89 presents a higher degree of phosphorylation or an
altered sumoylation pattern in PD, but to our knowledge no commercial antibodies for
phosphorylated or sumoylated ZBP-89 are available to test these hypotheses. It is also
noteworthy that some of the PCRs performed in the DNA methylation studied presented
ZBP-89 binding sites with CpG sites (Fig. 2B and supplemental data 2). The study
revealed a low percentage of DNA methylation in ZBP-89 binding sites #10 and #12 in
the putamen of PD patients and age-matched controls. Therefore, although our results
don’t clarify the role of ZBP-89 in parkinsonian A;sR upregulation, we found reduced
DNA methylation pattern in several ZBP-89 binding sites and absence of CpG sites in
other ZBP-89 sequences (Table 3) where ZBP-89 was bound by ChIP assay in SH-
SYSY cells (Fig. 4B, ZBP-89 #6 and #8). Regarding Yin yang 1 (YY1), it is a

ubiquitous and multifunctional zinc-finger transcription factor which acts as an initiator,
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a repressor or an activator (Shi et al., 1997). Several brain genes have been reported to
be regulated by YY1 (He and Casaccia-Bonnefil, 2008). Its functionality has been
related with basic cellular processes, such as cell-cycle control, differentiation,
development and apoptosis (Affar el et al., 2006). Interestingly, it has been seen to be
involved with the pathogenesis of sporadic PD as it activates G-protein-coupled
receptor kinase 5, which is related to the phosphorylation of a-synuclein (Arawaka et
al., 2006). In the present report, we show increased YY-1 at mRNA and proteins levels.
Moreover, our in vitro analysis revealed that YY1 is a repressor of ADORA2A
expression. Three types of YY1 mechanisms of action have been described including
direct activation or repression, indirect activation or repression via cofactor recruitment,
and activation or repression by disruption of binding sites or conformational DNA
changes (Gordon et al., 2006). Further analyses are needed to elucidate the mechanism
of action of YY1 above striatal ADORA2A. For instance, whether it forms a repression
complex with HDAC1/2 (Thomas and Seto, 1999), or whether it interacts with CREB,
interfering with its positive role above ADORA2A expression (Zhou et al., 1995; Chiang
et al., 2005). Interestingly, the formation of YY 1/ZBP-89 complex, reducing the ability
of ZBP-89 to activate gene expression has been described (Boopathi et al., 2004). All
these mechanisms must take into account the role of increased YY1 levels above striatal
ADORA2A expression in PD. Interestingly, YY1 has been related with repression of Fas
gene (Garban and Bonavida, 2001), which in turn is downregulated in PD (Ferrer et al.,
2000). Consequently, YY1 upregulation might also be related to neuronal survival
processes in PD.

Therefore, based on our in vitro analyses and several data in the literature, we propose
the following hypothesis: in basal conditions ZBP-89 and YY1 control striatal

ADORA2A expression with antagonistic roles (Fig. 9A). It is well known that A;sRs



stimulate adenylyl cyclase activity through G proteins, promoting accumulation of
intracellular cAMP (Fredholm et al., 2001). Recent evidence has shown that the
increased striatal A;sRs density was associated with enhanced stimulaton of cAMP
production, suggesting an increase in the active form of the receptor in PD (Varani et
al., 2009). In contrast, YY1 has been characterized to be regulated by CREB, a target of
cAMP pathway (Zhang et al., 2005). In our report, we have shown increased striatal
YY1 levels in the nucleus of A;aR-positive neurons in PD. Therefore, it is plausible that
increased YY1 levels represent a negative feedback mechanism to control the
overexpression of striatal A;sRs levels, although other unknown YY1 activation
signalling pathways also deserve to be considered (Fig. 9B).

In conclusion, this study provides new insights into the control of basal ADORA2A
transcription in SH-SYSY cells. Based on our previous report (Buira et al., In press) and
on the evidence found in the post-mortem putamen of PD patients, it is proposed that
modulation of striatal ZBP-89 and YY1 levels as well as the design of DNA
methylating drugs combined with A;aR antagonists might be useful for future

pharmacological intervention in the reduction of the dyskinesias present in PD patients.
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FIGURE LEGENDS

Figure 1. Increased A;sR levels are found in the putamen of Parkinson’s disease
patients. (A) Striatal A;sR protein levels (45 kDa) from plasma membrane extracts
were detected by Western Blot. 3-Actin (45 kDa) is blotted to control protein loading.
The information for each patient number is found in Table 1 and the image is
representative of all the human cases analyzed. (B) Striatal A;aR mRNA levels from
total homogenates were analyzed by TagMan PCR and normalized with B-
glucuronidase (GUSB). The graph only represents the mean + SD of those cases shown
in Table 1 with a RNA integrity number (RIN) > 7 (Ferrer et al., 2008). More
information about PCR reaction is found in Supplemental data 1 and in Material and
Methods section.

AU: Arbitrary Units. C: control; PD: Parkinson’s disease. *p<0.05 compared with
control samples (ANOVA with post-hoc Scheffe test).

Figure 2. The percentage of DNA methylation in three predicted CpG islands
located in S'UTR region of ADORA2A is not modified in Parkinson’s disease
patients. (A) Scaled representation of 5' UTR region of human ADORA2A gene
established by Yu and coworkers (2004) who identified 6 isoforms of non-coding exon
1 (1A-1F). Three putative CpG islands surrounding exon 1E were predicted by
MethPrimer software and are drawn in the diagram as CGI#1-3 (Buira et al., In press).
The translational start site (ATG) is indicated with an arrow. The three loci analyzed
were covered by PCR 1-3 which are indicated as dotted line. (B) DNA methylation
percentage of three loci amplified by PCR 1-3 in the human post-mortem putamen of
patients with Parkinson’s disease (PD, n=7) with respect to control samples (C, n=13).
The information for every human case analyzed is found in Table 1. Graphs represent

the percentage of DNA methylation (mean + SD) of each CpG site located in every



locus amplified by PCR (see Material and Methods section and Table 2). CpG site
number 14 in PCR1 and CpG sites 28-30 in PCR2 contain ZBP-89 binding sites #12
and 10, respectively. p<0.001 compared with control samples (ANOVA with post-hoc
Scheffe test).

Figure 3. ZBP-89 is an activator of basal ADORA2A expression. (A) SH-SY5Y cells
were transfected with a specific ZBP-89 siRNA and a random siRNA (scramble: sc) as
described in Material and Methods section. ZBP-89 protein levels (115 kDa) were
analyzed by Western blot, using B-actin (45 kDa) as a control of protein loading. The
densitometric analysis is shown below the blots. (B) A2aR and ZBP-89 mRNA levels
are measured after ZBP-89 siRNA and scramble transfection in SH-SYSY cells by
TagMan PCR. The endogenous control used for real time PCR was [-glucuronidase
(GUSB) which was not modified after specific siRNAs transfection. ACt GUSB =
Ct(GUSB in non-treated cells) — CYGUSB in siRNA transfected cells)-

Treatments were performed in triplicate (6-well plates). Each bar shows the mean + SD
of three replicates for every experimental condition and the images are representative of
three independent experiments.

AU: Arbitrary Units. 'p<0.01 and ~ p<0.001 compared with non-treated cells (ANOVA
with post-hoc Scheffe test).

Figure 4. ZBP-89 binds to 5'UTR region of ADORA2A in SH-SYSY cells. (A)
Nineteen ZBP-89 binding sites predicted by Matlnspector software are indicated as stars
in the same diagram described in Fig. 2A. The sequences and positions of every ZBP-89
binding site are found in Table 3. (B) Chromatin immunoprecipitation assay (ChIP) was
carried out in SH-SYSY cells with a rabbit polyclonal ZBP89 antibody (black bars), a
rabbit serum as a negative control of immunoprecipitation (IgG, white bars) and

magnetic beads (gray bars) as negative control of the commercial kit used (see Material



and Methods section). Immunoprecipitated DNA was analyzed by PCR using a set of
primers that amplified four loci covering the analysis of at least seven ZBP-89 binding
sites (Table 4). Those ZBP-89 binding sites with a positive ChIP analyses are indicated
as black stars in section A. (C) A parallel PCR analysis covering gastrin gene promoter
was performed as positive control of ZBP-89 ChIP. Input refers to DNA chromatin not
immunoprecipitated with the specific antibody. ChIP refers to DNA chromatin
immunoprecipitated with the specific antibody. % of input represents the percentage of
ChIP/Input ratio. The graph bars show the mean + SD of nine samples from three
independent ChIP assays. Dissociation curve analysis for every PCR product is shown
as Supplemental Data 3.

Figure 5. YY1 represses basal ADORA2A expression in retinoic acid-treated SH-
SYSY cells. (A) Seven YY1 binding sites predicted by Matlnspector software are
indicated as squares in the same diagram described in Fig. 2A. The sequences and
positions of every YY1 binding site are found in Table 5. (B) SH-SY5Y cells were
treated with 10 uM retinoic acid (RA) for 48 hours. Then RNA was extracted and AysR
mRNA levels were measured by TagMan PCR. RA reduces the endogenous AjsR
mRNA levels. DMSO was the vehicle used to dissolve RA. (C) The panel summarizes
the procedure employed in this set of experiments. DiV: days in vitro. (D) RA-treated
SH-SYSY cells were transfected with a specific YY1 siRNA and a random siRNA
(scramble: sc) as described in Material and Methods section. YY1 protein levels (65
kDa) were analyzed by Western blot, using B-actin (45 kDa) as a control of protein
loading. The densitometric analysis is shown below the blots. (E) A;sR and YY1
mRNA levels were measured after YY1 siRNA and scramble transfection in RA-treated
SH-SYSY cells by TagMan PCR. (F) The endogenous control used for real time PCR

was B-glucuronidase (GUSB) which was not modified after specific siRNAs



transfection. ACt GUSB = Ct(GusB in non-treated cells) = Ct(GUSB in siRNA transfected cells). (G) RA-
treated SH-SYSY cells were transfected with the pCMV/HA-Y Y 1 vector as described in
Material and Methods section. YY1 protein levels (65 kDa) were analyzed by Western
blot, using B-actin (45 kDa) as a control of protein loading. The densitometric analysis
is shown below the blots. The YY1 overexpressed presented additional 12 kDa which
corresponded to HA tag incorporated in the expression vector. (H) A;aR mRNA levels
were measured after YY1 overexpression in RA-treated SH-SYSY cells by TagMan
PCR. (I) The endogenous control used for real time PCR was B-glucuronidase (GUSB)
which was not modified after YY1 overexpression. ACt GUSB = Ct(GusB in non-treated cells)
— Ct(GUSB in YY1 overexpressed cells)-

Figure 6. YY1 binds to S'UTR region of ADORA2A in retinoic acid-treated SH-
SYSY cells. (A) Chromatin immunoprecipitation assay (ChIP) was carried out in
retinoic acid-treated SH-SYSY cells with a rabbit polyclonal YY1 antibody (black bars)
and a rabbit serum as a negative control (IgG, white bars) as described in Material and
Methods section. Immunoprecipitated DNA was analyzed by PCR using a set of
primers that amplified four loci covering the analysis of seven predicted YY1 binding
sites (see Fig. 5A). The sequence and position of oligos used in the ChIP analysis are
shown in Table 6. (B) A parallel PCR analysis covering c-fos gene promoter was
performed as positive control of YY1 ChIP. Input refers to DNA chromatin not
immunoprecipitated with the specific antibody. ChIP refers to DNA chromatin
immunoprecipitated with the specific antibody. % of input represents the percentage of
ChIP/Input ratio. The graph bars show the mean + SD of nine samples from three
independent ChIP assays. Dissociation curve analysis for every PCR product is shown

as Supplemental Data 4.



Figure 7. YY1 expression levels, but not ZBP-89, are increased in the putamen of
PD patients. (A) Striatal ZBP-89 and (B) YY1 protein levels from total homogenates of
patients with PD and age-matched controls were detected by Western blot. The
detection of ZBP-89 showed the typical double band around 115 kDa, previously
described for this transcription factor (Merchant et al., 1996). B-Actin (45 kDa) is
blotted to control protein loading. The information for each patient number is found in
Table 1. Densitometric analysis for every blot (mean £ SD) is shown below every
image. (C) Striatal YY1 mRNA levels in patients with PD and age-matched controls
were analyzed by TagMan PCR and normalized with B-glucuronidase (GUSB). The
graph only represents the mean + SD of those cases shown in Table 1 with a RIN>7.
More information about PCR reaction is found in Supplemental data 1 and in Material
and Methods section.

AU: Arbitrary Units. C: control; PD: Parkinson’s disease. *p<0.05 compared with age-
matched control samples (ANOV A with post-hoc Scheffe test).

Figure 8. Double-labeling immunofluorescence and confocal microscopy reveal
nuclear localization of YY1 in positive A,AR neurons in the putamen of PD. Striatal
positive AxaR (green) neurons present nuclear localization of YY1 (red) in PD (A-F).
These changes are specific as no immunoreaction is obtained following incubation with
the secondary antibodies alone (G-I). Nuclei are visualized in blue with TO-PRO
iodide. All striatal samples are listed in Table 1. Bar = 20 microns.

Figure 9. Hypothetical model to depict the molecular mechanisms that play a role
in (A) basal striatal A;,Rs levels and in (B) increased striatal A;ARs levels found in
PD.

AC: adenylate cyclase.
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Supplemental Data 1. (A) The endogenous control used for real time PCR was -
glucuronidase (GUSB) and its mRNA levels were not modified between control and PD
cases. ACt GUSB = Ct(GusB in control samplesy — CtGUSB in PD samples)- (B) Representative
standard curves for A;aR, YY1 and GUSB constructed from several concentrations of a
striatal PD sample. Ct values (y-axis) vs log of several RNA concentrations (x-axis)
show a reverse linear correlation.

Supplemental Data 2. DNA methylation analysis of two non-CpG island regions.
(A) The two loci analyzed were covered by PCR 4 and PCR 5. Both sequences studied
are indicated in the same diagram described in Fig. 2A. (B) DNA methylation
percentage of both non-CpG island regions was analyzed in the same cases presented in
Fig. 2. Graphs represent the percentage of DNA methylation (mean + SD) of each CpG
site located in the locus amplified by PCR 4 and PCR 5 whose positions are indicated in
Table 2.

C: control; PD: Parkinson’s disease. There are no statistically significant differences
among all the cases tested (ANOVA with post-hoc Scheffe test).

Supplemental Data 3. Dissociation curve analysis for every PCR performed in the
analysis of ZBP-89 ChIP and shown in Fig. 4. NTC: non-template control to rule out the
formation of dimer primers.

Supplemental Data 4. Dissociation curve analysis for every PCR performed in the
analysis of YY1 ChIP and shown in Fig. 6. NTC: non-template control to rule out the

formation of dimer primers.



Table 1. Summary of the main clinical and neuropathological findings
C: Control, PD: Parkinson’s disease. M: male, F: female. P-m delay: post-mortem delay

in hours. PD Braak stages referred to Lewy body pathology (Braak et al., 2003). RIN:

RNA integrity number

Number case | Disease | Gender | Age | P-mdelay | PD Braak stages | RIN
1 C M 39 3.30 0 6
2 C M 43 6 0 7,4
3 C F 46 9.35 0 -
4 C M 56 5 0 7,5
5 C M 56 3.50 0 6,8
6 C M 59 6.25 0 2,8
7 C M 59 7 0 7
8 C M 61 2.45 0 7,1
9 C F 66 8 0 7,3
10 C M 67 5 0 7,3
11 C F 69 2.30 0 2,2
12 C F 73 7 0 7
13 C F 78 3.40 0 -
14 C F 81 4 0 7,3
15 C F 77 3.30 0 -
16 PD M 53 7.25 3 5,6
17 PD M 57 11 3 7,2
18 PD F 70 4.30 4 8,1
19 PD F 70 5.15 4 -




20 PD M 71 5.30 3 7,8
21 PD F 78 27.30 3-4 6,7
22 PD M 78 10.45 3 6,3
23 PD F 79 3.30 3-4 5,5
24 PD M 79 9.15 4 5.4
25 PD M 83 4 4 6,4
26 PD M 85 3.15 4 6,3
27 PD M 76 12.30 3-4 5,9




Table 2. PCRs carried out in 5' UTR regions of ADORA2A to analyze the

percentage of DNA methylation

Localization in Sequence | Annealing
Position with respect to ATG
human genomic length temperature
site (exon 2)"
contig NT 011520 (bp)* (°C)

PCR 1 4209874-4210419 - 10069 / - 9524 546 60
PCR2  4210970-4211473 - 8973 /- 8470 504 62
PCR3  4212060-4212568 - 7883 /-7375 509 62
PCR4  4213300-4213802 - 6643 /-6141 503 60
PCRS5  4214642-4215133 -5301/-4810 492 62

"Human ADORA2A mRNA (GenBank number NM_000675) was aligned with human

genomic sequence, establishing that ATG is located at position 4219943 (contig

GenBank number NT 011520).

*The PCR product length contains an additional 41 bp corresponding to the tag length

incorporated in every forward and reverse primer (underlined sequences; see Material

and Methods section).
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Table 3. Information about the nineteen ZBP-89 binding sites predicted in S'UTR
region of ADORA2A
The 5'UTR ADORA2A was established by Yu et al. (2004). CpG sites are marked in

bold and homology with ZBP-89 consensus sequence is indicated by underlining.

ZBP-89 binding site sequence Genomic
ZBP-89 binding
(5'—3" localization respect
site number (#)
Consensus: gccCCtCCxCC to ATG
#1 cacgccctctCCCCcacctgcte - 1278 /- 1301
#2 ctcctcacctCCCCcaacctggce -4147/-4170
#3 tggcatccctCCCCcacagcceg - 5401/ -5424
#4 gctccccacaCCCCcatgtgtec - 5579 /-5602
#5 gggccactcaCCCCctcacacga -5648/-5671
#6 tgagcagcctCCCCcaggctgge -6175/-6198
#7 tctctcaccaCCCCcegecaaca - 6476 / - 6499
#8 ctccacagcaCCCCcaccacaca - 6988 /-7011
#9 gtgggcagcaCCCCcccccecccc - 8054 /- 8077
#10 cgcgcacccaCCCCcatcegtcc -8690/-8713
#11 cggcccegcaCCCCegacggccc -9331/-9354
#12 cegggccccaCCCCcacactccce - 9834 /-9857
#13 acccttagctCCCCcacctttag| -10690/-10713
#14 gggaattcccCCCCcatccccee | -10961 /- 10984
#15 tggaggagctCCCCctccaggtg | -11730/-11753
#16 tgcctgaccaCCCCctggectca | -12411/-12433
#17 acagggacctCCCCcagccccac | - 12871/ - 12894
#18 ctgccegcectCCCCcacccccag -12914/-12936




#19

cegcacccctCCCCctgectcac

- 14072 / - 14094




Table 4. PCRs carried out in S'UTR region of ADORA2A to analyze the ZBP-89

ChIP
ZBP-89 PCR
binding product
Primer Forward (5'—3") Primer Reverse (5'—3")
sites length
analyzed (bp)
#1 GTTCCGTACCTGCTTTCTGC TGCCTCACCTCCCTCCTC 109
#2 GGCCTTGCTAGTGCGACATA | CTGCCTTCCTCCTCACCTC 104

#8.7.6 ATCAGGTGGAGAGAGGAGCA | AGCAGAGAAAATGCCCGAAG 105

#14.13 GGAGGATCAAGGCCACACT | GATGTGTCCCCAATTTCCAA 110

Gastrin® | CCCTCACCATGAAGGTCAAC | ACCCTGCCATATGAGTCCAG 141

“Shiotani A and Merchant JL, 1995




Table 5. Information about the seven YY1 binding sites predicted in in S'UTR
region of ADORA2A

The 5'UTR ADORA2A was established by Yu and coworkers (2004). CpG sites are
marked in bold and homology with YY1 consensus sequence is indicated by

underlining.

YY1 binding site sequence (5'—3") Genomic
YY1 binding site
Consensus: localization respect
number (#)
(C/g/a)(G/t)(C/t/a)CATN(T/a)(T/g/c) to ATG
#1 ctgaaCCATctgcagaggg -318/-337
#2 aggggCCATcctcaggcetg -448 /-429
#3 gggagCCATtttaaatctyg -1550/-1531
#4 ccctgCCATatgctcagat - 4588 /-4569
#5 gccegCCATctgagggagyg -5921/-5902
#6 cggggCCATctagaaacac -5975/-5956
#7 tccatCCATcttctgtctg - 7069 /- 7088




Table 6. PCRs carried out in S'UTR region of ADORA2A to analyze the YY1 ChIP

PCR

YY1 binding product

Primer Forward (5'—3") Primer Reverse (5'—3")

sites analyzed length
(bp)
#1.2 TGGCTATGACCACAGCAGAC | TTTCAGATCCCACCCTACCC 100
#3 GTTCCGTACCTGCTTTCTGC TGCCTCACCTCCCTCCTC 109
#4 GGCCTTGCTAGTGCGACATA | CTGCCTTCCTCCTCACCTC 104
#5.6.7 ATCAGGTGGAGAGAGGAGCA | AGCAGAGAAAATGCCCGAAG 105

c-fos oligos were provided by the Magnetic LowCell ChIP kit (Diagenode).
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Figure 1. Increased A2AR levels are found in the putamen of
Parkinson’s disease patients. (A) Striatal A2AR protein levels (45 kDa)
from plasma membrane extracts were detected by Western Blot. 3-Actin (45
kDa) is blotted to control protein loading. The information for each patient
number is found in Table 1 and the image is representative of all the human
cases analyzed. (B) Striatal A2AR mRNA levels from total homogenates
were analyzed by TagMan PCR and normalized with R-glucuronidase
(GUSB). The graph only represents the mean + SD of those cases shown in
Table 1 with a RNA integrity number (RIN) > 7 (Ferrer et al., 2008). More
information about PCR reaction is found in Supplemental data 1 and in
Material and Methods section.

AU: Arbitrary Units. C: control; PD: Parkinson’s disease. *p<0.05 compared
with control samples (ANOVA with post-hoc Scheffe test).
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Figure 2. The percentage of DNA methylation in three predicted CpG islands located in 5'UTR region of
ADORAZ2A is not modified in Parkinson’s disease patients. (A) Scaled representation of 5' UTR region of
human ADORAZ2A gene established by Yu and coworkers (2004) who identified 6 isoforms of non-coding exon 1
(1A-1F). Three putative CpG islands surrounding exon 1E were predicted by MethPrimer software and are drawn
in the diagram as CGI#1-3 (Buira et al., In press). The translational start site (ATG) is indicated with an arrow.
The three loci analyzed were covered by PCR 1-3 which are indicated as dotted line. (B) DNA methylation
percentage of three loci amplified by PCR 1-3 in the human post-mortem putamen of patients with Parkinson’s
disease (PD, n=7) with respect to control samples (C, n=13). The information for every human case analyzed is
found in Table 1. Graphs represent the percentage of DNA methylation (mean + SD) of each CpG site located in
every locus amplified by PCR (see Material and Methods section and Table 2). CpG site number 14 in PCR1 and
CpG sites 28-30 in PCR2 contain ZBP-89 binding sites #12 and 10, respectively. p<0.001 compared with control
samples (ANOVA with post-hoc Scheffe test).
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Figure 3. ZBP-89 is an activator of basal ADORA2A expression. (A) SH-SY5Y cells
were transfected with a specific ZBP-89 siRNA and a random siRNA (scramble: sc) as
described in Material and Methods section. ZBP-89 protein levels (115 kDa) were analyzed
by Western blot, using b-actin (45 kDa) as a control of protein loading. The densitometric
analysis is shown below the blots. (B) A2AR and ZBP-89 mRNA levels are measured after
ZBP-89 siRNA and scramble transfection in SH-SY5Y cells by TagMan PCR. The
endogenous control used for real time PCR was b-glucuronidase (GUSB) which was not
modified after specific siRNAs transfection. ACt GUSB = Ct(GUSB in non-treated cells) —
Ct(GUSB in siRNA transfected cells).

Treatments were performed in triplicate (6-well plates). Each bar shows the mean + SD of
three replicates for every experimental condition and the images are representative of three
independent experiments.

AU: Arbitrary Units. *p<0.01 and **p<0.001 compared with non-treated cells (ANOVA with
post-hoc Scheffe test).
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Figure 4. ZBP-89 binds to 5'UTR region of ADORA2A in SH-SY5Y cells. (A) Nineteen
ZBP-89 binding sites predicted by Matlnspector software are indicated as stars in the same
diagram described in Fig. 2A. The sequences and positions of every ZBP-89 binding site are
found in Table 3. (B) Chromatin immunoprecipitation assay (ChlP) was carried out in SH-
SY5Y cells with a rabbit polyclonal ZBP89 antibody (black bars), a rabbit serum as a
negative control of immunoprecipitation (IgG, white bars) and magnetic beads (gray bars) as
negative control of the commercial kit used (see Material and Methods section).
Immunoprecipitated DNA was analyzed by PCR using a set of primers that amplified four loci
covering the analysis of at least seven ZBP-89 binding sites (Table 4). Those ZBP-89 binding
sites with a positive ChIP analyses are indicated as black stars in section A. (C) A parallel
PCR analysis covering gastrin gene promoter was performed as positive control of ZBP-89
ChIP. Input refers to DNA chromatin not immunoprecipitated with the specific antibody. ChlIP
refers to DNA chromatin immunoprecipitated with the specific antibody. % of input represents
the percentage of ChlIP/Input ratio. The graph bars show the mean + SD of nine samples
from three independent ChIP assays. Dissociation curve analysis for every PCR product is
shown as Supplemental Data 3.
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Figure 5. YY1 represses basal ADORA2A expression in retinoic acid-treated SH-SY5Y cells. (A) Seven YY1
binding sites predicted by Matlinspector software are indicated as squares in the same diagram described in Fig.
2A. The sequences and positions of every YY1 binding site are found in Table 5. (B) SH-SY5Y cells were treated
with 10 uM retinoic acid (RA) for 48 hours. Then RNA was extracted and A2AR mRNA levels were measured by
TagMan PCR. RA reduces the endogenous A2AR mRNA levels. DMSO was the vehicle used to dissolve RA. (C)
The panel summarizes the procedure employed in this set of experiments. DiV: days in vitro. (D) RA-treated SH-
SY5Y cells were transfected with a specific YY1 siRNA and a random siRNA (scramble: sc) as described in
Material and Methods section. YY1 protein levels (65 kDa) were analyzed by Western blot, using 3-actin (45 kDa)
as a control of protein loading. The densitometric analysis is shown below the blots. (E) A2AR and YY1 mRNA
levels were measured after YY1 siRNA and scramble transfection in RA-treated SH-SY5Y cells by TagMan PCR.
(F) The endogenous control used for real time PCR was R-glucuronidase (GUSB) which was not modified after
specific siRNAs transfection. ACt GUSB = Ct(GUSB in non-treated cells) — Ct(GUSB in siRNA transfected cells).
(G) RA-treated SH-SY5Y cells were transfected with the pCMV/HA-YY1 vector as described in Material and
Methods section. YY1 protein levels (65 kDa) were analyzed by Western blot, using R-actin (45 kDa) as a control
of protein loading. The densitometric analysis is shown below the blots. The YY1 overexpressed presented
additional 12 kDa which corresponded to HA tag incorporated in the expression vector. (H) A2AR mRNA levels
were measured after YY1 overexpression in RA-treated SH-SY5Y cells by TagMan PCR. (I) The endogenous
control used for real time PCR was R-glucuronidase (GUSB) which was not modified after YY1 overexpression.
ACt GUSB = Ct(GUSB in non-treated cells) — Ct(GUSB in YY1 overexpressed cells).
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Figure 6. YY1 binds to 5'UTR region of ADORAZ2A in retinoic acid-treated SH-SY5Y
cells. (A) Chromatin immunoprecipitation assay (ChlIP) was carried out in retinoic acid-
treated SH-SY5Y cells with a rabbit polyclonal YY1 antibody (black bars) and a rabbit
serum as a negative control (IgG, white bars) as described in Material and Methods
section. Immunoprecipitated DNA was analyzed by PCR using a set of primers that
amplified four loci covering the analysis of seven predicted YY1 binding sites (see Fig. 5A).
The sequence and position of oligos used in the ChIP analysis are shown in Table 6. (B) A
parallel PCR analysis covering c-fos gene promoter was performed as positive control of
YY1 ChIP. Input refers to DNA chromatin not immunoprecipitated with the specific
antibody. ChIP refers to DNA chromatin immunoprecipitated with the specific antibody. %
of input represents the percentage of ChlP/Input ratio. The graph bars show the mean %
SD of nine samples from three independent ChlIP assays. Dissociation curve analysis for
every PCR product is shown as Supplemental Data 4.
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Figure 7. YY1 expression levels, but not ZBP-89, are increased in the putamen of
PD patients. (A) Striatal ZBP-89 and (B) YY1 protein levels from total homogenates of
patients with PD and age-matched controls were detected by Western blot. The
detection of ZBP-89 showed the typical double band around 115 kDa, previously
described for this transcription factor (Merchant et al., 1996). R-Actin (45 kDa) is
blotted to control protein loading. The information for each patient number is found in
Table 1. Densitometric analysis for every blot (mean + SD) is shown below every
image. (C) Striatal YY1 mRNA levels in patients with PD and age-matched controls
were analyzed by TagMan PCR and normalized with R-glucuronidase (GUSB). The
graph only represents the mean £ SD of those cases shown in Table 1 with a RIN>7.
More information about PCR reaction is found in Supplemental data 1 and in Material
and Methods section.

AU: Arbitrary Units. C: control; PD: Parkinson’s disease. *p<0.05 compared with age-
matched control samples (ANOVA with post-hoc Scheffe test).
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Figure 8. Double-labeling immunofluorescence and confocal microscopy reveal nuclear
localization of YY1 in positive A2AR neurons in the putamen of PD. Striatal positive A2AR
(green) neurons present nuclear localization of YY1 (red) in PD (A-F). These changes are
specific as no immunoreaction is obtained following incubation with the secondary antibodies
alone (G-l). Nuclei are visualized in blue with TO-PRO iodide. All striatal samples are listed in

Table 1. Bar = 20 microns.
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Figure 9. Hypothetical model to depict the molecular mechanisms that play a
role in (A) basal striatal A2ARs levels and in (B) increased striatal A2ARs
levels found in PD.

AC: adenylate cyclase.
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Supplemental Data 1. (A) The endogenous control used for real time PCR was b-
glucuronidase (GUSB) and its mRNA levels were not modified between control and PD cases.
ACt GUSB = Ct(GUSB in control samples) — Ct(GUSB in PD samples). (B) Representative
standard curves for A2AR, YY1 and GUSB constructed from several concentrations of a
striatal PD sample. Ct values (y-axis) vs log of several RNA concentrations (x-axis) show a
reverse linear correlation.
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Supplemental Data 2. DNA methylation analysis of two non-CpG island regions. (A) The two loci
analyzed were covered by PCR 4 and PCR 5. Both sequences studied are indicated in the same diagram
described in Fig. 2A. (B) DNA methylation percentage of both non-CpG island regions was analyzed in the
same cases presented in Fig. 2. Graphs represent the percentage of DNA methylation (mean + SD) of each
CpG site located in the locus amplified by PCR 4 and PCR 5 whose positions are indicated in Table 2.

C: control; PD: Parkinson’s disease. There are no statistically significant differences among all the cases
tested (ANOVA with post-hoc Scheffe test).
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Supplemental Data 3. Dissociation curve analysis for every PCR performed in the
analysis of ZBP-89 ChIP and shown in Fig. 4. NTC: non-template control to rule out the
formation of dimer primers.
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Supplemental Data 4. Dissociation curve analysis for every PCR performed in the analysis of YY1 ChIP and
shown in Fig. 6. NTC: non-template control to rule out the formation of dimer primers.
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