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LLISTAT D’ABREVIATURES

“The scientist is not a person who gives the right answers,
1s the one who asks the right questions”

Claude Lévi-Strauss






Llistat d’abreviatures

LLISTAT D’ABREVIATURES

2-MeSADP 2-metiltio ADP
A a,B-meADP Alfa, beta-metilen adenosina difosfat
o,B-meATP Alfa, beta-metilen adenosina trifosfat
ACR Apyrase conserved regions, regions conservades de I'apirasa
ADA Adenosina deaminasa
ADK Adenosina quinasa
Ado Adenosina
ADP Adenosina-5’-difosfat
AMP Adenosina-5’-monofosfat
AMPc Adenosina-5’-monofosfat ciclic
ANOVA One-way analysis of variance
AP Alkaline phosphatase, fosfatasa alcalina
ATCC American type culture collection
ATP Adenosina-5’-trifosfat
C cDNA DNA complementari
CE Carcinoma endometrial
CF Citometria de flux
CHX Cicloheximida
CNT Concentrative nucleoside transporter, transportadors de nucleosids

concentratius

D DMEM Dulbecco’s modified eagle medium
DMSO Dimethyl sulfoxide, dimetilsulfoxid
DNA Deoxyribonucleic acid, acid desoxiribonucleic
E E, 17BEstradiol
ECL Enhanced chemiluminescence
EGTA Ethylene glicol tetraacetic acid, acid tetraacetic del glicol d’etilé
E-NPP Ecto-nucleotid pirofosfatasa/fosfodiesterasa
ENT Equilibrative nucleoside transporter, transportadors de nucleosids
equilibratius
E-NTPDasa Ecto-nucleosid trifosfat difosfohidrolasa
F F Forward
FBS Fetal bovine serum, serum fetal bovi
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FGFR

G GCAP
GPI

H HBSS
HEPES

I IAP

K kDa

M MBCD
MTT

N NADH

NADPH

NECA
0] O.C.T

PBS

PCR

PFA

Pi

PIK3CA

PLAP
PM
PMSF
PPi
PTEN

p/v

RNA
rom
RPMI
RQ

Fibroblast growth factor receptor, receptor del factor de creixement
de fibroblasts

Germ cell alkaline phosphatase, fosfatasa alcalina germinal

Glicosil fosfatidil inositol

Hank’s balanced salt solution
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid

Intestinal alkaline phosphatase, fosfatasa alcalina intestinal
Immunofluorescéncia

Quilodaltons

Metil-B-ciclodextrina
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide)
Nicotinamide adenine dinucleotide reduced, dinucleotid d’adenina
nicotinamida reduit

Nicotinamide adenine dinucleotide phosphate reduced, dinucleotid
d’adenina nicotinamida fosfat reduit

5’-N-etilcarboxamidoadenosina

Optimal cryostat temperature

Phosphate buffer saline, tampd de fosfat sali

Polymerase chain reaction, reaccié en cadena de la polimerasa
Paraformaldehid

Fosfat inorganic

Phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit
alpha

Placental alkaline phosphatase, fosfatasa alcalina placentaria

Pes molecular

Phenylmethylsulfonyl fluoride

Pirofosfat inorganic

Phosphatase and tensin homolog deleted on chromosome ten

Parts per volum

Reverse

Ribonucleic acid, acid ribonucleic

Revolucions per minut

Roswell park memorial institute

Relative quantification, quantificacié relativa
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RT-PCR

SDS
SEM
SERM

TA
TAM
TBS
TLDA
TNAP

TNP-ATP
u

UDP
uTpP

v/v

WB

Real time — polymerase chain reaction, reaccié en cadena de la
polimerasa a temps real

Sodium dodecyl! sulfate

Standard error of the mean, error estandard de la mitja

Selective estrogen receptor modulator, modulador selectiu dels
receptors d’estrogens

Temperatura ambient

Tamoxifen

Tris buffer solution

TagMan low-density array
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[27,37-0-(2,4,6-trinitrophenyl)-ATP]

Unitat

Uridina-5’-difosfat

Uridina-5’-trifosfat

Volum per volum

Western Blot
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INTRODUCCIO

La present tesi doctoral pretén contribuir al coneixement de la senyalitzacié purinergica estudiant la
seva implicacio en els processos fisiologics i fisiopatologics que tenen lloc a I'aparell reproductor, aixi
com en patologies relacionades amb aquest aparell com és el cancer d’endometri. Per aconseguir
aquesta fita, he estudiat I'expressid i I'activitat de les ecto-nucleotidases, aixi com la regulacié

d’aquestes, a través de técniques histologiques, immunologiques i moleculars.
1. SENYALITZACIO PURINERGICA

Al 1972, Geoffrey Burnstock, proposa I'adenosina- 5’-trifosfat (ATP) com el transmissor que s’allibera
en les vies de senyalitzacié de tipus no colinergic i de tipus no adrenérgic, i descriu per primera
vegada la senyalitzacié purinérgica, on els nucleotids extracel-lulars, com I'ATP, i els nucleosids que
deriven de la seva hidrolisi, com I'adenosina (Ado), actuen extracel-lularment com a moléecules
senyalitzadores (Burnstock, 1972). Des d’aleshores, el coneixement de la senyalitzacié purinérgica no

ha parat de créixer.

L'ATP intracel-lular, present en totes les cél-lules vives, és utilitzat principalment en processos que
requereixen energia com per exemple el transport actiu, la motilitat cel-lular i la biosintesi. A més,
quan es troba en el compartiment extracel-lular, participa en multiples processos biologics. Molts
tipus cel-lulars, en condicions fisiologiques i, en especial, en condicions fisiopatologiques, alliberen
ATP i altres nucleotids i nucleosids a I'espai extracel-lular on intervenen en una gran varietat de
funcions biologiques. D’una banda, activen i regulen fendmens a curt termini com la
neurotransmissid, neuromodulacié, secrecid endocrina i exocrina, quimioatraccié, contraccid
muscular i la inflamacié aguda, i de I'altra, participen en respostes prolongades o a llarg termini com
la proliferacié cel-lular, la diferenciacid, la migracio, I'apoptosi, 'envelliment, i el cancer (revisat per

Burnstock, 2009).

S’entén per senyalitzacid purinergica el conjunt d’efectes biologics (autocrins i paracrins) produits per
les purines i les pirimidines en actuar com a lligands extracel-lulars. |, al complex molecular implicat
en l'activacio, la conservacid i la terminacié de la senyalitzacié purinérgica se li ha donat el nom de
purinoma, i inclou tant els Iligands, com els receptors, els transportadors/canals i els enzims de
degradacié (Figura I11). Alteracions en I'equilibri global i dinamic d’aquest complex podrien causar

I’aparicio i/o la propagacié de diverses patologies (revisat per Volonté i D’Ambrosi, 2009).
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Figura 11. El purionoma. Complex molecular implicat en Factivacié, la conservacié i la terminacié de la
senyalitzacié purinérgica format per: els lligands extracel-lulars (ATP, ADP, AMP i Ado), els receptors
purinérgics (P1 i P2), els transportadors de nucleotids i nucleosids i els enzims de degradacié (ecto-
nucleotidases, ADA i ADK)

2. VIES D’ALLIBERACIO DELS NUCLEOTIDS | NUCLEOSIDS EXTRACEL-LULARS

L'alliberacié d’ATP i altres nucleotids té lloc a través de diferents mecanismes cel-lulars (Figura 12)
que engloben vies litiques com 1) la mort o el dany cel-lular produit en lesions, xocs traumatics o
certs estats inflamatoris (revisat per Bours et al., 2006) o vies no litiques com 2) I'electrodifusié a
través de canals ionics incloent hemicanals de conexina i canals activats per voltatge o estirament
(Bahima et al., 2006; Nualart-Marti et al., 2013), 3) la difusid facilitada a través de transportadors

especifics o 4) I’exocitosi mitjangant vesicules i depenent de calci (Ca**) (Reigada et al., 2003).

Altres maneres d’explicar perqué els nucleotids es troben fora de la cel-lula sén: 1) la baixa massa
molecular d’aquests, 2) I'elevada taxa de difusié a I'espai extracel-lular, i 3) I'alt gradient de

concentracio entre els espais intracel-lular i extracel-lular.

L'alliberacié de nucleotids es produeix en teixits secretors i excitables com per exemple els terminals
nerviosos, les cel-lules cromafins, les cel-lules dels acins pancreatics i les plaquetes circulants.
Aquests teixits emmagatzemen ATP i adenosina-5'-difosfat (ADP), juntament amb altres
neurotransmissors i mediadors extracel-lulars, en granuls especialitzats i regulen I'alliberacié de les
vesicules mitjancant I'exocitosi regulada pel Ca*. Els teixits no-excitables com per exemple les
cel-lules epitelials i endotelials, els astrocits i altres cél-lules de la glia, els fibroblasts, els hepatocits,
els cardiomiocits, els neutrofils i els macrofag i altres cel-lules sanguinies, alliberen temporalment
ATP sota estimuls de tipus mecanic com l'estrés tensional, la inflamacid, la hipoxia, I'estirament, la

pressid hidrostatica i també en resposta a bradicinina, serotonina i altres agonistes farmacologics del
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Ca®* (revisat per Yegutkin, 2008). La diversitat de les condicions en qué s’allibera ATP i/o ADP
suggereix la implicaciéd d’aquestes molécules en multiples cascades de senyalitzacidé (revisat per

Yegutkin, 2008).

ATP pools: ATP  ATP TP TP TP
Extracellular ADIP

8 ol AMIP
(107-10" M) _@M@

Pericellular

B ;b
(10°-10"M) F%WL

&
Intracellular W.

(~10° M)

Cell ATP release Nucleotide  Vesicular ~ Pericellullar
damage channels transporters  exocytosis ~ ATP halo

Figura 12. Vies d’alliberacié dels nucleotids i nucleosids (Yegutkin, 2008)

La concentracid extracel-lular d’adenosina ve determinada per I'accié dels enzims involucrats en el
seu metabolisme i pel seu transport a través de la membrana plasmatica. Aixi doncs, I'adenosina
extracel-lular prové de: 1) el transport des del compartiment intracel-lular via transportadors de
nucleosids equilibratius (ENT), on la cel-lula allibera adenosina per difusid facilitada (Molina-Arcas,
Casado i Pastor-Anglada, 2009) i 2) el metabolisme extracel-lular de I'ATP per I'accié de les ecto-
nucleotidases (Robson, Sévigny i Zimmermann, 2006). En situacions d’estrés cel-lular com la hipoxia,
la isquemia o els traumatismes, la concentracid d’adenosina extracel-lular incrementa de manera

sobtada (Benarroch, 2008; revisat per Kumar i Sharma, 2009; revisat per Eltzschig, 2009).

Un cop a l'espai extracel-lular, els diferents nucleotids i nucleosids actuen com a lligands d’una gran
varietat de receptors situats a la superficie cel-lular anomenats receptors purinérgics o
purinoceptors, que en ultima instancia, son els veritables reguladors de la senyalitzacié purinergica i
determinen la gran varietat d’efectes produits per I'ATP i I'adenosina en actuar com a lligands

extracel-lulars.
3. RECEPTORS DE NUCLEOTIDS | NUCLEOSIDS

Els principals nucleotids extracel-lulars [ATP, ADP, uridina-5'-trifosfat (UTP) i uridina-5’-difosfat

(UDP)] actuen a través de receptors purinérgics de tipus P2, que es classifiquen segons criteris
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farmacologics en dues subfamilies: els receptors P2X i els P2Y. Els receptors ionotropics P2X sén
canals ionics depenents de lligand que permeten I'entrada a la cel-lula de cations en resposta a la
unié de I'ATP (unic lligand fisiologic conegut fins ara), i n’existeixen set subtipus (P2X,7). En canvi, els
receptors metabotropics P2Y, associats a proteina G, engloben vuit subtipus de receptors (P2Y; ; 46,
11-14) que desencadenen el senyal, en resposta a la unié de diversos lligands purinérgics (ATP, ADP,
UTP, UDP, UDP-glucosa i UDP-galactosa), a través de diferents rutes. Aixi, els receptors P2Y,, P2Y,,
P2Y, i P2Y¢ s’associen a proteina G del tipus Gq i activen la fosfolipasa C. En canvi, els P2Y;;, P2Yq3 i
P2Y,, estan associats a proteina G del tipus G; i inhibeixen I'adenilat ciclasa. Per ultim, el receptor
P2Y,, pot actuar a través d’ambdues vies de senyalitzacié (revisat per Boeynaems et al., 2005; revisat

per Yegutkin, 2008; revisat per Di Virgilio, 2012).

Els receptors P2 estan ampliament distribuits. Aixi, els receptors P2X s’expressen al muscul llis, als
sistemes nerviods central i cardiovascular, a les neurones sensitives i motores, i a cél-lules del sistema
immunitari entre d’altres (revisat per Surprenant i North, 2009). Els receptors P2Y s’expressen
majoritariament a les cél-lules endotelials i epitelials en general, als osteoclasts, a la placenta, al

ronyd, i també a cel-lules del sistema immunitari (revisat per Burnstock, 2006).

Els principals agonistes dels receptors P2X sén I’ATP i I'a,,R-meATP, en canvi, dins les molécules
activadores dels receptors P2Y podem trobar 'UTP i el 2-metiltio ADP (2-MeSADP). Pel que fa als
antagonistes, la suramina, el Brilliant Blue G, o el TNP-ATP [2’,3’-0-(2,4,6-trinitrophenyl)-ATP],
inactiven els receptors P2X, i el Reactive Blue 2 o la suramina, son els principals antagonistes dels

receptors P2Y (revisat per von Kiigelgen, 2006; revisat per Burnstock, 2007).

Pel que fa als nucleosids extracel-lulars, I'adenosina exerceix els seus efectes a través de
purinoceptors del tipus P1, dels quals se n’han clonat i caracteritzat 4 subtipus A;, Ay, Ay i As,
ampliament distribuits en I'organisme. Tots ells sén membres de la familia de receptors acoblats a
proteina G i principalment s’uneixen a I'adenilat ciclasa a través de les subunitats-a de la proteina G.
Mentre que els subtipus A; i A; inhibeixen I’adenilat ciclasa, els subtipus A, i A,z I'activen (Fredholm

et al., 2001; Benarroch, 2008).

Els principals efectes fisioldgics mediats pels diferents tipus de receptors de tipus P1 sén la

modulacié dels sistemes cardiovascular, immunitari i nervids central (Sun et al., 2001).

S’han identificat una gran varietat d’agonistes i d’antagonistes selectius per als receptors de tipus P1.
Tots els agonistes coneguts dels receptors P1 presenten una estructura molt similar a la de
I’adenosina, permetent petites modificacions. Alguns exemples sdn el CCPA per I'A;, el CGS 21680

per I'A,5, el NECA (5’-N-etilcarboxamidoadenosina) per I'Ayz i I'IB-MECA per I'A;. En general, els
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receptors P1 d’adenosina sén inhibits per metilxantines com la cafeina i la teofil-lina (revisat per

Burnstock, 2007).

Els receptors P1 i P2, en resposta als canvis en la concentracié local de nucleotids i/o nucleosids,
regulen diversos processos biologics com: la quimiotaxis i la retencié de les cél-lules del sistema
immunitari en els llocs on hi ha inflamacio, la fagocitosi i I'alliberacié de citocines, la proliferacié o la

citotoxicitat.
4, METABOLISME EXTRACEL-LULAR DE L’ATP | ADENOSINA

Mentre que la concentracié intracel-lular de I’ATP sol ser elevada (oscil-la entre 3 i 10 mM), la seva
concentracié extracel-lular és considerablement més baixa (10* vegades menor que a I'interior de la
cel-lula). En el plasma, la concentracié fisiologica d’ATP, normalment, és submicromolar (varia entre
400 i 700 nM), mentre que la de I'adenosina oscil-la entre 40 i 80 nM (revisat per Bours et al., 2006).
No obstant, les concentracions extracel-lulars d’ambdues moléecules, ATP i adenosina, poden
augmentar marcadament en condicions fisiopatologiques com per exemple la inflamacid, la hipoxia i

la isquemia (revisat per Lazarowski et al., 2011).

La concentracid d’ATP i d’adenosina a I'espai extracel-lular ve regulada per enzims anomenats
genéricament ecto-enzims o ecto-nucleotidases, localitzats majoritariament a la membrana
plasmatica o a I'espai intersticial i en fluids corporals (en la seva forma soluble). La principal funcié de
les ecto-nucleotidases és hidrolitzar I'ATP i els productes derivats de la seva hidrolisi, com I’ADP i
I’'adenosina-5-monofosfat (AMP), a través de diferents reaccions enzimatiques representades a la

Figura I3.
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Figura I3. Hidrolisi seqiiencial de ’ATP, ’ADP i ’AMP, principals substrats de les ecto-nucleotidases
[NTPDases, NPPs, AP i 5’-nucleotidases (eN)] (Zimmermann, Zebisch i Strater, 2012)
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Existeixen quatre families d’ecto-nucleotidases (Figura 14): a) la familia de les ectonucleosid trifosfat
difosfohidrolases (E-NTPDases) o familia CD39 consta de vuit membres (NTPDasa 1-8) quatre dels
quals s’expressen a la membrana plasmatica (NTPDasa 1, 2, 3 i 8) i hidrolitzen amb diferents afinitats
I’ATP i 'ADP fins a AMP, b) la familia de les ecto-nucleotid pirofosfatases/fosfodiesterases (E-NPPs)
conté set membres (NPP 1-7) dels quals tres (NPP 1, 2 i 3) hidrolitzen I’AMP ciclic (AMPc) fins AMP, i
I’ATP i I’ADP fins AMP, c) les fosfatases alcalines (AP: de I'anglés alkaline phosphatase), catalitzen la
degradacio de nucleotids tri-, di- i monofosfats indistintament, i d) la familia de les 5’-nucleotidases,
amb I'ecto-5'-nucleotidasa o CD73 (anomenada a partir d’ara CD73) com a Unic membre de
membrana que actua extracel-lularment desfosforilant I’AMP fins adenosina. Totes elles es troben,
principalment, a la superficie cel-lular de practicament tots els tipus de cel-lules, presenten diferents
patrons de distribucidé i, comparteixen parcialment, I'especificitat pel substrat. Les ecto-
nucleotidases, actuen conjuntament i de manera sequencial disminuint les cascades de senyalitzacié
iniciades per I’ATP, pero també, generen intermediaris amb propietats senyalitzadores, com per
exemple, I'adenosina (revisat per Zimmermann, 2000; revisat per Yegutkin, 2008; revisat per

Kukulski, Lévesque i Sévigny, 2011; revisat per Al-Rashida i Igbal, 2013).

E-NPPs ESNT

APs

E-NTPDase NH,

COOH

NPP1,2,3 ATP—— ADP

ATP —— AMP ADP —— AMP
cAMP —— aAmp AMP — Ado
NTPDasel,2,3,8 Ap,A —> AMP + Ap, A

ATP >ADP > AMP

Figura 14. Principals ecto-nucleotidases implicades en el metabolisme dels nucleotids i nucleosids
extracel-lulars com I’ATP, 'ADP, 'AMP i I'Ado; les E-NTPDases, les E-NPPs, ’'ESNT/CD73 i les APs (Al-Rashida i
Igbal, 2013)
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Tal com hem explicat, la concentracié extracel-lular d’adenosina, esta regulada directament per
I’enzim que controla la seva formacid (CD73), pero també, per I'accid d’altres dos enzims anomenats
adenosina deaminasa (ADA) i adenosina quinasa (ADK). L'ADA, a través de reaccions de desaminacio,
inactiva de manera irreversible I'adenosina i la 2’-deoxiadenosina en inosina i 2’-deoxiinosina
respectivament, contribuint aixi, a I’eliminacié d’adenosina del compartiment extracel-lular. L’ADA,
tot i ser un enzim principalment citosolic, es pot trobar expressat a la membrana plasmatica, com a
ecto-enzim (ecto-ADA), en associacié amb el seu receptor especific CD26 o, alternativament, unit a
receptors d’adenosina A; o A,,. L'ADK, enzim intracel-lular, catalitza la fosforilacié de I'adenosina per
formar AMP. L’absorcio cel-lular d’adenosina depén del seu gradient de concentracié, per tant, I’ADK
indirectament regula I'absorcié d’adenosina ja que controla els nivells d’adenosina intracel-lulars. A
més, la familia de les APs i l'autotaxina (variant post-transcripcional de I'NPP2) sén capaces
d’hidrolitzar 'AMP formant adenosina, i per tant, participen també en la regulacié dels nivells

extracel-lulars d’adenosina (revisat per Bours et al., 2006).

A la seglent figura es pot observar la complexitat del metabolisme dels nucleotids i nucleosids

extracel-lulars i els diferents enzims implicats en aquesta via metabolica (Figura 15).
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Figura I5. Esquema de les principals vies de conversié de I'ATP i 'adenosina (Bours et al., 2006)
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Resumint, en el control dels nivells extracel-lulars de nucleotids i nucleosids hi ha involucrats una
gran varietat d’enzims que participen simultaniament en vies de generacid, degradacié o conversio
dels nucleotids i nucleosids, i per tant, resulten ser essencials en la regulacié de la senyalitzacié
purinergica generada per I'ATP i I'adenosina. La coexisténcia de totes aquestes vies metaboliques a la
superficie cel-lular, on a més es localitzen els receptors de I’ATP i 'adenosina, és determinant per a la

duracid, magnitud i naturalesa de la senyalitzacid purinérgica.
5. TIPUS | CARACTERISTIQUES DE LES ECTO-NUCLEOTIDASES

A continuacié, detallem informacié relativa als principals tipus d’ecto-nucleotidases, dedicant
especial atencié a l'activitat enzimatica, a I'estructura molecular, a la localitzacié cel-lular i
subcellular, a I'expressid en cél-lules i teixits i a les funcions fisiologiques i fisiopatologiques

d’aquests enzims en tractar-se dels principals objectes d’estudi d’aquesta tesi.
5.1 FAMILIA DE LES ECTO-NUCLEOSID TRIFOSFAT DIFOSFOHIDROLASES (E-NTPDases/CD39)
5.1.1 ACTIVITAT ENZIMATICA DE LES E-NTPDases

Dins de les ecto-nucleotidases, la familia més extensa és la de les E-NTPDases que consta de vuit
membres, quatre dels quals s’expressen a la membrana plasmatica (NTPDasa 1, 2, 3 i 8) i hidrolitzen
amb diferents afinitats una gran varietat de nucleotids trifosfats (per exemple I'ATP i 'UTP) i difosfats
(com I’ADP i 'UDP). No sén capacos, pero, de desfosforilar els monofosfats (com 'AMP). Requereixen
la preséncia de cations divalents com el Ca®* o el magnesi (Mg**) en concentracions mil-limolars per a

assolir la maxima activitat, i en abséncia, romanen inactius (Kukulski et al., 2005).

L'NTPDasal o CD39 (inicialment anomenada apirasa i, a partir d’ara CD39 en aquest treball)
hidrolitza practicament per igual I’ATP i 'ADP en una proporcié aproximada de 1:0.8, en canvi,
I’'NTPDasa2 és molt eficient hidrolitzant 'ATP pero ineficient amb I’ADP, presentant una proporcid
d’hidrolisi ATP:ADP de 1:0.03. Les NTPDases 3 i 8 degraden preferentment I’ATP, amb un ratio
d’hidrolisi ATP:ADP de 1:0.3 (revisat per Zimmermann, Zebisch i Strater, 2012).

5.1.2 ESTRUCTURA MOLECULAR DE LES E-NTPDases

Els membres de la familia de les E-NTPDases poden ser classificats en dos grups segons la seva
estructura molecular. El primer grup inclou les NTPDases 1, 2, 3, 4, 7 i 8. L’estructura molecular
d’aquests enzims consisteix en un domini amino-terminal citoplasmatic, un domini transmembrana
seguit d’'un domini catalitic extracel-lular glicosilat, on hi ha cinc dominis proteics de seqiiéncia molt
conservada, anomenats regions conservades de I'apirasa (ACR), un segon domini transmembrana i

finalment un domini carboxi-terminal citoplasmatic. Aquesta estructura és molt semblant a la de la
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familia de purinoceptors P2X (revisat per Goding, 2000). Les regions ACR serien clau per a |'activitat
catalitica de I'enzim, perd no influirien en la preferéncia dels substrats a hidrolitzar. El segon grup
inclou les NTPDases 5 i 6, les quals no presenten ni el segon domini transmembrana ni el domini
carboxi-terminal hidrofobic. A més, el domini amino-terminal hidrofobic pot ser alliberat, resultant

una forma soluble i secretada de I’enzim (revistat per Zimmermann, Zebisch i Strater, 2012).

Les NTPDases 1, 2, 3 i 8 son proteines forca glicosilades amb una massa molecular aproximada de 70-

80 KDa.

5.1.3 LOCALITZACIO CEL-LULAR DE LES E-NTPDases

Les NTPDases 1, 2, 3 i 8 de mamifers, com el ratoli, la rata o els humans, es localitzen a la superficie
cel-lular, mentre que, les NTPDases 4, 5, 6, i 7 es troben a l'interior de la cél-lula. Les NTPDases 4 i 7
es localitzen, especialment al lumen d’organuls cel-lulars com I'aparell de Golgi, el reticle
endoplasmatic, els lisosomes i les vacuoles autofagiques. A més existeixen formes solubles, com en el

cas de les NTPDases 5 i 6 (revisat per Robson, Sévigny i Zimmermann, 2006).
5.1.4 DISTRIBUCIO CEL-LULAR | TISSULAR DE LES E-NTPDases

Les E-NTPDases es troben ampliament distribuides en molts tipus de cel-lules i de teixits, on
presenten una expressid diferencial, i sovint, comparteixen localitzaci6. No només s’expressen a

mamifers, sind que també es troben en plantes, cucs i protozous.

CD39 és la principal E-NTPDasa de la vasculatura, expressant-se tant a les céel-lules endotelials com al
muscul llis. També és expressada per neutrofils, monocits, macrofags, cel-lules dendritiques, cel-lules
epitelials i per la microglia. Es troba expressada en organs com el fetge, el pancrees exocri i el ronyo,
concretament al conducte col-lector de la medul-la i a I'extremitat ascendent de la nansa de Hendle
(Shirley, Vekaria i Sévigny, 2009), aixi com en organs reproductors com els testicles i I'epididim i en
cél-lules de la granulosa ovarica (Martin-Satué et al., 2009). En general la seva expressié ve modulada
per citocines inflamatories, I'estres oxidatiu i la hipoxia. Incrementa en processos de diferenciacio i

progressié tumoral (revisat per Robson, Sévigny i Zimmermann, 2006).

L'NTPDasa2, es troba especialment associada a la adventicia dels vasos sanguinis, al teixit connectiu,
als pericits microvasculars d’alguns teixits, a diferents tipus de cel-lules glials del sistema nervids

central i periféric, al fetge, i al cor (revisat per Robson, Sévigny i Zimmermann, 2006).

L'NTPDasa3 es va identificar inicialment a neurones del cervell. També s’expressa a cél-lules epitelials
tant de revestiment com glandulars. Aixi es localitza a I'aparell digestiu, tant als acins secretors com

als conductes excretors de les glandules salivals, a I'esofag, i a I'estémac (Lavoie et al., 2011). També
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s’expressa a les nefrones del ronyé (Shirley, Vekaria i Sévigny, 2009) i als sistemes reproductors
femeni (als oviductes) i masculi (als epididims i glandules annexes). Recentment, s’ha identificat a les

cél-lules B pancreatiques dels illots de Langerhans (Syed et al., 2013).

L'NTPDasa8 ha estat I'Ultima E-NTPDasa en ser clonada, i s’expressa predominantment al fetge, als

hepatocits, en associacié amb els canalicles biliars (Fausther et al., 2007)
5.1.5 FUNCIONS FISIOLOGIQUES | FISIOPATOLOGIQUES DE LES E-NTPDases

Les E-NTPDases participen en multiples processos biologics, tant de curta durada, com I'agregacio
plaquetaria i la transmissié sinaptica, com de llarga durada, com la proliferacié cel-lular, la
diferenciacid, la motilitat, la mort cel-lular, la regeneracid tissular i el cancer (Robson, Sévigny i

Zimmermann, 2006).

CD39 participa en el control de I'homeostasi, regulant el flux sanguini (també durant la inflamacié
vascular), en les reaccions trombotiques, promovent |'activacid endotelial i inhibint I'agregacio
plaquetaria (Robson et al., 2005), en la regeneracio de teixits i organs, organitzant el reclutament de
cél-lules mare hematopoetiques (Schmelzle et al., 2013), i resulta essencial en processos com
I’angiogenesi i la vasculogenesi (Goepfert et al., 2001). Regula les respostes inflamatories, fomentant
el reclutament, I'activacid i la polaritzacié dels limfocits T naive, essent per tant, un enzim clau en el
transplantament d’organs i de cel-lules (Dwyer et al., 2007). A més, CD39 es troba sobreexpressada
en diversos tipus de cancer, com per exemple el cancer colorectal, el cancer pancreatic, i el cancer de
cap i coll. En aquesta tesi hem estudiat la seva expressié al cancer d’endometri, on hem demostrat

gue també hi ha una elevada expressié d’aquest enzim (veure capitol 3).

L'NTPDasa2 actua com a factor tromboregulador, promovent I'agregacid plaquetaria, i com a factor
homeostatic. S’expressa en zones del cervell adult on persisteix la neurogénesi, com per exemple les
zones subventriculars dels ventricles laterals on s’associa amb cél-lules mare (del tipus B) i al gir
dentat de I'hipocamp on s’associa amb cel-lules neuronals progenitores, suggerint un possible paper
d’aquest enzim en el control de la neurogénesi del cervell adult (Braun et al., 2003). L'NTPDasa2 es
troba sobreexpressada en alguns tumors del sistema nervids central, com els gliomes (Braganhol et

al., 2012).

L'NTPDasa3 esta implicada en la neurotransmissié (Kiss et al., 2009), en la secrecidé i la
neurotransmissid entérica (Lavoie et al., 2011) i modula la secrecié d’insulina (Syed et al., 2013). La

seva expressié esta augmentada en el cancer de bufeta (Rockenbach et al., 2014).
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L'NTPDasa8 participa en funcions biologiques del fetge com per exemple el control de la composicio i

secreci6 del flux biliar (Fausther et al., 2007).
5.2 FAMILIA DE LES ECTO-NUCLEOTID PIROFOSFATASES/FOSFODIESTERASES (E-NPPs)
5.2.1 ACTIVITAT ENZIMATICA DE LES E-NPPs

La familia de les E-NPPs consta de set membres (NPP 1-7) numerats per ordre de descobriment.
Hidrolitzen especificament una gran varietat de substrats, aixi doncs, son capacos d’hidrolitzar
enllacos pirofosfat i fosfodiester presents a nucleotids, acids nucleics, sucres, ésters de fosfats i
lisofosfolipids. Només els tres primers membres, NPP1 (anteriorment anomenada PC-1), NPP2 i
NPP3, sén capacos d’hidrolitzar nucleotids i, per tant, tenen rellevancia en el context de la
senyalitzacid purinergica. Les NPPs 6 i 7 hidrolitzen només enllagos fosfodiester i lisofosfolipids. Els
substrats de les NPPs 4 i 5 romanen desconeguts. L’amplia varietat de substrats hidrolitzables per les

E-NPPs suggereix multiples implicacions en processos fisiologics (revisat per Yegutkin, 2008).
5.2.2 ESTRUCTURA MOLECULAR DE LES E-NPPs

Les NPP 1 i 3 son glicoproteines transmembrana de tipus Il formades per un domini amino-terminal
intracel-lular curt, un Unic domini transmembrana, i un domini extracel-lular llarg que conté el centre
catalitic (nuclease-like) de I'enzim. Per contra, les NPPs 4 i 7 son proteines transmembrana de tipus |
amb un domini carboxi-terminal intracel-lular, un domini extracel-lular significativament petit
comparat amb el dels altres membres, i una estructura oligomeérica encara desconeguda. L'NPP2 se
sintetitza com a pre-pro-enzim i només existeix com a proteina secretada. S’han identificat, també,
formes solubles de les NPPs 1, 3, 6 i 7 perd es desconeixen els mecanismes pels quals es formen

(revisat per Stefan, Jansen i Bollen, 2005).
5.2.3 LOCALITZACIO CEL-LULAR DE LES E-NPPs

Els membres d’aquesta familia han estat localitzats en diferents compartiments cel-lulars, pero
especialment, es localitzen a la membrana plasmatica de cél-lules polaritzades (revisat per Goding,

Grobben i Slegers, 2003).
5.2.4 DISTRIBUCIO CEL-LULAR I TISSULAR DE LES E-NPPs

Les NPPs 1, 2 i 3, per separat o combinades, s’expressen en molts tipus cel-lulars on realitzen

multiples funcions aparentment no relacionades.

Les NPPs 1, 2 i 3 s’expressen principalment als epitelis de: vies respiratories, fetge, intesti i cervell.

Aixi doncs, trobem I’'NPP1 associada a la membrana basolateral dels hepatocits, i a la membrana
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apical de I'epiteli respiratori. També s’expressa a limfocits B i T, aixi com en diferents organs i teixits:
cor, placenta, testicles, os, cartilag, i endotelis. Curiosament, I'NPP1 no es localitza al cervell pero
s’expressa abundantment en tumors cerebrals astrocitics. L’'NPP3 s’expressa a la membrana apical
dels hepatocits, colangiocits, enterocits, cel-lules epitelials del plexe coroidal i cel-lules neurals
progenitores. També s’expressa a organs com |'Uter i la prostata. L’'NPP2 és secretada per
oligodendrocits i per diferents cél-lules tumorals promovent el creixement tumoral, 'angiogenesii la
metastasi. Esta present en fluids corporals com el plasma i el fluid cerebroespinal. També s’ha
detectat la seva expressid a I'ovari, la placenta, I'intesti prim, el cartilag, I'os i als epitelis (revisat per
Goding, 2000; revisat per Goding, Grobben i Slegers, 2003; revisat per Stefan, Jansen i Bollen, 2006;

revisat per Chernogorova i Zeiser, 2012).
5.2.5 FUNCIONS FISIOLOGIQUES | FISIOPATOLOGIQUES DE LES E-NPPs

Les E-NPPs, a part de modular la senyalitzacio purinérgica participant en el reciclatge de nucleotids i
regulant els nivells extracel-lulars de pirofosfat inorganic (PPi), intervenen en d’altres funcions
fisiologiques com [I'estimulacié de la motilitat cel-lular, la senyalitzacié a través de receptors
d’insulina, la formacié i secrecid de la bilis, i les reaccions al-lergiques. L'expressié defectuosa
d’aquests enzims afecta la mineralitzacié de l'os, la motilitat i la migracidé cel-lular, afavoreix
I’'angiogenesi i la invasid de ceél-lules tumorals, i es relaciona amb patologies com la diabetis de tipus 2

(revisat per Goding, Grobben i Slegers, 2003).
5.3 FAMILIA DE LES FOSFATASES ALCALINES
5.3.1 ACTIVITAT ENZIMATICA DE LES FOSFATASES ALCALINES

Les fosfatases alcalines sén metaloenzims ubicus que pertanyen a una familia de proteines ecto-
fosfomonoesterases no especifiques. Presenten seqliencies homologues amb una gran quantitat
d’enzims, i degraden especificament una amplia varietat de substrats. Aixi doncs, no només
hidrolitzen nucleosids 5’-tri, -di, i -monofosfats, sind que també alliberen fosfat inorganic (Pi) d’una
gran varietat de compostos organics incloent proteines i acids grassos. A més, sén capaces
d’hidrolitzar PPi. Aixi, un Unic enzim d’aquesta familia podria catalitzar tota la cadena d’hidrolisi de

I’ATP produint els respectius nucleosids (Zimmermann, 2001).
5.3.2 ESTRUCTURA MOLECULAR DE LES FOSFATASES ALCALINES

Llevat d’alguna excepcid, les fosfatases alcalines son enzims homodimeérics i els seus centres catalitics
contenen tres ions metal-lics, dos zincs (Zn**) i un Mg?*, necessaris per a I'activitat enzimatica, essent

optima a pH alcali (de 8 a 11).
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5.3.3 LOCALITZACIO CEL-LULAR DE LES FOSFATASES ALCALINES

Les fosfatases alcalines es troben presents a la natura des de bacteris fins a mamifers. Les de
mamifers sén ecto-enzims ancorats a la membrana plasmatica via glicosil fosfatidil inositol (GPI)
(revisat per Millan, 2006), tot i que s’han detectat formes solubles d’aquests enzims en el sérum,

indicant que podrien ser secretats (revisat per Yegutkin, 2008).
5.3.4 DISTRIBUCIO CEL-LULAR | TISSULAR DE LES FOSFATASES ALCALINES

En els adults, les fosfatases alcalines es troben presents en molts teixits, i per exemple a l'intesti
prim, el ronyd, I'os, la placenta i les cel-lules germinals sén molt abundants. A I’'embrid, tots els teixits

en estadis primerencs del desenvolupament son rics en fosfatases alcalines.

Existeixen diferents isoenzims de les fosfatases alcalines. Aquestes es poden classificar, en funcio del
teixit on es troben expressades, en dos grups: les fosfatases alcalines no especifiques de teixit (TNAP:
de I'angles tissue non specific alkaline phosphatase), expressades abundantment a l'os, al fetge, al
ronyod i al sistema nerviés en desenvolupament, i les fosfatases alcalines especifiques de teixit que
inclouen la fosfatasa alcalina placentaria (PLAP: de I'angles placental alkaline phosphatase), la
intestinal (IAP: de I'anglés intestinal alkaline phosphatase) i la germinal (GCAP: de I'angles germ cell

alkaline phosphatase) (revisat per Al-Rashida i Igbal, 2013).
5.3.5 FUNCIONS FISIOLOGIQUES | FISIOPATOLOGIQUES DE LES FOSFATASES ALCALINES

La TNAP intervé, principalment, en la mineralitzaci6 de l'os generant el Pi necessari per a la
cristal-litzacié de la hidroxiapatita (Millan, 2006; revisat per Yegutkin, 2008). Alteracions en |’activitat
d’aquest enzim causen hipofosfatasia i osteomalacia. La PLAP regula el transport de
immunoglobulina G a través de la placenta, i també, el creixement i remodelacié dels teixits fetals. La
IAP esta involucrada en I'absorcié i detoxificacié intestinal de lipids i en la regulacié del pH a la
superficie intestinal (revisat per Lallés, 2014). Estudis realitzats amb ratolins deficients en IAP
demostren que la manca d’aquest enzim comporta obesitat, hiperlipidémia i esteatosi hepatica
(revisat per Buchet, Millan i Magne, 2013). La GCAP s’expressa als testicles i esta sobreexpressada al

cancer testicular.
5.4 FAMILIA DE LES 5’-NUCLEOTIDASES

L’dnic membre d’aquesta familia expressat a la membrana plasmatica capa¢ de desfosforilar I’AMP
extracel-lular fins adenosina, i per tant, amb rellevancia dins el context de la senyalitzacié purinérgica

és CD73. Algunes de les caracteristiques més importants d’aquest enzim es descriuen a continuacio.
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5.4.1 ACTIVITAT ENZIMATICA DE CD73

L'enzim CD73 catalitza I'Gltim pas de la cadena de degradacié dels nucleotids extracel-lulars:
hidrolitza I’AMP generant adenosina i Pi. Per tant, és I'enzim responsable de a) la darrera etapa de la
formacié d’adenosina extracel-lular, a partir dels nucleotids d’adenina alliberats al compartiment
extracel-lular, b) la posterior activacid dels receptors de tipus P1 d’adenosina, i c) la terminacié de la
senyalitzacié produida pel nucleotids extracel-lulars en unir-se als receptors de tipus P2 (revisat per

Zimmermann, 2000; Strater, 2006).

5.4.2 ESTRUCTURA MOLECULAR DE CD73

Nombrosos estudis coincideixen en I’existencia de fins a 3 tipus diferents de CD73: I'’enzim ancorat a
la membrana, I'enzim soluble derivat de I'enzim ancorat a la membrana, i I'enzim citosolic, que

estructuralment, difereix de I'enzim de membrana (revisat per Al-Rashida i Igbal, 2013).

L’estructura molecular de I’enzim de membrana esta formada per dues subunitats glicoproteiques
unides per enllagos no covalents i amb ions metal-lics al domini amino-terminal. Es troba ancorat a la
membrana extracel-lular, via GPI i pot ser tallat per fosfolipases endogenes alliberant, aixi, I’enzim al

compartiment extracel-lular i generant-ne la forma soluble (Strater, 2006).

5.4.3 LOCALITZACIO CEL-LULAR DE CD73

L'enzim CD73 es troba ancorat a la membrana extracel-lular d’hepatocits, fibroblasts, cél-lules
epitelials (incloses les endotelials), limfocits i cel-lules glials entre d’altres. S’ha localitzat també al
compartiment intracel-lular d’hepatocits, adipocits, i limfocits en associacié amb I'aparell de Golgi i
els lisosomes (revisat per Al-Rashida i Igbal, 2013). La seva localitzacié a la membrana esta associada

als lipid rafts (revisat per Allard, Turcotte i Stagg, 2012).

5.4.4 DISTRIBUCIO CEL-LULAR | TISSULAR DE CD73

CD73 s’expressa de manera ubiqua. Aixi doncs, CD73 es localitza i s’expressa en diversos organs com
el colon, el fetge, els ronyons, el cervell, els pulmons i el cor, i en teixits com I'endoteli vascular, el
muscul llis i les mucoses (revisat per Colgan et al., 2006). El treball presentat en aquesta tesi
demostra que l'enzim també s’expressa als organs reproductors masculins com els testicles, la
vesicula seminal i la prostata, i als femenins com els ovaris, els oviductes i I'Gter (veure capitol 1 i
annex 1). A més, s’expressa a cel-lules epitelials i mioepitelials de glandules mamaries, aixi com als

fibrocits de I'estroma glandular mamari (Kriiger et al., 1991).
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5.4.5 FUNCIONS FISIOLOGIQUES | FISIOPATOLOGIQUES DE CD73

Si bé la principal funcié de I'enzim CD73 és hidrolitzar ’AMP fins adenosina, també se li atribueixen
funcions no enzimatiques com I'activacié de limfocits T, la transduccié de senyals a través de la
membrana plasmatica i la participacid en I'adhesid cél-lula-cél-lula i cel-lula-matriu extracel-lular
(Strater, 2006; revisat per Yegutkin, 2008). A més, els efectes antiinflamatoris, immunosupressors,
vasodilatadors i antidilretics produits per I'adenosina extracel-lular, sén també atribuibles a CD73,
en ser lI'enzim encarregat de regular la seva concentracid extracel-lular. Aquest enzim, també,
promou el creixement tumoral i I'angiogenesi i esta involucrat amb la resisténcia als farmacs (revisat
per Al-Rashida i Igbal, 2013). L’expressié de CD73 esta incrementada en molts tipus de cancer, com
per exemple el cancer de mama (Wang et al., 2008), el cancer colorectal (Wu et al., 2012) i el cancer
de prostata (Yang, Du i Zu, 2013). A la present tesi demostrem que també es troba present al cancer

d’endometri (veure capitol 3).

A la present tesi doctoral, hem estudiat minuciosament I'expressié i l'activitat de les ecto-

nucleotidases a l'aparell reproductor femeni en condicions normals i patologiques.
6. SENYALITZACIO PURINERGICA AL SISTEMA REPRODUCTOR

Recentment ha estat ampliament revisada la senyalitzacié purinérgica en els sistemes reproductors
masculi i femeni (revisat per Burnstock, 2014). Esta ben demostrat que la senyalitzacié purinérgica
intervé en la regulacid fisiologica dels organs reproductors masculins i femenins, i que influeix en
diversos aspectes de la biologia de la reproduccié. D’un banda, I’ATP extracel-lular a través de
receptors de tipus P2X;, provoca la contraccid dels conductes deferents, la vesicula seminal, la
prostata i I'Uter, i per tant, participa en totes aquelles funcions que requereixen contraccié muscular
com per exemple I'ereccié del penis, I'ejaculacio, el transport de I'0vul pels oviductes, el part i la
lactancia. També intervé en la sintesi i secrecid tant exocrina (produccié de moc), com endocrina
(secrecié d’hormones) i en I'espermatogénesi. D’altra banda, I'adenosina extracel-lular, controla les
contraccions del miometri (Gillman i Pennefather, 1998), regula els fenomens post-implantacionals
(Blackburn et al., 1992) i el metabolisme fetal (Sawa, Asakura i Power, 1991) durant I'embaras, i
participa en la capacitacio dels espermatozoides, necessaria per a la fecundacié de I'o0cit, al seu pas
a través de les vies genitals femenines (Minelli et al., 2004; Schuh, Hille i Babcock, 2007; Fraser, 2008;
Minelli et al., 2008). A més, s’ha descrit I'expressié dels receptors d’adenosina en espermatozoides
de mamifers (Minelli et al., 2000), on I'expressié d’aquests varia en funcid del seu estat de
capacitacid (Adeoya-Osiguwa i Fraser, 2002). Els receptors d’adenosina, pero, no han estat encara

estudiats en els organs reproductors femenins.

37



La senyalitzacid purinérgica al sistema reproductor Elisabeth Aliagas

En els darrers anys, I'expressio dels receptors de I'ATP de tipus P2X ha estat identificada a I'aparell
reproductor masculi (Lee, Bardini i Burnstock, 2000) i femeni muri (Arase et al., 2009) amb canvis
marcats al llarg del cicle (Bardini, Lee i Burnstock, 2000) i durant I'implantacid (Slater, Murphy i
Barden, 2002) i 'embaras (Miyoshi et al., 2010). Aixi, per exemple, P2X; s’expressa de manera
diferencial a I'epiteli germinal de l'ovari durant el cicle estral (Vazquez-Cuevas et al., 2013).
L'expressid i I'activitat enzimatica de CD73 ha estat descrita a I'aparell reproductor masculi huma

(Konrad et al., 1998).

Les aportacions del nostre grup demostren expressio de les NTPDases 1, 2 i 3 a I'aparell reproductor
muri (Martin-Satué et al., 2009) i de CD73 als organs reproductors masculins (Martin-Satué et al.,
2010; veure annex 1). Aquest ultim treball descriu, a més, la coexpressié de dues ecto-nucleotidases,
NTPDasa3 i CD73, a les cél-lules principals de I'epididim, evidenciant la implicacié d’aquests dos
enzims en el control de la composicié del fluid espermatic, i per tant, en la fertilitat masculina. El
paper de les ecto-nucleotidases en el context de la fertilitat femenina i en patologies relacionades

amb el sistema reproductor, no havia estat encara estudiada.

Durant aquesta tesi doctoral, s’ha estudiat I'expressié de les ecto-nucleotidases a I'aparell
reproductor femeni muri (veure capitol 1), a 'endometri funcional i atrofic huma (veure capitol 2), i

al cancer d’endometri (veure capitol 3).

6.1 SENYALITZACIO PURINERGICA ALS ORGANS REPRODUCTORS MASCULINS

La senyalitzacié purinergica intervé en la fisiologia i en la fisiopatologia dels seglients organs
reproductors masculins: penis, testicles, conductes deferents, vesicules seminals, epididims, prostata
i també als espermatozoides. A continuacio, descriurem el paper de la senyalitzacié purinérgica en
algunes de les funcions reproductives més importants i en determinades patologies de I'aparell

reproductor.

L'ATP i I'adenosina, intervenen en I'ereccid del penis. L'ATP a través dels receptors P2Y, presents en
el muscul llis dels cossos cavernosos del penis, provoca la relaxacié dels musculs cavernosos,
permetent aixi 'entrada de sang i, per tant, I'ereccidé del penis (Tong et al., 1992; Wu et al., 1993;
Levin, Hypolite i Broderick, 1995). La disminucié de I'activacié d’aquests receptors comporta la
contraccio dels musculs, frenant I’entrada de sang i per tant, I'ereccié reverteix. Un estudi més recent
demostra que I'activacié dels receptors A; d’adenosina durant I'ereccié del penis, redueix I'alliberacié
de noradrenalina i provoca la relaxacié dels musculs cavernosos, facilitant aixi I'ereccié (Ning et al.,
2012). Per tant, alteracions en la senyalitzacié produida per I’ATP i I'adenosina extracel-lulars estarien

relacionades amb la disfuncio erectil. Per exemple, als ratolins deficients en ADA, I'excés d’adenosina
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en el teixit erectil del penis els hi causa priapisme, és a dir, 'ereccié continuada del penis almenys
durant quatre hores en abséncia d’excitacio sexual (Mi et al., 2008). Els ratolins deficients en CD73,
tenen disminuida la funcié erectil degut a la reduccié de la produccié endogena d’adenosina (Wen et
al., 2011). Els homes amb disfuncid erectil vasculogenica tenen disminuida I'activitat ecto-
nucleotidasica de CD39 en els cossos cavernosos, on I'acumulacié d’ATP extracel-lular comporta la
dessensibilitzacio dels receptors de tipus P2 dificultant, aixi, I'ereccié del penis (Faria et al., 2008).
Recentment, s’ha proposat I'us de I’ATP, en combinacié amb altres substancies amb efectes relaxants
com l'oxid nitric, en el tractament de la disfuncié eréctil (Hupertan et al., 2012). A més, les vies de
senyalitzacié activades per I'adenosina en el penis, estan sent estudiades per avaluar-ne la seva
utilitat com a possibles dianes terapéutiques en el tractament d’aquesta patologia (revisat per Wen i

Xia, 2012).

La senyalitzacié purinergica esta involucrada, també, en d’altres funcions reproductives que
requereixen contraccié com l'ejaculacié. Aixi doncs, 'ATP estimula la contraccié dels conductes
deferents durant I'ejaculacid, facilitant aixi, el transport de I'esperma des dels testicles fins al penis
(Sneddon i Westfall, 1984). Un estudi més recent, descriu els components purinergics que intervenen
en la contraccid dels conductes deferents en humans, i proposa el receptor P2X; com a principal
receptor implicat en aquest procés (Banks et al., 2006). A la rata, en canvi, la contraccid i la relaxacio
del muscul llis dels conductes deferents es produeix per I'activacié dels receptors P2Y, i P2Y,
respectivament (Blltmann, Klebroff i Starke, 1999). El receptor P2X,, expressat a les cel-lules
intersticials de Cajal dels conductes deferents, podria participar també en I'expulsié del semen
(Burton et al., 2000). L’activitat de les ecto-nucleotidases, incloent les NTPDases i CD73, ha estat
demostrada al muscul llis dels conductes deferents, on regulen els nivells d’ATP i d’adenosina
extracel-lulars necessaris per a I'activacié dels receptors purinergics (Kwan i Ramlal, 1985; Mihaylova-

Todorova, Todorov i Westfall, 2002).

Altres funcions reproductives, com |'espermatogénesi o la capacitacié dels espermatozoides, estan
regulades per la senyalitzacié purinérgica. Els receptors de I'ATP de tipus P2X i els receptors
d’adenosina s’expressen de manera diferencial tant a les cel-lules de Sertoli com a les cél-lules
germinals durant I'espermatogenesi. Aixi doncs, P2X; s’expressa a les cel-lules de Sertoli durant tot el
procés de maduracié dels espermatozoides, en canvi, P2X, i P2X; només s’expressen en alguns
estadis de I'espermatogénesi (Glass et al., 2001). Un altre estudi demostra que, |'expressié dels
receptors de tipus P2X a les cel-lules germinals disminueix, progressivament, a mesura que aquestes
avancen per 'epididim i desapareix a les cél-lules madures del final de I'epididim (Banks, Calvert i
Burnstock, 2010). També la concentracid d’ATP a l'interior dels espermatozoides disminueix a

mesura que aquests avancen per I'epididim (Fourie et al., 1991). Els receptors d’adenosina A; i As,
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perd no els AA i A,B, s’expressen a les cel-lules germinals mentre que les cél-lules de Sertoli només
expressen el receptor A; d’adenosina (Rivkees, 1994; Loir, 2001). Queda demostrada la implicacié de
la senyalitzacié purinergica en el procés de maduracié de les cél-lules germinals, aixi com, en la mort
per apoptosi que de manera natural ocorre en aquestes cel-lules (Shariatmadari et al., 2003; Gelain,

Souza i Bernard, 2003).

L'ATP és necessari pel moviment dels espermatozoides i, a través de receptors de tipus P2, inicia la
reaccié acrosomica, augmentant aixi la capacitat fertilitzant de I'esperma (Foresta, Rossato i Di
Virgilio, 1992; Foresta et al., 1996; Luria et al., 2002). La produccié defectuosa d’ATP comporta una
reduccid en la mobilitat d’aquestes cel-lules (Liu, Jennings i Baker, 1987). Els ratolins knockout pel
receptor P2X,, tenen reduida la fertilitat, d’'una banda, presenten poca quantitat d’espermatozoides
a I'ejaculat, i de I'altre, la contraccié dels vasos deferents es veu disminuida (Mulryan et al., 2000).
L'increment del batec flagel-lar que es produeix durant la hiperactivacié dels espermatozoides es
relaciona amb una caiguda en els nivells intracel-lulars d’ATP (Jeulin i Soufir, 1992). L’Gs d’ATP exogen
en el tractament dels espermatozoides durant la fertilitzacié in vitro esta sent investigat (Rossato et
al.,, 1999). Estudis recents, demostren que aquest tractament millora la motilitat, i per tant, la
fertilitat in vitro dels espermatozoides humans (Edwards et al., 2007) i de ratolins (Vasudevan i

Sztein, 2011).

L'adenosina, a través dels receptors A,, estimula la motilitat de I'esperma (Fénichel et al., 1996).
També afavoreix la capacitacié dels espermatozoides, procés necessari per penetrar i fecundar I'oocit
(Slater, Barden i Murphy, 2000a). El receptor A; ha estat implicat en la capacitacidé i la reaccié
acrosomica dels espermatozoides humans (Allegrucci et al., 2000). Les NTPDases i CD73 també han
estat identificades als espermatozoides humans, on participen en el control dels nivells

extracel-lulars d’ATP i d’adenosina (Romac et al., 2008).

Altres estudis, demostren que I’ATP i 'adenosina extracel-lulars controlen la composicié anionica i la
secrecié del fluid seminal (Auzanneau et al.,, 2006) i epididimal (Wong, 1988). Recentment, s’ha
suggerit que alteracions en les vies de senyalitzacié activades per I'ATP a |'epididim podrien causar

infertilitat (Ruan et al., 2012)

La senyalitzacié purinérgica esta relacionada, també, amb d’altres patologies de [I'aparell
reproductor, com el cancer de prostata. Les cél-lules epitelials de la prostata expressen els subtipus
de receptors P2X;, P2X, i P2X; (Slater, Danieletto i Barden, 2005). L’expressié d’aquests varia, essent
baixa en homes sans, i elevada en el cancer de prostata. En el cas de la prostata de rata, I'expressio
varia en funcié de I'edat (Slater, Barden i Murphy, 2000b). Estudis realitzats amb cél-lules tumorals

de la prostata, demostren que I'expressio dels receptors de tipus P1 es troba també augmentada
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(Chen et al., 2004; Shabbir et al., 2008). L'Gs de farmacs purinergics ha estat avaluat en el tractament

de la hiperplasia prostatica benigne (revisat per Andersson, Chapple i Hofner, 2002).
6.2 SENYALITZACIO PURINERGICA ALS ORGANS REPRODUCTORS FEMENINS

La senyalitzacié purinérgica participa, també, en fendmens fisiologics i fisiopatologics que tenen lloc

a tots els organs reproductors femenins estudiats i també a la placenta i el cordé umbilical.

L'ATP es troba present en els fol-licles ovarics i regula el seu procés de maduracié (Park et al., 2003;
Tai et al., 2005). Un estudi realitzat amb ovaris humans, suggereixen una possible relacié entre I'alt
contingut d’adenosina en el fluid fol-licular i la maduracio fol-licular dels oocits (Wen et al., 2010). Els
oocits de Xenopus alliberen ATP en condicions basals i en resposta a estimuls mecanics o a canvis
osmotics (Bodas et al., 2000; Aleu et al., 2003). Aquests, expressen ecto-nucleotidases de membrana,
que converteixen I’ATP en adenosina que, al seu torn, activa els receptors A,z (Matsuoka et al.,
2002). Les cel-lules fol-liculars de Xenopus expressen receptors de I’ATP de tipus P2 (Montiel-Herrera
et al., 2011) i de tipus P1, que intervenen en les respostes activades per corrents de potassi (K') i
participen en I'activacié dels corrents de clor (CI') (Saldafia et al., 2005). Aquests resultats suggereixen

un possible paper de I’ATP intrafol-licular en la maduracio dels oocits.

La menopausa esta associada a la disminucio de les funcions ovariques. En un model de ratoli femella
menopausica, els nivells del receptor P2X, de I'ovari augmenten amb I’edat, sembla doncs evident, la

relacié d’aquest receptor amb la menopausa (Zimon et al., 2006).

L'ATP intervé en la contraccié dels oviductes i incrementa la freqiiencia de batec dels cilis, facilitant,
aixi, el transport de les gametes i de 'embrid fins a I'Gter (Barrera, Morales i Villalon, 2004). Participa,
també, en la contraccid de I"Gter durant el part (Hutchings et al., 2009). Els subtipus de receptors
P2X, i P2X, s’expressen al muscul llis de I'Gter de rata (Bardini, Lee i Burnstoch, 2000) i huma
(zZiganshin, Zaitsev i Shamsutdinov, 2002), suggerint una possible implicacié d’aquests en la regulacié
de les contraccions uterines durant el part. En cel-lules aillades de miometri de rata embarassada,
I’ATP indueix corrents ionics i contraccions a través del receptor P2X; (Miyoshi et al., 2012). A més,
P2X, ha estat bloquejat amb Mg, suggerint I'is d’aquest receptor com a diana en el tractament o
prevencio de les contraccions uterines en el part preterme (Urabe et al., 2009). Recentment, I'ecto-
nucleotidasa CD39, ha estat localitzada al miometri de ratolins femella (Martin-Satué et al., 2009) i
de rata (Milosevic et al., 2012), tant a la membrana de les cél-lules del muscul llis com a I'’endoteli
dels vasos sanguinis. Un altre estudi mostra canvis en l'activitat de CD39 durant I'embaras

(Valenzuela et al., 1992). Al final de I'embaras, es produeix un increment en els nivells de CD73
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placentaris, fet que podria estar relacionat amb un augment en la sintesi d’estrogens, que facilitaria

les contraccions uterines durant el part (Burns, 1987).

En humans, els receptors P2Y regulen el transport de sodi (Na*) en les cél-lules epitelials mamaries
(Lee et al., 2007), mentre que I'ATP i 'UTP estimulen I'absorcié de Na® i la secrecié de K* en els
conductes de les glandules mamaries. Aquest fet causa un augment en la concentracio intracel-lular
del Ca*, que al seu torn, activa canals de K" dependents de Ca’* (Palmer et al., 2011) regulant, aixi,

les concentracions de Na*i K de la llet.

L'ATP estimula la secrecié d’ions i controla la composicié del fluid dins dels oviductes (Keating i
Quinlan, 2008) influenciant, aixi, la fertilitat i el desenvolupament embrionari en els primers estadis.

Aquests efectes estan regulats per I'ladenosina (Barrera, Morales i Villalén, 2007).

La senyalitzacié purinérgica controla, també, la secrecié del moc cervical (Gorodeski, 20023;
Gorodeski, 2002b). Aixi doncs, en cultius primaris de cél-lules epitelials humanes d’endocervix i
d’ectocervix ha estat detectada I'expressid de receptors de tipus P2X, involucrats en el transport

d’ions (Gorodeski, 2008).

L’adenosina, participa en la regulacié del metabolisme del fetus (Sawa, Asakura i Power, 1991) i del
flux sanguini fetal (Huidobro-Toro et al., 2002). Aixi doncs, la ingesta cronica de cafeina i teofil-lina
durant I'embaras, inhibeix la funcid dels receptors A; d’adenosina, tant en el cervell matern com en
el del fetus (Ledn et al., 2005). En dones embarassades, els nivells d’adenosina en plasma estan
augmentats degut, en part, a I'adenosina derivada de l'agregacié plaquetaria, perd sobretot a

I’'augment de I'activitat AMPasica de CD73 (Yoneyama et al., 2000).

Tecniques immunohistoquimiques situen els subtipus de receptors P2Xs i P2X; a I'epiteli estratificat
esquamos de la vagina de rata, on tenen un paper essencial en la constant regeneracié cel-lular,

fisiologica, d’aquest epiteli (Bardini, Lee i Burnstock, 2000).

En el cancer de mama, I'expressidé dels receptors de tipus P2 es troba augmentada (revisat per
Burnstock i Di Virgilio, 2013). En canvi, I'expressid del receptor P2X;, involucrat en la diferenciacid i
I'apoptosi, es troba disminuida en cél-lules epitelials de I'endocervix i I'ectocervix, fet que es
relaciona amb el desenvolupament de tumors en aquests teixits (Li et al., 2007; Li et al., 2009).
L'activacié del receptor proapoptotic P2X;, seria doncs una possible diana terapéutica per prevenir el
creixement tumoral en les lesions epitelials pre-canceroses i canceroses inicials (Fu et al., 2009;

revisat per Gorodeski, 2009).
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6.2.1 SENYALITZACIO PURINERGICA A 'ENDOMETRI

L'ATP, alliberat pels nervis uterins o per les cél-lules epitelials mitjancant secrecié autocrina o
paracrina, juga un paper molt important en la regulacié de diverses funcions endometrials com la
capacitacié dels espermatozoides, la implantacié de I'oocit després de ser fecundat, la formacid i la
composicido del fluid endometrial, la proliferacié i diferenciacié cel-lular necessaria durant la
reorganitzacié dels teixits uterins després del part, la diferenciacid de les cel-lules epitelials de

I’endometri i I'apoptosi (revisat per Burnstock, 2014).

P2Xs i P2X; han estat identificats a I'epiteli uteri de rata (Bardini, Lee i Burnstock, 2000). P2X;, a més,
s’expressa a cél-lules epitelials de I'endometri huma (Li et al., 2007; Gorodeski, 2012). Alguns estudis
revelen canvis en el patré d’expressio dels receptors de tipus P2X a I'Gter de la rata durant el cicle
endometrial i el procés d’implantacié de I’'embrio (Slater, Barden i Murphy, 2000a) i durant I'embaras

(Khanam i Burnstock, 2007).

En rates, el receptor P2X; es localitza als eosinofils, macrofags i fibroblast de I'endometri durant la
fase de I'estre (Koshi et al., 2005). Aquests autors, especulen sobre el possible paper de I'ATP en la
preparacio i la remodelacid uterina que té lloc abans de la implantacié de I'embrid, i la preséncia del
receptor P2X; a cel-lules de I’estroma, podria indicar la seva relacié amb les respostes immunitaries i
inflamatories. La mort cel-lular i la remodelacié endometrial induida per I'activacio del receptor P2X;
faciliten la fixacid i la implantacio del blastocist a I'endometri (Levine, Derks i Beaman, 2005). Per
tant, el receptor P2X, estaria implicat en la remodelacid uterina produida abans i durant la
implantacio. En canvi, el receptor d’adenosina A,z s’expressa a I’Uter de ratolins femella després de la

implantacio del blastocist (Blackburn et al., 1999).

Nivells baixos del receptor proapoptotic P2X; estan associats amb el desenvolupament de cancers
epitelials, com el cancer d’endometri (Li et al., 2007), a més en les lesions pre-canceroses

endometrials I'expressio de P2X; també es troba disminuida (Li et al., 2009).

Estudis que formen part d’aquesta tesi doctoral, demostren expressié i activitat de CD73 a les
cél-lules epitelials de la llum de I'ater i a les glandules endometrials de ratolins femella, essent
ambdues maximes a l'estre, fase en que la femella és sexualment més receptiva (veure capitol 1).
Recentment, hem descrit la distribucié de les principals ecto-nucleotidases (CD39, NTPDasa3, NPP1,
NPP3, PLAP, TNAP, CD26 i CD73) a I'endometri ciclic i post-menopausic huma (veure capitol 2). A
més, I'ecto-nucleotidasa NPP3, ha estat identificada com a nou marcador biologic de metaplasia

tubaria.
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7. SENYALITZACIO PURINERICA AL CANCER

7.1 CONTEXT GENERAL

El cancer és una malaltia cronica i la seva patogenesi esta relacionada amb la infeccié i la inflamacid.
En condicions d’estrés metabolic com la inflamacié aguda o cronica i la hipoxia, les cél-lules alliberen
ATP, i altres nucleotids, a I'espai extracel-lular que sén metabolitzats per ecto-nucleotidases de
membrana, generant adenosina extracel-lular. Aixi doncs, a l'interior del tumor s’acumula ATP i
adenosina creant un microambient ric en factors immunomoduladors i promotors del creixement
(Ohta et al., 2006; Wilhelm et al., 2010). Mentre que I’ATP, actua com a senyal de perill i com a
molecula proinflamatoria, I'adenosina promou el creixement tumoral i actua com a molecula
immunosupressora (revisat per Spychala, 2000; Ghiringhelli, 2012) inhibint, a través dels receptors
A,4, la resposta cel-lular efectora dels limfocits, la fagocitosi i la presentacié d’antigens per part de
macrofags i cél-lules dendritiques, permetent, aixi, a les cel-lules tumorals escapar del sistema
immunitari (Blay, White i Hoskin, 1997; revisat per Hoskin, 2008; Eltzschig, 2009; revisat per Bastid et
al., 2013). A més, els limfocits T reguladors expressen CD39 i CD73 a la membrana contribuint, aixi, a
I'augment d’adenosina extracel-lular (Deaglio et al., 2007). Aquesta, és doncs, una de les estrategies
més importants que utilitzen les cél-lules tumorals per escapar del control del sistema immunitari, i

per tant, actualment hi ha molt d’interés en investigar aquest nou camp.

La seglent figura representa I'acumulacié d’adenosina a l'interior del tumor, produida principalment
per la hidrolisis de I'ATP i els seus derivats per part de les ecto-nucleotidases, i els efectes

immunosupressors que exerceix (Figura 16).
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\ l’-.: ..: DC
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Figura 16. Esquema del metabolisme extracel-lular de ’'adenosina en els tumors i els seus efectes
immunosupressors (Zhang, 2010)

44



Introduccid

7.2 PAPER DE L’ATP AL CANCER

Al 1983, es va descriure per primera vegada |’activitat antineoplastica de I’ATP (Rapaport, Fishman i
Gercel, 1983), i des d’aleshores, nombrosos estudis han demostrant la seva accid antineoplastica en
diferents tipus de cancer: colorectal, leucémia, pulmé, prostata, retinoblastoma, neuroblastoma,
glioma i melanoma. Els efectes de I’ATP inclouen la inhibicié de la proliferacio cel-lular, la promocio
de la diferenciacio cel-lular (que comporta la inhibicié de la proliferacié cel-lular) i I'activacié de la
mort cel-lular (revisat per Burnstock i Di Virgilio, 2013). Recentment, I’ATP ha estat catalogat com a

III

“senyal de perill” per alertar al sistema immunitari, reclutant cel-lules presentadores d’antigen i
promovent la maduracié de les cél-lules dendritiques en els tumors (Aymeric et al., 2010). A més, a
través de I'activacié del receptor P2Y,, promou la migracié de macrofags i neutrofils (revisat per

Stagg i Smyth, 2010). Malauradament, I’ATP no sempre resulta ser beneficids per I'hoste.

Si 'acumulacié d’ATP extracel-lular és beneficiosa o perjudicial per I'hoste depén de (a) la seva
concentracio, (b) la taxa de degradacid de I’ATP i (c) dels receptors P2 expressats a les ceél-lules
tumorals i a les cél-lules del sistema immunitari infiltrades, de manera que, el nivells d’ATP resulten

ser determinants en la progressié del cancer.

(a) Les dosis altes d’ATP tenen un gran efecte citotoxic en els tumors i potencien I'activacié del
sistema immunitari. Aixi doncs, en alguns tractaments contra el cancer com la quimioterapia,
s’'indueix I'alliberacio d’ATP per part de les cel-lules tumorals, activant aixi la mort cel-lular per
apoptosi (Martins et al., 2009). En canvi, les dosis baixes resulten ser immunosupressores i
promouen el creixement tumoral a través de I’activacié dels receptors de tipus P2 presents a les
cél-lules tumorals (revisat per Burnstock i Di Virgilio, 2013). No obstant, els tumors acumulen
qguantitats elevades d’ATP extracel-lular al ser la principal font d’adenosina en el tumors
(Pellegatti et al., 2008; Aymeric et al., 2010). D’aqui l'interés en la recerca d’estratégies
terapeutiques dirigides a reduir-ne la hidrolisi. En aquesta direccio, s’ha proposat el bloqueig
farmacologic de CD39, en ser el principal enzim responsable de la hidrolisi de 'ATP i la principal
ecto-nucleotidasa expressada en els limfocits T reguladors (revisat per Bastid et al., 2013).

(b) La concentracio d’ATP extracel-lular depén del balang entre la sintesi, I'alliberacié i la degradacio
d’aquest nucleotid. La degradacio es produeix via 'activitat seqliencial de les ecto-nucleotidases.
Dos membres d’aquesta familia, CD39 i CD73, juguen un paper crucial en la interaccié entre les
cél-lules del sistema immunitari i les del tumor. Ambdds enzims s’expressen a la superficie
cel-lular i sén els principals implicats en la generacié d’adenosina extracel-lular, que té un potent

efecte immunosupressor (revisat per Di Virgilio, 2012). CD39 i CD73 actuen de manera
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coordinada, hidrolitzant ATP i generant adenosina, per reduir la inflamacio (revisat per Regateiro,
Cobbold i Waldmann, 2013; Xu et al., 2013).

(c) Per ultim, depenent del subtipus de receptor P2 expressat a la membrana de les cél-lules
tumorals, aguestes poden ser més sensibles a la mort o a I'efecte trofic induit per I'ATP. Diferents
subtipus de receptors P2 estan implicats en respostes que inhibeixen el creixement tumoral:
P2Xs, P2X;, P2Y,, P2Y,, i P2Y,; (White i Burnstock, 2006). El receptor P2X; és el més acceptat com
a mediador de la mort cel-lular a través de mecanismes apoptotics o necrotics i, a més, regula
I’expressid i la secrecié de diferents citocines (Orinska, 2011). Aquest receptor, pero, sembla no
ser funcional en les cel-lules tumorals (Slater et al., 2004). Aquestes cel-lules, inclis, sdn capaces
de regular I'expressid del receptor P2X; per evitar la mort cel-lular. Aixi, diversos estudis
demostren que els nivells del receptor P2X; sén significativament més baixos en diferents tipus
de cancer en comparacido amb el teixit normal adjacent (Li et al., 2006). Inclis els nivells de
micro-RNA-186 i de micro-RNA-150 que disminueixen la transcripcié del gen P2X;, sén
significativament més alts en les cel-lules tumorals que en les no tumorals (Zhou et al., 2008).
L'4s d’antagonistes especifics del receptor P2X;, podria ser util en el tractament de malalties
inflamatories i autoimmunes (Arulkumaran, Unwin i Tam, 2011), mentre que, els agonistes,
podrien ser utilitzats en terapies contra el cancer (Roger i Pelegrin, 2011; revisat per Mehta et al.,

2014).

7.3 PAPER DE L’ADENOSINA AL CANCER

L'adenosina, que en condicions no patologiques es troba a I'espai extracel-lular en concentracions
baixes (<1 uM), augmenta considerablement els seus nivells en la inflamacié i el cancer. Aixi s’han
detectat nivells d’adenosina extracel-lular en tumors solids, entre 10 i 20 vegades majors que en el
teixit no tumoral (Blay, White i Hoskin, 1997). Aquests elevats nivells d’adenosina extracel-lular no
només s’expliquen per la seva alliberacid a través de transportadors especifics, sind que també
depenen de (a) I'activitat de I'enzim ADA, que converteix I'adenosina en inosina, (b) la captacié
cel-lular a través de transportadors de nucleosids concentratius o equillibratius, i (c) de I'activitat de
I’ADK, que converteix I'adenosina en AMP. Pero, la principal font d’adenosina extracel-lular en els
tumors seria la hidrolisi de I’ATP per part de les ecto-nucleotidases. Tal com es detallara a I'apartat
dedicat a les ecto-nucleotidases al cancer, nombrosos estudis demostren la correlacié entre
I'augment en I'expressio de CD73 i/o la disminucié en I'expressié dels enzims ADA i ADK i la
progressié del tumor (revisat per Spychala, 2000). Per tant, I’accié conjunta de diversos enzims CD39,

CD73, ADA i ADK contribueix a mantenir elevats els nivells d’adenosina extracel-lulars en els tumors.
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L'adenosina és secretada per les cél-lules tumorals i per les cél-lules del sistema immunitari durant
processos tumorals. L’adenosina extracel-lular exerceix diversos efectes immunomoduladors a través
dels receptors d’adenosina (A;, Ayn, Az, i As) expressats a la membrana de macrofags, cél-lules
dendritiques i diferents subtipus de limfocits T, que en activar-se alliberen citocines i prostaglandines
proinflamatories al medi contribuint a la patogenesi del cancer (Sitkovsky et al., 2008, revisat per
Kumar, 2013). Els principals efectes immunosupressors de I'adenosina queden resumits a la Figura 17
. Destaquem, entre d’altres, la inhibicié de la sintesi de citocines, I’estimulacié de la sintesi de IL-10 i

la inhibicid de I'activacid i expansié dels limfocits T.
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Figura 17. Principals efectes immunomoduladors de I’adenosina extracel-lular (Stagg i Smith, 2010)

Altres efectes de I'adenosina extracel-lular inclouen la proteccié de les cél-lules contra I'apoptosi i la
promocié del creixement cel-lular, efectes que podrien relacionar-se directament amb el cancer. Aixi
doncs, I'adenosina a través de receptors A,, afavoreix la proliferacid cel-lular, inclds en els tumors
com, per exemple, en tumors colorectals (Khoo et al., 1996) o de mama (Mirza et al., 2005). Per
aquest motiu, s’ha proposat I'is d’antagonistes del receptor A; per obstaculitzar la viabilitat cel-lular
dels tumors i incrementar la sensibilitat de les cel-lules canceroses als farmacs quimioterapeutics. En
canvi, 'AMP, precursor de I'adenosina, inhibeix la proliferacié d’aquestes, tal com ha estat demostrat
en el cancer de mama (Mazurek, Michel i Eigenbrodt, 1997). Aixi doncs, un augment en I'activitat de

CD73, enzim que converteix I’AMP en adenosina, promouria el creixement de les cél-lules tumorals.

47



La senyalitzacid purinérgica al sistema reproductor Elisabeth Aliagas

Efectivament, CD73 esta sobreexpressada en molts tipus de cancer: cancer de mama, cancer de
vesicula biliar, leucémia, glioma, glioblastoma, melanoma, cancer d’ovari, cancer de tiroides, cancer
d’esofag, cancer de colon i de prostata (revisat per Stagg i Smyth, 2010). Per contra, existeixen
evidencies que l'adenosina en concentracions mil:limolars podria activar la mort cel-lular per
apoptosi, pero seria a través de mecanismes intracel-lulars i no a través dels seus receptors de

membrana (Merighi et al., 2002).

S’han descrit, en cel-lules tumorals, efectes antiproliferatius dels receptors A; (Fishman et al., 2004),
per tant, la seva utilitat farmacologica sembla evident. No obstant, I'Gs clinic dels agonistes del
receptor A; hauria de ser limitada, ja que, podrien disminuir I'efectivitat de la quimioterapia en
alguns tumors amb baixa taxa de proliferacid, com és el cas del cancer de colon i de mama. En canvi,
els antagonistes del receptor A, anul-larien els efectes antiapoptotics derivats de I'activacié d’aquest
receptor, i sensibilitzarien les cél-lules tumorals als farmacs quimioterapéeutics (revisat per Merighi et

al., 2003).

Els receptors d’adenosina es consideren poderoses dianes terapeutiques, degut en primer lloc, a
I'expressié ubiqua d’aquests receptors en una amplia varietat de cél-lules, i en segon lloc, a
I’existéncia d’un gran nombre de lligands sintétics (generats modificant I'estructura de I'adenosina i
la metilxantina). Els efectes immunosupressors de I'adenosina poden evitar-se mitjancant deleccions
genetiques o I'Us d’antagonistes selectius dels receptors A,, i A,z d’adenosina (Ohta et al., 2006;

Lukashev, Sitkovsky i Ohta, 2007).

En els tumors, I'adenosina a través dels seus receptors expressats al muscul llis, incrementa el flux
sanguini intratumoral, (Natori et al., 1992) i augmenta la vasodilatacié per millorar I'accessibilitat als
nutrients (revisat per Haskd i Cronstein, 2004). A part, I'adenosina regula I’angiogénesi (Allard et al.,
2014), la vasculogénesi (Montesinos et al., 2004) i la limfoangiogenesi (Lenoir et al., 2014). En els
tumors, els nivells del receptor A,, d’adenosina estan augmentats i la seva activacié a les cel-lules
endotelials promou significativament I'angiogénesi, estimulant tant la proliferacié de les cél-lules
endotelials com I'expressié del factor de creixement endotelial per part de les cél-lules tumorals, i
per tant, la supervivencia cel-lular del tumor es veu afavorida. Els antagonistes dels receptors A

d’adenosina podrien exercir efectes antitumorals dificultant el creixement i la propagacié tumoral.
7.4 PAPER DE LES ECTO-NUCLEOTIDASES AL CANCER

Tal com hem explicat anteriorment, tant les cel-lules no tumorals com les cél-lules tumorals i del
sistema immunitari, alliberen nucleodtids i nucleosids a I'espai extracel-lular que actuen com a lligands

extracel-lulars de les ecto-nucleotidases expressades a les seves membranes. Es temptador pensar
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que, alteracions en l'activitat de les ecto-nucleotidases, ja siguin de les cel-lules tumorals o de les
cel-lules del sistema immunitari infiltrades, podrien ser les responsables de la propagacié i de la
metastasi tumoral. A continuacié, destaquem alguns dels estudis que donen suport a aquesta teoria

(revisat per Bergamin et al., 2012).

A biopsies humanes de cancer d’ovari s’ha trobat augmentada I'expressié de CD39 i CD73 (Hausler et
al., 2011). Recentment, en cel-lules de cancer d’ovari s’Tha demostrat I'eficacia de la terapia
antitumoral basada en I'Gs d’anticossos especifics contra CD39 i CD73. Aixi, en aquestes cel-lules
I'adici6 dels anticossos anti-Al i anti-7G2 bloqueja I’activitat dels enzims CD39 i CD73
respectivament, mantenint aixi, disminuida la generacié d’adenosina i activada la resposta
immunitaria dels limfocits T (Hausler et al., 2014). En melanomes, s’ha relacionat la sobreexpressié
de CD39 amb el grau de diferenciacid de les cel-lules tumorals, i amb I'evasié del sistema immunitari
per part d’aguestes, mentre que la supressio de I'activitat d’aquest enzim comporta la reduccié del
creixement del melanoma (Dzhandzhugazyan et al., 1998; Jackson et al., 2007). A més, ha estat
demostrat que I’ecto-nucleotidasa CD39 vascular promou directament el creixement cel-lular del
tumor (Feng et al., 2011), i que I'expressié d’aquest enzim a la membrana de limfocits T reguladors
inhibeix I'activitat antitumoral d’aquests, promovent el creixement tumoral i la metastasi (Sun et al.,

2010).

Altres estudis mostren que CD73 s’expressa en una gran varietat de linies cel-lulars tumorals, i que la
seva expressié esta incrementada en diferents tumors (Jin et al., 2010). L'increment de CD73
s’associa amb fenotips cancerosos altament invasius, la resistencia als farmacs i la promocié del
creixement tumoral (revisat per Spychala, 2000). CD73 promou la viabilitat cel-lular i la progressié del
cicle cel-lular (Zhi et al., 2007) i la seva expressid es relaciona amb I'augment de la migracid i la
invasié cel-lular en el cancer de mama. Aixi doncs, I'expressié de CD73 ha estat proposada com a
factor pronostic en aquest tipus de cancer (Wang et al., 2008). La supressié de CD73 amb RNA
d’interferencia disminueix significativament el creixement cel-lular en el cancer de mama. A més,
s’ha demostrat que I's d’anticossos monoclonals anti-CD73 retarda el creixement tumoral i inhibeix
la metastasi en el cancer de pulmd (Stagg et al., 2010) i en el cancer de mama (Terp et al., 2013) a
través de diferents mecanismes com la inhibicid de I'activitat catalitica o I'agrupacié i posterior
internalitzacié¢ de CD73. Recentment, s’ha proposat inhibir simultaniament diferents vies
immunosupressores ja que els tumors utilitzen diversos mecanismes per escapar del control del
sistema immunitari. S’ha demostrat que la terapia antitumoral basada en el bloqueig del receptor
programmed death (PD)-1 mitjangant anticossos especifics millora quan es realitza juntament amb el
bloqueig de CD73, suggerint aixi la combinacié d’ambdds anticossos, anti-PD-1 i anti-CD73, com a

nova i potent estrategia terapeutica en el tractament del cancer (Allard et al., 2013). Les terapies
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dirigides a inhibir farmacologicament CD73 encara estan en desenvolupament. L'inhibidor selectiu de
CD73, anomenat a,8-methylene ADP (a,B-meADP) ha estat provat amb éxit en models cel-lulars (Jin
et al., 2010) i animals (revisat per Colgan et al., 2006). L'a,-meADP actua com a inhibidor de CD73 ja
que mimetitza I'estructura de ’ADP perd no és hidrolitzable. Es un farmac molt atractiu degut al seu
baix cost, a 'amplia disponibilitat i a la seva bona tolerancia. No obstant, els nivells aconseguits in
vivo, no inhibeixen completament I'activitat de CD73, ja que la vida mitja in vivo i la biodisponibilitat
del farmac encara no han estan ben caracteritzades. En canvi, delecionant genéticament CD73
s’aconsegueix reduir practicament el 100% de I'activitat enzimatica. Tot i que, les terapies basades en
I’Gs de anticossos monoclonals contra CD73 solen ser menys eficients inhibint I'activitat enzimatica

que les basades en I'Us d’a,3-meADP, han donat més bons resultats (revisat per Zhang, 2010).

Altres estudis impliquen CD73 (i el receptor A,, d’adenosina) en les adhesions cél-lula-cél-lula i
cél-lula-matriu extracel-lular, processos clau en la invasio i la metastasi tumoral (Zhang, 2012). La
progressié tumoral esta inhibida en ratolins deficients per CD73 (Yegutkin et al., 2011) que a més,
tenen incrementada la immunitat antitumoral i sén més resistents a la metastasi (Stagg et al., 2011) i

a la carcinogenesi (Stagg et al., 2012).

Altres ecto-nucleotidases tenen també el seu paper en el cancer. Per exemple, 'NTPDasa2, participa
en la migracié de les plaquetes cap a I'area tumoral, i esta implicada en la regulacié de I'angiogénesi i
la inflamacid, per tant, sembla jugar un paper forga important en la progressio del tumor (Braganhol
et al., 2009). L'expressido d’'NPP1 esta incrementada en tumors amb elevat grau de malignitat, per
aixo0, s’ha proposat I'Us d’aquest enzim com a marcador pronostic en alguns tumors com els gliomes

(Aerts et al., 2011).

Les multiples implicacions de les ecto-nucleotidases (en general), i especialment de CD39 i CD73 en el
control del creixement tumoral i en la modulacié de les respostes immunitaries, evidencien el
potencial d’aquestes com a dianes terapeutiques en oncologia. Per aquest motiu, ens hem proposat
estudiar el paper de les ecto-nucleotidases en el cancer d’endometri, i la seva rellevancia com a

possibles dianes terapéutiques en el tractament d’aquest tipus de cancer (veure capitol 3).
8. EL CANCER D’ENDOMETRI

El cancer d’endometri és la patologia ginecologica maligna més freqlient del mén occidental. Segons
caracteristiques clinico-patologiques i alteracions moleculars, es distingeixen dos tipus: el de Tipus | i

el de Tipus Il (Bokhman, 1983; revisat per Horn et al., 2007).

El cancer d’endometri de Tipus | o adenocarcinoma endometrioide depenent d’estrogens, representa

la forma més freqlient, aproximadament un 80% dels casos. Apareix a dones relativament joves pre-
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0 post-menopausiques i es relaciona amb I'exposicid a estrogens (endogens o exogens) no
compensada amb progestagens. Histologicament, els tumors Tipus |, estan ben diferenciats i, la
majoria, son de tipus endometrioide i de baix grau. La lesid precursora d’aquest tipus de cancer,
freqlientment, és la hiperplasia endometrial. A més, 'adenocarcinoma endometrioide es caracteritza
per presentar mutacions en els gens PTEN, K-RAS, PIK3CA, B-catenina i FGFR i inestabilitat de

microsatel-lits. El seu pronostic sol ser favorable.

El cancer d’endometri de Tipus Il o adenocarcinoma endometrial no endometrioide representa el
20% restant dels casos. Apareix a dones relativament grans i no sol venir precedit d’'una historia
d’exposicié a estrogens no compensada. Per contra, els tumors Tipus Il, sovint estan poc diferenciats,
i deriven de lesions pre-canceroses de I'endometri atrofic. S6n de grau més elevat i, habitualment,
s’associen amb alteracions en el gen p53, perdua de la heterozigocitat a diversos cromosomes i altres
alteracions moleculars a STK15, p16, E-Cadherina i C-erbB2. L'evolucié és agressiva i té pitjor
pronostic que el de Tipus | (revisat per Yeramian et al., 2013). La Figura 18 resumeix les

caracteristiques clinico-patologiques d’ambdés tipus de cancer.

Type |

Type 11

Menopausal status

Estrogen-related

Estrogen or
progesterone
receptors

Histology of
adjacent
endometrium

Precursor lesion

Obesity

Parity

Grade

Histologic subtype

Clinical behavior

Premenopausal and
perimenopausal
Yes

Present

Hyperplastic

Atypical hypemplasia
Yes

Nulliparous

Low

Endometrioid

Indolent

Postmenopausal

No
Absent

Atrophic/cystic polyp

EIC

No

Multiparous

High

Serous carcinoma
clear-cell carcinoma
Aggressive

Figura I8. Principals tipus de cancer d’endometri i les seves caracteristiques clinico-patologiques

(Horn et al., 2007)

En els dltims anys, s’ha proposat i acceptat un model dualistic per explicar el procés de carcinogénesi
endometrial (revisat per Abal et al., 2006; revisat per Doll et al., 2008). Alguns dels mecanismes
genetics que indueixen carcinogénesi a I'endometri han estat identificats (revisat per Llauradd et al.,

2012) (Figura 19), pero encara resta per identificar els mecanismes patogénics moleculars d’aquest
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tipus de cancer. Existeix un gran interés en trobar nous biomarcadors que permetin completar la
caracteritzacié del procés de carcinogenesi endometrial i que facilitin el seu diagnostic en etapes

inicials aixi com el seu pronostic.

Pre-neoplasic lessions Neoe!asic lessions

Figura 19. Model dualistic del cancer d’endometri (Llauradé et al., 2012)

El tamoxifen (TAM) és un modulador selectiu dels receptors d’estrogens que s’utilitza, gracies als
seus efectes antiestrogenics en el teixit mamari, com a terapia adjuvant en el tractament del cancer
de mama en aquelles pacients que presenten receptors d’estrogens. Aquest farmac, molt eficag pel
tractament del cancer de mama, té I'efecte advers d’incrementar la freqiéncia d’aparicié del cancer
d’endometri, a través de mecanismes que no es coneixen. S’han detectat alteracions en les activitats
ecto-nucleotidasiques de les plaquetes de pacients de cancer de mama tractades amb TAM (do
Carmo Araujo et al., 2005) pero encara no es coneixen els efectes d’aquest farmac sobre les ecto-

nucleotidases endometrials, aspecte que ha estat estudiat en aquesta tesi (veure capitol 4).
8.1 SENYALITZACIO PURINERGICA AL CANCER D’ENDOMETRI

Tot i que encara no hi ha gaires estudis al respecte, existeixen antecedents que la senyalitzacio
purinérgica juga un paper en la patogénesi del cancer d’endometri. Estudis previs demostren que
I’ATP, a través dels receptors P2Y,, té efectes antiproliferatius i proapoptotics en cél-lules de

carcinoma endometrial (Katzur et al., 1999). Aixi mateix, s’ha observat una perdua d’expressié del
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receptor d’ATP P2X; en les lesions canceroses, en comparar-les amb els teixits normals (Li et al.,
2006, 2007, 2009). La manca del receptor comporta la perdua dels efectes antiproliferatius i
proapoptotics derivats de la seva via de senyalitzacié, afavorint, doncs, la progressié tumoral. Per
aquest motiu, P2X; ha estat proposat com a biomarcador d’aquest tipus de cancer. No es coneixen,
pero, els mecanismes que regulen les concentracions d’ATP i adenosina, ni el possible paper de les
ecto-nucleotidases en la patogénesi d’aquest tipus de cancer, aspecte que ha estat estudiat en

aquesta tesi doctoral.
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“The experimenter who does not know what he is looking for
will not understand what he finds”

Claude Bernard






Objectius

OBJECTIUS

L'ATP i I'adenosina extracel-lulars sén potents molécules senyalitzadores que a través de receptors
purinérgics intervenen en la fisiologia i fisiopatologia de I'aparell reproductor, i per tant, influeixen en
la reproduccid i en malalties relacionades amb aquest aparell com és el cancer d’endometri. La
concentracié extracel-lular d’ATP i adenosina resulta del balan¢ entre [l'alliberacié d’aquestes
molecules per part dels teixits i la seva hidrolisi a través d’enzims de membrana anomenats ecto-
nucleotidases. L'objectiu principal d’aquesta tesi és estudiar el paper de les ecto-nucleotidases, com
a reguladores de les concentracions d’ATP i adenosina extracel-lulars, en el sistema reproductor
femeni i en el cancer d’endometri. Pretenem contribuir, aixi, al coneixement de la senyalitzacio
purinergica en el sistema reproductor i investigar si les alteracions d’aquesta via de senyalitzacio

formen part dels mecanismes moleculars implicats en la patogénia del cancer d’endometri.
Com a objectius especifics de la present tesi doctoral ens plantegem:

1. Estudiar la localitzacié i I'activitat d’ecto-5’-nucleotidasa (CD73), enzim responsable de
generar adenosina a partir d’AMP, en el sistema reproductor femeni muri al llarg del cicle

estral. Aquest objectiu es desenvolupa en el capitol 1.

2. Localitzar i caracteritzar de forma precisa I'expressié i I’activitat de les ecto-nucleotidases
endometrials a 'endometri funcional (proliferatiu i secretor) i postmenopausic (atrofic), per
avaluar la seva utilitat com a marcadors de fertilitat. Aquest objectiu s’assoleix en el capitol

2.

3. Avaluar els nivells de CD39 i CD73 en mostres d’endometris humans amb adenocarcinoma
endometrial (Tipus | i Tipus II), per valorar la seva utilitat com a biomarcadors de diagnostic i
pronostic que aportin eines per al desenvolupament de noves estratégies terapeutiques.

Objectiu dut a terme en el capitol 3.

4. Estudiar I'efecte d’hormones (estradiol) i farmacs (tamoxifen i anastrozol) en I’expressié de
les ecto-nucleotidases en cultius cel-lulars (linies cel-lulars i cultius primaris). Objectiu

realitzat en el capitol 4.
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“Somewhere, something incredible is waiting to be known”

Carl Sagan






Resultats

RESULTATS

Els resultats d’aquesta tesi s’organitzen en quatre capitols. Els capitols 1, 2 i 3 corresponen als
articles publicats que formen part d’aquesta tesi. Els resultats del capitol 4 no es troben encara

publicats, i per tant, aquest capitol esta escrit amb el format d’una tesi tradicional.

CAPITOL 1: Changes in expression and activity levels of ecto-5’-nucleotidasa/CD73 along the
mouse female estrous cycle. Aliagas E, Torrején-Escribano B, Lavoie E.G, Gémez de Aranda I, Sévigny

J, Solsona C, Martin-Satué M. Acta Physiol (Oxf). 2010;199(2):191-97. doi: 10.1111/j.1748-

1716.2010.02095.x. Erratum in: Acta Physiol (Oxf). 2010;200(2):201.

CAPITOL 2: Ecto-nucleotidases distribution in human cyclic and postmenopausic endometrium.
Aliagas E, Vidal A, Torrejon-Escribano B, Taco M.R, Ponce J, Gomez de Aranda |, Sévigny J, Condom E,
Martin-Satué M. Purinergic Signal. 2013;9(2):227-37. doi: 10.1007/s11302-012-9345-0.

CAPITOL 3: High expression of ecto-nucleotidases CD39 and CD73 in human endometrial tumors.
Aliagas E, Vidal A, Texidd L, Ponce J, Condom E, Martin-Satué M. Mediators Inflamm.
2014;2014:509027. doi: 10.1155/2014/509027.

CAPITOL 4: validacié de models cel-lulars per a I'estudi de les ecto-nucleotidases. Efecte del

tamoxifen, I'anastrozol i 'estradiol. Aliagas E, Texidd L, Torrejon-Escribano B, Martin-Satué M.
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Articles que no formen part de la tesi:

ANNEX 1: High expression and activity of ecto-5’-nucleotidase/CD73 in the male murine
reproductive tract. Martin-Satué M, Lavoie E.G, Fausther M, Lecka J, Aliagas E, Kukulski F, Sévigny J.
Histochem Cell Biol. 2010;133(6):659-68. doi: 10.1007/s00418-010-0704-z.

ANNEX 2: Ectonucleotidases in the digestive system: focus on NTPDase3 localization. Lavoie E.G,
Gulbransen B.D, Martin-Satué M, Aliagas E, Sharkey K.A, Sévigny J. Am J Physiol Gastrointest Liver
Physiol. 2011;300(4):G608-20. doi: 10.1152/ajpgi.00207.2010.

ANNEX 3: Reduced striatal ecto-nucleotidase activity in schizophrenia patients suports the
“adenosine hypothesis”. Aliagas E, Villar-Menéndez |, Sévigny J, Roca M, Romeu M, Ferrer |, Martin-
Satué M, Barrachina M. Purinergic Signal. 2013;9(4):599-608. doi: 10.1007/s11302-013-9370-7.
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CAPITOL 1

Changes in expression and activity levels of ecto-5’-

nucleotidasa/CD73 along the mouse female estrous cycle

Aliagas E, Torrejon-Escribano B, Lavoie E.G, Gdmez de Aranda |,

Sévigny J, Solsona C, Martin-Satué M.

Acta Physiologica (Oxfford)
2010;199(2):191-97.
Erratum in: Acta Physiologica. 2010;200(2):201.
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CAPITOL 1. Changes in expression and activity levels of ecto-5’-nucleotidasa/CD73 along the
mouse female estrous cycle. Acta Physiol (Oxf). 2010;199(2):191-97. Erratum in: Acta Physiol (Oxf).
2010;200(2):201.

L'ATP extracel-lular i el producte derivat de la seva hidrolisi, I'adenosina, modulen deferents funcions
reproductives com per exemple la contraccid del muscul llis uteri durant el part, la sintesi
d’hormones i la composicid del fluid fol-licular. A més, I'adenosina és un component determinant en
el procés de capacitacid dels espermatozoides que té lloc a les vies genitals femenines. La
concentracié extracel-lular de nucleodtids i nucleosids ve determinada per les ecto-nucleotidases de
membrana, entre les quals, la familia de les ecto-nucleosid trifosfat difosfohidrolases (E-NTPDases) és
la més abundant i eficag hidrolitzant ATP i ADP fins a AMP. Tres membres d’aquesta familia han estat
identificats a I'aparell reproductor femeni muri: NTPDasal, NTPDasa2 i NTPDasa3 (Martin-Satué et
al., 2009). A més, una altre ecto-nucleotidasa, CD73, ha estat ben estudiada a I'aparell reproductor
masculi (Martin-Satué et al., 2010) on juga un paper molt important en la fertilitat masculina.
L'objectiu d’aquest estudi ha estat caracteritzar el patré d’expressié de CD73 a I'aparell reproductor
femeni muri al llarg del cicle estral, en ser la major font d’adenosina formada a partir de la hidrolisi

de ’'AMP, en aquest sistema.

Per localitzar i caracteritzar I'expressio i I'activitat de CD73 a I'aparell reproductor femeni muri al llarg
del cicle estral, es van utilitzar técniques immunologiques i assaigs d’activitat enzimatica in situ
incloent experiments d’inhibicié realitzats amb I'a,-meADP, inhibidor especific de CD73. Per dur a
terme aquest estudi es va haver d’assolir un important repte metodologic, la determinacid de les
fases del cicle estral muri. Per aconseguir-ho es van realitzar analisis citologics de rentats vaginals i

I’avaluacio histologica de les seccions d’uter.

Les principals troballes d’aquest estudi son:

1) Determinacié de les fases del cicle estral. El diestre es caracteritza per presentar grans
guantitats de leucocits. Al proestre hi predominen cél-lules epitelials nucleades i a I'estre cel-lules
escamoses. Al metestre, es troben barrejades cel-lules escamoses i alguns leucocits (veure

capitol 1, Figura 1).

2) Analisi morfologic de I'ater al llarg del cicle estral. Al diestre, I'Gter i la llum sén petits. Al
proestre, I'Uter augmenta de mida, sent maxima a [l'estre coincidint amb el maxim
desenvolupament de la llum i les glandules endometrials. Al metestre, I'Gter disminueix de mida i

I’estroma quasi no presenta glandules (veure capitol 1, Figura 1).

66



Resultats - CAPITOL 1

3) Localitzacid i activitat de CD73 a I’aparell reproductor femeni muri al llarg del cicle estral. CD73
s’expressa i és activa als cossos lutis dels ovaris, i a les cel-lules epitelials de I'oviducte, I'Uter i les
glandules endometrials (veure capitol 1, Figures 2, 3 i 4). L'epiteli endometrial presenta
marcades variacions en |'expressid i I'activitat de CD73 al llarg del cicle estral. La maxima
expressio coincideix amb la fase d’estre en qué hi ha la maxima receptivitat sexual de la femella i
on l'adenosina seria clau en el procés de capacitacié dels espermatozoides. Al metestre,
s’observa una alta expressio i activitat de I'’enzim, fet que no succeeix en altres fases (veure

capitol 1, Figures 3 i 4).

Proposem que, I'adenosina generada per aquesta via, a part de participar en altres funcions com la
regulacié de la composicié de I'esperma, podria contribuir significativament en la capacitacié dels

espermatozous, i per tant, influiria en la fertilitat.

Aquest estudi es troba publicat a la revista Acta Physiologica (Oxford) 2010;199(2):191-97. doi:
10.1111/j.1748-1716.2010.02095.x. Factor d’'impacte: 4.251 (JCR2013). Aquest treball no ha estat

utilitzat per a la realitzacid d’altres tesis doctorals. Pel que fa als autors del treball B.T.E ha participat
en els estudis de microscopia confocal i en I'edicié de les fotografies de I'article. E.G.L i J.S han
generat I'anticos anti-CD73. 1.G ha realitzat el suport tecnic en les citologies i en les tecniques
histologiques. C.S, M.M.S i E.A han participat en la discussid dels resultats i en el disseny del
manuscrit. M.M.S i E.A han posat a punt els estudis citologics per a la determinacié del cicle estral.

E.A ha realitzat els experiments. M.M.S ha dirigit el treball.
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Abstract

Aim: Extracellular ATP and its hydrolysis product adenosine modulate
various reproductive functions such as those requiring contraction, hormone
synthesis and maintenance of fluid composition. Moreover, adenosine is a
key molecule for sperm capacitation. Extracellular nucleotide and nucleoside
levels are affected by cell surface ectonucleotidases, amongst which
the ectonucleoside triphosphate diphosphohydrolase (E-NTPDase) family is
the most abundant and effective to hydrolyse ATP and ADP to AMP. In the
female reproductive tract three members of this family have been recently
identified: NTPDasel, NTPDase2 and NTPDase3 (Histochem. Cell Biol.
131, 2009, 615). The purpose of the present study was to characterize in this
system the expression profile of ecto-5"-nucleotidase (CD73), the enzyme
generating adenosine from AMP.

Methods: Immunological techniques and iz situ enzymatic assays were used

Facultat de Medicina, Universitat
de Barcelona-IDIBELL, C/Feixa
Llarga s/n, Pavellé de Govern 4*
planta, lab. 4145, 08907
L'Hospitalet de Llobregat, Spain.
E-mail: martinsatue@ub.edu

to characterize the ecto-5'-nucleotidase expression in the mouse female
reproductive tract along the four stages of the estrous cycle, that were
determined by vaginal smear examination.

Results: Ecto-5"-nucleotidase was abundantly detected in the corpora lutea
of the ovaries, as well as in several epithelia, such as that of oviducts, uterus
and endometrial glands. Marked changes in endometrial ecto-5"-nucleotidase
expression and activity along the estrous cycle are described, these being
maximum at estrus phase, coinciding with optimal female sexual receptivity.
Conclusion: The adenosine generated thereby, besides other functions,
might contribute to sperm capacitation, thus significantly influencing
fertility.
Keywords
NTPDase.

adenosine, ATP, CD73, ecto-5"-nucleotidase, endometrium,

Extracellular nucleotides (ATP, ADP, UTP and UDP)
as well as the nucleoside derivative adenosine are
important autocrine and paracrine signalling molecules
eliciting a large number of biological effects via
receptors collectively named purinoceptors. Nucleo-
tides act on two major widely expressed receptor

© 2010 The Authors

subfamilies: P2X receptors, which are ligand-gated ion
channels, and G-protein-coupled P2Y receptors (re-
viewed in Boeynaems et al. 2005, Burnstock 2006).
Subsequent to signal transduction, extracellular nucle-
otides are generally rapidly converted to adenosine,
which acts via four G protein-coupled receptors
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denoted Ay, Aya, Asp and Az (Fredholm et al. 2001,
Benarroch 2008).

Extracellular adenosine plays a variety of roles in
reproduction. In females it exerts control of myometrium
contractions (Gillman & Pennefather 1998), and during
pregnancy it also serves as a regulatory signal for early
(Blackburn et al. 1992).
Changes in adenosine receptor expression found in

post-implantation events

placenta have been related to preeclampsia (von Ver-
sen-Hoynck et al. 2009), a leading cause of maternal and
infant illness and death. Moreover, adenosine is a key
molecule for sperm capacitation, the series of changes
that sperm undergo into the female reproductive tract to
acquire fertilizing ability (Minelli ez al. 2004, Schuh et al.
2007, Fraser 2008) and expression of adenosine receptors
has been demonstrated in mammalian spermatozoa
(Minelli et al. 2000, 2008, Adeoya-Osiguwa & Fraser
2002). Although many cell types express adenosine
transporters, the main source of extracellular adenosine
is via the hydrolysis of extracellular ATP by ectonucle-
otidases. Importantly, ATP also influences female fertility
through activation of differentially expressed P2 recep-
tors (Bardini et al. 2000), making the regulation of the
levels of these molecules essential.

Amongst cell surface ectonucleotidases, the ectonu-
cleoside triphosphate diphosphohydrolase (E-NTPDase)
family is dominant, especially the four plasma mem-
brane-bound members NTPDasel, NTPDase2, NTP-
Dase3 and NTPDase8 (Zimmermann 2001, Robson
et al. 2006, Yegutkin 2008). These enzymes are differ-
entially expressed and hydrolyse nucleoside triphos-
phates and diphosphates to their monophosphate
derivatives. To fine-tune the breakdown of nucleotides,
NTPDases differ in the hydrolysis rates of these mole-
cules, especially of the nucleoside diphosphates. Their
location and activity in female murine reproductive
tract have been recently described (Martin-Satué et al.
2009). Other than the expected expression on vascular
endothelial and smooth muscle cells, NTPDasel was
also detected in ovarian corpora lutea. NTPDase2 was
largely expressed by cells in the connective tissue, and
NTPDase3 in some epithelia, such as that of oviducts.
NTPDase8 was not detected in any of these tissues.
AMP, the final product of NTPDase activity, might
then be hydrolysed to adenosine by ecto-5"-nucleotid-
ase (CD73), a glycosyl phosphatidylinositol-linked
membrane-bound glycoprotein (Colgan ez al. 2006).
Changes in the expression and distribution of this
enzyme in the uterus have been previously identified
during early pregnancy (Blackburn ef al. 1992, Bucci &
Murphy 1999) but its expression in non-pregnant
females has remained unstudied.

The aim of the present work was to characterize the
cellular expression and enzymatic activity of ecto-5'-
nucleotidase in the murine female reproductive tract,

Acta Physiol 2010, 199, 191-197

paying special attention to possible changes in the
endometria throughout the estrous cycle.

Materials and methods

Animals

This study was carried out in accordance with the
guidelines of the Institutional Ethical Committee for
Experimental Animals. Twenty-five Swiss 10- to 12-
week-old female mice were used for this study. Females
at different estrous phases were killed and the tissues
(uterus, ovaries, oviducts) extracted.

Estrous cycle determination

The estrous cycle was staged by examining vaginal
smears obtained following standardized protocols.
Briefly, 20 uL. of normal saline solution were used for
lavage and smeared onto glass slides. Samples were
fixed with 95% ethanol, stained with May-Griinwald-
Giemsa stain and examined under a light microscope.
Mice were assigned to one of the four estrous stages
(diestrus, proestrus, estrus or metestrus) after evaluation
of relative proportion of epithelial nucleated cells,
squamous cells and leucocytes in vaginal smears. Only
those mice showing two or more consecutive normal
cycles were included in the study. To collect the
samples, once the estrous phase was staged, a second
smear was performed immediately before the killing to
confirm the phase.

Preparation of samples

For morphological studies, a section of a uterus horn
was fixed over night in 4% paraformaldehyde, embedded
in paraffin, cut and stained with haematoxylin—eosin.

For histochemical studies, freshly dissected tissues
were embedded in O.C.T. freezing medium (Tissue-
Tek®; Sakura Finetek, Zoeterwoude, the Netherlands)
and snap-frozen in isopentane in a Bright Clini-RF rapid
freezer and stored at —20 °C until used. Sections of
10 um were obtained and fixed in 10% phosphate-
buffered formalin mixed with cold acetone (Merck,
Darmstadt, Germany).

Antibodies

Primary antibody rNu-9, to rat CD73 used in this
study has been previously characterized and validated
(Koszalka et al. 2004). Secondary antibodies used
were: horseradish peroxidase-conjugated goat anti-
rabbit (EnVision™4system; DAKO, Carpinteria, CA,
USA) and Alexa Fluor 488-goat anti-rabbit (Molecular
Probes, Leiden, the Netherlands).

© 2010 The Authors
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Immunohistochemistry, immunofluorescence and enzyme
histochemistry

Immunohistochemistry and immunofluorescence exper-
iments were performed as described previously (Faus-
ther et al. 2007, Martin-Satué et al. 2009). Briefly,
tissue sections were incubated overnight at 4 °C with
the primary antibody and then with the appropriate
secondary antibodies. Pre-immune serum and secondary
antibodies alone were routinely included as controls for
the immunolabelling experiments.

Localization of AMPase activity was determined
using the Wachstein/Meisel lead phosphate method
(Braun et al. 2003). Fixed slices were pre-incubated
for 1 h at room temperature in 50 mmM Tris-maleate
buffer, pH 7.4, containing 2 mm CaCl,, 250 mm
sucrose and 2.5 mM levamisole, as an inhibitor of
phosphatase.  Enzymatic reaction was
performed for 1h at 37°C in the same buffer
supplemented with 5 mm MnCl,, 2 mm Pb(NOj3),,
3% Dextran T-250 and in the presence of 1 mm AMP
as substrate. For control experiments the substrate

alkaline

was omitted. The reaction was revealed by incubation
with 1% (NHy4),S v/v for exactly 1 min at room
temperature. For ecto-5-nucleotidase inhibition exper-
iments, 1 mM o,f-methylene-ADP (o, 3-meADP) was
added to both pre-incubation and enzymatic reaction
buffers.

Histochemistry samples were counterstained with
haematoxylin, dehydrated, mounted with DPX mount-
ing medium and observed and photographed under a
Nikon Eclipse E-800 microscope (Nikon, Tokyo,
Japan). In fluorescence experiments nuclei were stained
with To-Pro®-3 (Invitrogen, Paisley, UK) mounted with
Fluoromount mounting medium (Sigma-Aldrich, St.
Louis, MO, USA), and photographed under a Leica

E Aliagas et al. + CD73 expression in female reproductive system

TCS-SL espectral confocal microscope (Leica, Wetzlar,
Germany).

Results

Estrous cycle determination

Twenty-five female mice undergoing regular estrous
cycles were included in this study. Only one was later
excluded due to discordances between the vaginal
smear evaluations at the day of killing. The general
features of the vaginal smears used to determine the
estrous cycle phase are shown in Figure 1. In sum-
mary, high amounts of leucocytes identified the dies-
trus and round nucleated epithelial cells the proestrus;
large cornified cells were predominant at estrus and the
presence of many leucocytes and a few cornified cells
characterized the metestrus. The morphological anal-
ysis of paraffin-embedded uterus sections revealed that
the uterus was small at diestrus, with a slit-like lumen;
the lumen was considerably dilated at proestrus and
was maximum at estrus, also coinciding with the
maximum thickness of endometrium and development
of glands (Fig. 1).

Immunolabelling and in situ histochemistry

In ovaries, ecto-5'-nucleotidase was expressed in cor-
pora lutea, where the protein was enzymatically active,
as confirmed by the in situ AMPase activity experi-
ments. The specific ecto-5"-nucleotidase inhibitor o, /-
meADP abolished this activity (Fig. 2). No expression
or activity of the enzyme was detected in other ovarian
follicles.

In oviducts, ecto-5-nucleotidase was expressed at the
luminal surface of epithelial cells, coinciding with the

Figure | Analysis of vaginal cytology and uterus morphology along mouse estrous cycle. Top images: May-Griinwald-Giemsa
staining of vaginal smears at the four different phases of estrous cycle: diestrus, proestrus, estrus and metestrus. Evaluation of
relative proportion of epithelial nucleated cells, squamous cells and leucocytes in vaginal smears were used as criteria for cycle phase

determination. Scale bar 50 um. Bottom images: Histological evaluation of the corresponding mouse uterine transversal sections at
the four stages of the estrous cycle stained with haematoxylin and eosin. Estrus phase coincides with the maximum development of

the uterus lumen and endometrial glands. Scale bar 200 um.

© 2010 The Authors
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Figure 2 Immunolocalization of ecto-5'-nucleotidase and enzyme histochemistry in ovaries (top images) and oviducts (bottom

images). Ecto-5"-nucleotidase (CD73) is expressed in corpora lutea (asterisks) of ovaries and at the apical surface of luminal

epithelial cells (arrowheads) in oviducts (left images). The localization of AMPase activity mirrors the immunolocalization (AMP,
middle images); the inhibitor «,/-meADP completely abolished this activity (right images). Insets correspond to control experiments

in which the substrate was omitted. Scale bars 100 um.

localization of AMPase activity, that was also com-
pletely inhibited by «,-meADP (Fig. 2). No precipitates
were formed in control experiments where AMP was
omitted from the reaction buffer (insets in Fig. 2).

In the uterus, besides its expression in blood vessels
and in the smooth muscle of myometrium (data not
shown), ecto-5"-nucleotidase was expressed in the
endometrial epithelial cells of both lumen and glands
(Fig. 3). Fluorescence was localized mainly at the apical
cell membrane, although the basolateral membranes
were also faintly stained. Ecto-5’-nucleotidase expres-
sion was maximum in both lumen and glandular
epithelia at the estrus phase. In lumen, the enzyme
expression was the lowest, but still detectable, at
metestrus, and increased progressively until estrus. In
proestrus some glands expressed ecto-5-nucleotidase,
although in lower amounts than in estrus; the expres-
sion was maximum and generalized in the glands at the
estrus phase. No expression was detected in glands at
metestrus and diestrus.

The clean background obtained with the pre-immune
sera further demonstrated the antibody specificity
(shown for uterus in an inset in Fig. 3). In all cases,
incubations with secondary antibodies alone produced
negative staining (data not shown).

In situ AMPase activity in the uterus confirmed that
the immunodetected protein was enzymatically active
(Fig. 4), the highest enzyme activity also coinciding with
the maximum protein expression. The inhibitor o,f-
meADP abrogated this activity (insets in Fig. 4). Endo-
metrial stroma, especially at the area surrounding the
lumen, showed moderate ecto-5’-nucleotidase expres-
sion and activity at estrus phase, which became

maximum at metestrus phase and was undetectable at
diestrus and proestrus (Figs 3 and 4).

Discussion

Recent studies have shown that extracellular adenosine
modulates sperm function, stimulating capacitation and
inhibiting spontaneous acrosome reaction (reviewed by
Fraser 2008). As these phenomena occur in the female
reproductive tract, our aim was to localize and charac-
terize in this system, along the estrous cycle, the ecto-5’-
nucleotidase activity as a source of adenosine from
AMP. For this purpose 25 female mice undergoing
regular estrous cycles were used in this study. As estrous
phase classification criteria, vaginal smears were used
for analysing the relative proportion of epithelial
nucleated cells, squamous cells and leucocytes. The
morphological analysis of paraffin-embedded uterus
sections coincided with the expected well-defined char-
acteristics of the corresponding estrous phase (reviewed
in Westwood 2008).

In ovaries, ecto-5’-nucleotidase was localized in
corpora lutea, where the protein was enzymatically
active, as confirmed by the in situ AMPase activity
experiments. No expression or activity was detected
in other ovarian follicles, suggesting a relationship
between ecto-5’-nucleotidase expression and the devel-
opmental stage of the follicle, as has been described for
P2X expression (Bardini et al. 2000). We have previ-
ously demonstrated the expression of NTPDasel in
corpora lutea (Martin-Satué et al. 2009), coinciding
with the fact that fluid from larger follicles contains
one-tenth less ATP concentration than that from smaller

© 2010 The Authors
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Proestrus Diestrus

Estrus

Metestrus

Figure 3 Immunolocalization of ecto-5"-nucleotidase in uterus
lumen (left column) and endometrial glands (right column)
along the mouse estrous cycle. Immunofluorescence experi-
ments using rNU9; antibody in mouse endometria show ecto-
$’-nucleotidase expression (green) at the apical side of luminal
and glandular epithelia (arrowheads). Maximum expression in
these structures is detected at the estrus phase. The stroma in
estrus displays faint immunoreactivity and becomes maximum
in metestrus (asterisks). Inset shows control experiment using
pre-immune serum as primary antibody. In order to compare
the fluorescence among the phases, photographs were taken
with the same settings. Scale bars 30 um.

ones (Park et al. 2003). Whether corpora lutea of
pregnant females express amounts of ectonucleotidases
equivalent to those from non-pregnant females would
be an interesting issue to address.

In oviducts, ecto-5"-nucleotidase was localized at the
luminal surface of epithelial cells, where the protein was
enzymatically active. It is known that ATP induces ion
secretion by oviduct epithelial cells, thus contributing to
fluid composition (Keating & Quinlan 2008), which, in
turn, might influence oocyte and embryo transport,
fertilization and early stages of embryo development.
Expression of NTPDase3 by epithelial oviductal cells
has been described previously (Martin-Satué et al.
2009), suggesting a possible coordination of both
NTPDase3 and ecto-5’-nucleotidase in the control of
ATP and adenosine levels in the luminal environment.

© 2010 The Authors
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Figure 4 AMPase in situ activity by enzyme histochemistry in
uterus lumen (left column) and endometrial glands (right col-
umn) along the mouse estrous cycle. AMPase activity is local-
ized in epithelia of uterus lumen and endometrial glands
(arrowheads). The maximum AMPase activity in these struc-
tures is detected at the estrus phase, coinciding with the max-
imum development of the endometrial glands. It is noteworthy
that at metestrus the stroma shows very high activity (asterisks)
while it is barely detectable in epithelia. Insets correspond to
inhibition experiments performed in the presence of a,f-
meADP and show complete inhibition of this activity. Scale
bars 50 pum.

In the uterus, ecto-5"-nucleotidase was localized at the
endometrial epithelial cells of both lumen and glands.
Fluorescence intensity comparison using confocal
microscopy allowed the determination of the variation
in ecto-5’-nucleotidase expression among phases. Ecto-
5’-nucleotidase expression was maximum in both lumen
and glandular epithelia at the estrus phase, when the
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female reaches optimal sexual receptivity. In situ
AMPase activity confirmed that the immunodetected
protein was enzymatically active, the highest enzyme
activity coinciding with the maximum protein expres-
sion. In view of our results, it is likely that ecto-5’-
nucleotidase expression is influenced by hormones.
Supporting this conclusion, previous studies have also
identified changes in the expression and distribution of
this enzyme in the uterus during early pregnancy (Bucci
& Murphy 1999), coinciding with changes in adenosine
levels (Blackburn et al. 1992).

We propose that adenosine generated by endometrial
epithelium, besides other possible functions as the
regulation of fluid composition, might significantly
contribute to sperm capacitation and thus influence
fertility. Due to the relevance of these results, we are
currently conducting experiments with human endome-
tria to assess whether adenosine generation is related to
human fertility.
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Erratum

In the article by Aliagas ef al. (2010), the figure legends for Figures 3 and 4 were incorrectly transposed. The figures

and the correct legends are presented below:
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Figure 3 Immunolocalization of ecto-5’-nucleotidase in uterus
lumen (left column) and endometrial glands (right column)
along the mouse estrous cycle. Inmunofluorescence experi-
ments using rNU9; antibody in mouse endometria show ecto-
5’-nucleotidase expression (green) at the apical side of luminal
and glandular epithelia (arrowheads). Maximum expression in
these structures is detected at the estrus phase. The stroma in
estrus displays faint immunoreactivity and becomes maximum
in metestrus (asterisks). Inset shows control experiment using
pre-immune serum as primary antibody. In order to compare
the fluorescence among the phases, photographs were taken
with the same settings. Scale bars 30 um.

We apologise for this error.

Reference
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Figure 4 AMPase in situ activity by enzyme histochemistry in
uterus lumen (left column) and endometrial glands (right col-
umn) along the mouse estrous cycle. AMPase activity is local-
ized in epithelia of uterus lumen and endometrial glands
(arrowheads). The maximum AMPase activity in these struc-
tures is detected at the estrus phase, coinciding with the max-
imum development of the endometrial glands. It is noteworthy
that at metestrus the stroma shows very high activity (asterisks)
while it is barely detectable in epithelia. Insets correspond to
inhibition experiments performed in the presence of a, 8-
meADP and show complete inhibition of this activity. Scale
bars 50 pum.
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in expression and activity levels of ecto-5’-nucleotidase/CD73 along the mouse female estrous cycle. Acta Physiol 199, 191-197.
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CAPITOL 2. Ecto-nucleotidases distribution in human cyclic and postmenopausic

endometrium. Purinergic Signal. 2013;9(2):227-37.

L'ATP i I'adenosina extracel-lulars, actuant a traves de receptors especifics anomenats en conjunt
receptors purinergics, regulen aspectes de la fertilitat femenina com per exemple la composicié del
fluid endometrial. Existeixen quatre grans grups d’ecto-nucleotidases que determinen els nivells
extracel-lulars d’ATP i d’adenosina, i per tant, controlen l'accessibilitat d’aquests als receptors
purinergics: les ecto-nucleosid trifosfat difosfohidrolases (E-NTPDases), les ecto-nucleotid
pirofosfatasa/fosfodiesterases (E-NPPs), I'ecto-5’-nucleotidasa (CD73) i les fosfatases alcalines (AP).
L'objectiu del present estudi ha estat caracteritzar I'expressié i la distribucié de les ecto-
nucleotidases a I'’endometri huma al llarg del cicle menstrual i després de la menopausa, amb la

finalitat d’avaluar la seva utilitat com a marcadors de fertilitat.

Per a la realitzacio d’aquest treball, es van estudiar endometris funcionals (proliferatius i secretors) i
postmenopausics (atrofics) procedents de dones sense patologies endometrials. En aquests teixits, es
va caracteritzar (de manera acurada i amplia) I'expressid i la distribucié de les ecto-nucleotidases en
els epitelis (luminal i glandular), I'estroma i les arterioles espirals mitjancant tecniques

d’'immunomarcatge i d’activitat enzimatica in situ.
Les principals troballes relacionades amb aquest treball sén:

1) Expressié de les ecto-nucleotidases endometrials a I’endometri funcional (proliferatiu i
secretor) i postmenopausic. Les ecto-nucleotidases es localitzen principalment als epitelis,
luminal i glandular, i a I'estroma de I'endometri. La seva expressid fluctua al llarg del cicle

menstrual i varia, també, després de la menopausa (veure capitol 2, Taula 3 i Figura 7).

a) Expressio i activitat de les fosfatases alcalines. PLAP i TNAP s’expressen a l'epiteli
glandular de tots els tipus d’endometri, i a I'epiteli luminal de I'endometri proliferatiu i
atrofic. TNAP, a més, s’expressa a |'estroma adjacent a I'epiteli luminal de I'endometri
secretor. Els experiments d’activitat enzimatica in situ demostren activitat fosfatasa
alcalina en les mateixes estructures on s’expressen les proteines (veure capitol 2, Figura

1).
b) Expressio i activitat de CD73. CD73 s’expressa i és activa a I'epiteli glandular i a I'estroma

de I'endometri funcional i postmenopausic. Els experiments d’activitat enzimatica in situ

demostren activitat AMPasica en les mateixes estructures on la proteina és
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c)

d)

immunodetectada, i aquesta activitat és completament inhibida amb l'inhibidor a,f-

meADP especific de CD73 (veure capitol 2, Figura 2).

Expressio i activitat de les NTPDases. CD39 s’expressa a les cél-lules endotelials dels
vasos sanguinis de I'estroma. NTPDasa3 s’expressa a |'epiteli luminal i glandular de
I’endometri funcional i postmenopausic (veure capitol 2, Figura 3a i 3b). Els experiments
d’activitat enzimatica in situ demostren activitat ATPasica en les mateixes estructures on
s’expressen les proteines (veure capitol 2, Figura 3c). L'NTPDasa3 s’expressa de manera
selectiva a les arteries espirals de 'endometri associada a la capa muscular (veure capitol
2, Figura 4). No s’ha detectat expressié de I'NTPDasa3 en d’altres vasos sanguinis

d’aquest teixit.

Expressio de les NPPs. NPP1 s’expressa a I'epiteli luminal de tots els tipus d’endometri, i
a I'epiteli glandular dels endometris proliferatiu i atrofic. NPP3 s’expressa, de manera
diferencial, a I'epiteli glandular dels endometris proliferatiu i secretor, sent aquest ultim
I’endometri amb I’expressid més alta (veure capitol 2, Figura 5). A més, I'enzim NPP3 ha
estat identificat com a nou marcador biologic de metaplasia tubaria, canvi cel-lular

benigne sovint confds amb patologies i diagnosticat erroniament.

Expressié de CD26. CD26 s’expressa a |'epiteli glandular de tots els tipus d’endometri

sent I'expressié maxima a I'endometri secretor (veure capitol 2, Figura 6).

Els nostres resultats posen de manifest la rellevancia de la senyalitzacié purinergica en les funcions

reproductives i apunten a un possible paper de les ecto-nucleotidases en la fertilitat femenina.

Aquest estudi es troba publicat a la revista Purinergic Signalling. 2013 Jun; 9(2):227-37. doi:

10.1007/s11302-012-9345-0 Factor d’impacte: 3.510 (JCR2013). Aquest treball no ha estat utilitzat

per a la realitzacid d’altres tesis doctorals. Pel que fa als autors B.T.E ha participat en els estudis de

microscopia confocal i en I'edicié de les fotografies de l'article. J.S ha generat I'anticos anti-

NTPDase3. |.G ha realitzat el suport tecnic en les tecniques histologiques. A.V, M.R.T i E.C han

realitzat el processament postquirdrgic i la posterior classificacié histologica de les mostres. J.P ha

realitzat les intervencions quirudrgiques. A.V, E.A i M.M.S han participat en la discussié dels resultats i

en el disseny del manuscrit. E.A ha realitzat els experiments. M.M.S ha dirigit el treball.
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Abstract Extracellular ATP and its hydrolysis product,
adenosine, acting through specific receptors collectively
named purinergic receptors, regulate female fertility by in-
fluencing the endometrial fluid microenvironment. There
are four major groups of ecto-nucleotidases that control the
levels of extracellular ATP and adenosine and thus their
availability at purinergic receptors: ecto-nucleoside triphos-
phate diphosphohydrolases (E-NTPDases), ecto-nucleotide
pyrophosphatase/phospho-diesterases (E-NPPs), ecto-5"-nu-
cleotidase (5'NT), and alkaline phosphatases (APs). The aim
of the present work is to characterize the expression and
distribution of ecto-nucleotidases in human endometrium
along the menstrual cycle and after menopause, to evaluate
their potential utility as fertility markers. We examined
proliferative, secretory and atrophic endometria from wom-
en without endometrial pathology undergoing hysterectomy.
We show that the ecto-nucleotidases are mainly present at
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endometrial epithelia, both luminal and glandular, and that
their expression fluctuates along the cycle and also changes
after menopause. An important result was identifying NPP3
as a new biological marker of tubal metaplasia. Our results
emphasize the relevance of the study of purinergic signaling
in human fertility.
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NTPDase Nucleoside triphosphate
diphosphohydrolase

PLAP Placental AP

PPi Pyrophosphate

SMA Smooth muscle actin

TNAP Tissue nonspecific AP

Introduction

During the menstrual cycle, in response to autocrine, para-
crine and endocrine factors, the human endometrium under-
goes morphological and functional changes essential for
uterine receptivity, affecting glands, stroma and luminal
epithelium. The first phase is characterized by a proliferative
endometrium and is governed by estrogens, while after
ovulation, the secretory phase, influenced by progesterone,
prepares the endometrium for embryo implantation [1].

Extracellular nucleotides, such as ATP, and nucleosides,
such as adenosine, are autocrine and paracrine molecules
that play important roles in reproduction [2]. In the uterus,
extracellular ATP is needed for the initiation and mainte-
nance of myometrial contractions [3]; it contributes to the
regulation of the uterine fluid microenvironment by regulat-
ing endometrial CI~ secretion [4], Na" absorption [5] and
cervical mucus production [6]. P2X and P2Y nucleotide
receptors have been identified in the female reproductive
tract [7-9], with changes in the expression along the cycle
[10] and during implantation [11] and pregnancy [8]. Fur-
thermore, extracellular ATP treatment of sperm improves its
fertilizing capability [12—14], thus potentially improving the
outcome of assisted reproduction techniques.

Extracellular adenosine, the dephosphorylated product
generated from the hydrolysis of ATP, coordinates early
post-implantation events [15], and also exerts control of
myometrium contractions [16]. Importantly, adenosine is a
key molecule for sperm capacitation, the series of changes
that sperm undergo in the female reproductive tract to ac-
quire fertilizing ability [17-19].

For the reasons stated above, the study of the mecha-
nisms controlling the levels of extracellular ATP and aden-
osine in the female reproductive system, the endometrium in
particular, is necessary. The concentrations of extracellular
ATP and adenosine are controlled by specific nucleotide-
hydrolyzing enzymes expressed at the cell surface called
ecto-nucleotidases [20]. Different families of enzymes are
responsible for these activities and, alone or acting sequen-
tially, they generate adenosine from adenine nucleotides
(i.e., ATP, ADP or AMP): (1) the ecto-nucleoside triphosphate
diphosphohydrolase (E-NTPDase) family includes four plasma
membrane-bound members: NTPDasel (CD39), NTPDase2,
NTPDase3 and NTPDase8 [21-23]; these enzymes are differ-
entially expressed and hydrolyze nucleoside triphosphates and

@ Springer

diphosphates to their monophosphate derivatives; (2) the ecto-
nucleotide pyrophosphatase/phosphodiesterase (E-NPP)
family has three members (NPP1-3) capable of hydro-
lyzing nucleoside triphosphates to monophosphates and
PPi, such as ATP to AMP and PPi [24]; (3) the 5'-
nucleotidase family has only one member attached to the outer
plasma membrane, the ecto-5'-nucleotidase (CD73), a glyco-
syl phosphatidylinositol-linked membrane-bound glycopro-
tein that efficiently hydrolyzes AMP to adenosine [25]; (4)
the alkaline phosphatase (AP) family includes ubiquitous
enzymes, such as the placental AP (PLAP) and the tissue
nonspecific AP (TNAP), with broad substrate specificity,
including adenine nucleotides and pyrophosphate, releasing
inorganic phosphate [26]. The generated adenosine can be
further inactivated by other enzymes such as adenosine deam-
inase (ADA), which can be expressed as a soluble ectoen-
zyme, or as membrane-associated enzyme often forming
larger complexes with CD26/dipeptidyl peptidase IV, convert-
ing adenosine to inosine. Moreover, ATP can be re-synthesized
via backward ecto-phosphotransfer reactions catalyzed by
enzymes such as adenylate kinase and nucleoside diphosphate
kinase [23].

In spite of their obvious importance, very little is known of
the ecto-nucleotidases expression in endometrium. A few stud-
ies have been conducted in mice; NTPDasel and 2 were
identified in myometrium [27], and ecto-5"-nucleotidase in
endometrium, where the expression and activity fluctuate
along the estrous cycle and with pregnancy, pointing to hor-
monal regulation of extracellular adenosine levels in this organ
[28, 29]. However, to our knowledge, there are no available
data concerning the expression of ecto-nucleotidases in human
endometrium and their possible changes along the cycle.

The study of protein expression in remodeling cyclic
human endometrium, and its comparison to postmenopausal
endometrium, is crucial for understanding the physiology of
reproduction. In the present work, we characterize for the
first time the expression of human endometrial nucleotide-
converting ectoenzymes, in both cyclic and postmenopausal
endometria.

Methods
Samples

The ethical principles of this study adhere to the Declaration
of Helsinki, and all the procedures were approved by the
ethics committee for clinical investigation of Bellvitge Hos-
pital. Endometrial samples were obtained from hysterectomy
specimens without endometrial malignancy at the Service of
Gynecology of Bellvitge Hospital. Fresh samples were cut,
embedded in O.C.T freezing media (Tissue-Tek®; Sakura
Finetk, Zoeterwoude, the Netherlands), snap-frozen in a
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Table 1 Patient demographics

Indication of
hysterectomy
(number of cases)

Number
of cases

Type of
endometrium

Age (years)
Average (range)

Proliferative 8 44.3 (39-49) Leiomyomas (3)
Prolapse (2)

Cervical neoplasia (2)
Ovarian neoplasia (1)
Secretory 12 43.9 (32-54) Leiomyomas (8)
Cervical neoplasia (3)
Ovarian neoplasia (1)
Atrophic 32 62.7 (47-80) Leiomyomas (2)
Prolapse (24)
Cervical neoplasia (2)

Ovarian neoplasia (4)

Shandon Histobath™ 2 (Neslab Instruments Inc., USA) at the
Service of Pathology and stored at —80 °C until used. Alter-
natively endometrial samples were obtained from the Tumor
Bank of Bellvitge Biomedical Research Institut (IDIBELL).

Eight proliferative, 12 secretory and 32 atrophic endo-
metria were used in this study. Endometrial dating was done
at the Service of Pathology.

Demographic description of the samples and the factors that

indicated the need for hysterectomy are summarized in Table 1.

Reagents

Primary antibodies used in this study are listed in Table 2.
Secondary antibodies used were: horseradish peroxidase-
conjugated goat anti-mouse (EnVision™ + system; DAKO,
Carpinteria, CA, USA), Alexa Fluor 488- or 555-goat anti-
mouse or anti-rabbit, and Alexa Fluor 488-donkey anti-goat
(Life Technologies, Paisley, UK). To-Pro®-3 (Life Technolo-
gies) was used as a nuclear marker.

Table 2 List of primary antibodies used for immunolabeling experiments

Immunolabeling experiments

Sections (10 um) were obtained with the Cryostat Leica
CM1950 (Leica, Wetzlar, Germany), put onto poly-L-lysine
covered glass slides, and fixed in 10 % phosphate-buffered
formalin mixed with cold acetone (Merck, Darmstadt, Ger-
many) for 2.5 min.

For immunolabeling experiments samples were rinsed
with PBS and pre-incubated for 1 h at room temperature
(RT) with PBS containing either 20 % normal goat serum or
20 % horse serum (Gibco, Paisley, UK) and 0.2 % gelatin
(Merck). Slices were then incubated overnight at 4 °C with
the primary antibodies at the dilutions indicated in Table 2.
All dilutions were made in PBS. After three washes in PBS,
tissue sections were incubated with the suitable secondary
antibodies for 1 h at RT. Secondary antibodies alone were
routinely included as controls for the experiments. Nuclei
were counterstained with haematoxylin or, alternatively, in
fluorescence assays, To-Pro®-3 was used to visualize the
nuclei.

Samples were observed and photographed under light
Leica DMD 108 microscope or under Leica TCS-SL spec-
tral confocal microscope (Leica).

Immunohistochemical staining was independently evalu-
ated by at least two observers. Staining distribution was
recorded. Label intensity was scored as negative (—), weak
(+), intermediate (++) or strongly positive (+++).

In situ AMPase and ATPase activity experiments

For the histochemical localization of AMPase and ATPase
activity, the Wachstein/Meisel lead phosphate method [29,
30] was performed. Briefly, fixed tissue sections were pre-
incubated for 1 h at RT in 50 mM Tris-maleate buffer, pH
7.4 containing 2 mM CaCl, and 0.25 M sucrose. Enzymatic
reaction was performed for 1 h at 37 °C in the same buffer
supplemented with 5 mM MnCl,, 2 mM Pb(NO3;),, 3 %

Antibody specificity Name/clone Source Supplier Dilution
Ecto-5"-nucleotidase (CD73) 4G4 Mouse Abcam (ab81720) 1/50
NTPDasel (CD39) BU-61 Mouse Ancell (188-020) 1/500
NTPDase3 B3Sio Mouse http://ectonucleotidases-ab.com/ 1/500
CD26 202-36 Mouse Abcam (ab3154) 1/100
NPP1 Anti-NPP1 Goat Abcam (ab40003) 1/250
NPP3 NP4D6 Mouse Abcam (ab90754) 1/100
Human placental alkaline phosphatase (PLAP) 8B6 Mouse Sigma (A2951) 1/1000
Alkaline phosphatase, tissue non-specific (TNAP) [3H414(TRA-2-49)] Mouse Abcam (ab17973) 1/50
CD31 Anti-CD31 Rabbit Abcam (ab28364) 1/50
Alpha smooth muscle actin (0-SMA) Anti-aSMA Rabbit Abcam (ab5694) 1/200
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Table 3 Summary of the main findings on ecto-enzyme expression in cyclic (proliferative and secretory) and atrophic endometria

NTPDasel (CD39) NTPDase3 NPP1 NPP3 PLAP TNAP CD26 5'-NT (CD73)
Proliferative
Surface epithelium - - +++ - o+ 4t — _
Glandular epithelium
Functional layer - + + + ++ +++ - ++
Basal layer - ++ + ++ + ++ - 4+
Endometrial stromal cells ++ - — - - — T+t
Spiral arteries ++ +++ - - - ++ + -
Secretory
Surface epithelium - o+ . e+ _ _ _ -~
Glandular epithelium
Functional layer - ++ - ++ + -+ ot T+
Basal layer - +++ - +++ - ++ ++ +++
Endometrial stromal cells +++ - - - - +™ - et
Spiral arteries ++ +++ - - - ++ + -
Atrophic
Surface epithelium - - 4+ - o+ . — _
Glandular epithelium - ++ ++ - + 4+ + o+
Endometrial stromal cells ++ - + - - - - T+

— no immunostaining, + weak positive staining, ++ strong staining, +++ strongest staining

Asterisk in the TNAP column of secretory endometrium indicates that the label is only present in a narrow area of the stroma subjacent to luminal
epithelium

Secretory

Proliferative Atrophic

PLAP

TNAP

AP
Activity

Fig. 1 Immunolocalization of PLAP (a, b, ¢), TNAP (d, e, f) and AP in
situ histochemistry (g, h, i), in proliferative (a, d, g), secretory (b, e, h)
and atrophic (¢, f, i) endometria. PLAP and TNAP were immunodetected
in the glands (arrows) of all types of endometrium, and in the luminal
epithelium of proliferative an atrophic endometria (filled arrowheads).
TNAP was also immunodetected at the stroma subjacent to the luminal

epithelium in secretory endometrium (e, empty arrowheads). Micropho-
tographs g, h, and i show blue deposits corresponding to AP in situ
activity and nuclei are stained in green. /nset in h corresponds to the
activity experiment in the presence of the inhibitor levamisole, and shows
complete AP inhibition. Scale bars=100 um
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dextran T250 and 2.5 mM levamisole, as an inhibitor of the
AP activity, and in the presence of either 1 mM AMP or
200 uM ATP as a substrate. For CD73 inhibition experi-
ments, | mM o,(3-methylene-ADP (o,[3-meADP) was
added to both pre-incubation and enzymatic reaction buf-
fers. The substrate was omitted in the control experiments.
The reaction was revealed by incubation with 1 % (NHy4),S
v/v for exactly 1 min, and nuclei were counterstained with
haematoxylin. Samples were then dehydrated, mounted with
DPX mounting medium, and observed and photographed
under light Leica DMD 108 microscope.

In situ alkaline phosphatase activity experiments

The histochemical localization of AP was addressed by
using the Gossrau method [31] with some modifications.
Briefly, fixed slices were washed twice in Tris 0.1 M HCI
buffer, pH7.4 containing 5 mM MgCl,, and then pre-
incubated with the same buffer at pH9.4 for 15 min at RT.
Enzymatic reaction was started by adding 200 pl of the
revealing reagent BCIP (Sigma-Aldrich, St. Louis, MO,
USA) for 7 min at RT, and stopped with Tris 0.1 M HCI
buffer, pH7.4. For AP inhibition experiments, 5 mM leva-
misole was added to both pre-incubation and enzymatic

Proliferative

CD73

AMPase
Activity

AMPase
Activity

Fig. 2 Immunolocalization of ecto-5'-nucleotidase (5'-N7)/CD73 (a,
b, ¢), and AMPase in situ histochemistry (d—i), in proliferative (a, d,
g), secretory (b, e, h) and atrophic (¢, f, i) endometria. 5'-NT was
immunodetected in the glands and the stroma of all types of endome-
trium. Dark brown deposits in microphotographs d—i correspond to the
AMPase in situ activity. g Detail of glands of a proliferative endome-
trium showing AMPase activity at the luminal side of the glandular

Secretory

reaction buffers. In control experiments the revealing reagent
BCIP was omitted. Nuclei were counterstained with methyl
green dye for 10 min, dipped briefly in alcohol, mounted in
aqueous mounting medium (Fluoromount; Sigma-Aldrich)
and observed under light Leica DMD 108 microscope.

Results

Table 3 compiles the results of all the immunolabelings
performed.

Our results show that PLAP and TNAP were expressed
in both luminal and glandular epithelia of endometrium
(Fig. 1), but were absent in the luminal epithelium of secre-
tory endometria. Moreover, in this type of endometrium,
TNAP was present in the stroma subjacent to the luminal
epithelium. Besides this change in the enzyme distribution,
there were no other significant variations along the cycle or
when compared with the atrophic endometrium. Immuno-
labeling was stronger for TNAP than for PLAP in all the
mentioned structures, especially in glands, where the PLAP
staining was very weak. In situ activity experiments dem-
onstrated AP activity in the locations of the immunodetected
proteins, and this activity was completely inhibited with the

Atrophic

epithelium and at the stroma. h Magnification of a secretory endome-
trium showing intense stromal AMPase activity. i An activity experi-
ment performed on atrophic endometrium in the presence of the
inhibitor o,3-meADP, and shows complete inhibition of AMPase
activity. Note that 5'-NT expression and AMPase activity are stronger
in the glands of basal layer (arrows) and that myometrium is also
intensely labeled (asterisks). Scale bars=100 pm
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AP inhibitor levamisole, confirming the specificity of the
activity. As expected, AP was also detected in endothelial
cells.

Ecto-5'-nucleotidase (CD73) was expressed and active in
glandular epithelium and in stroma in both cyclic and atro-
phic endometria (Fig. 2). Labeling in the basal layer glands
was much more intense than in the functional layer. Luminal
epithelium was not stained. In situ activity experiments
demonstrated AMPase activity in the structures where the
enzyme was immunodetected, and this activity was complete-
ly inhibited by the specific ecto-5'-nucleotidase inhibitor «, 3-
meADP. Although the enzyme is present throughout the cycle,
an increase in the expression and activity in the stroma was
consistently observed in the secretory phase.

As expected, NTPDasel (CD39) was expressed in the
endothelial cells of the stromal blood vessels (Fig. 3a). Sparse
cells at the stroma were also positive for NTPDasel staining,
probably being macrophages and other immune system cells.
Labeling was never seen in association with either glands or
luminal surface. On the contrary, NTPDase3 was expressed by

a . .
Proliferative

NTPDasel

NTPDase3 [

I R

glandular and luminal epithelia, in both cyclic and atrophic
endometria. An increase in the expression in both epithelia
was observed in the secretory phase. These changes in the
expression in glands are represented in Fig. 3b. Interestingly,
NTPDase3 was also detected in the endometrial spiral arteries.
This expression is associated with the muscle layer but not
with the endothelium as confirmed by double immunostain-
ings performed with anti-SMA and anti-CD31 antibodies,
respectively (Fig. 4). NTPDase3 was not detected in the
myometrial arteries or in other blood vessels. The in situ
ATPase activity was detected in the above reported structures,
coinciding with NTPDasel and NTPDase3 expression (Fig.
3c). NTPDase2 was not detected in endometrial epithelia,
neither luminal nor glandular (data not shown).

NPP1 was expressed in luminal epithelia of all types of
endometrium and in glands of proliferative and especially
atrophic endometrium, and was absent in secretory endome-
trium (Fig. 5a). NPP3 was expressed in glands only in cyclic
endometria but with marked changes in the amount of
expression along the cycle, being maximal in the secretory

Secretory

Label NTPDase3
score
oo eo000
4 * 11 eeeee
++{ oeceee ™
+ &
- . oo .
Proliferative  Secretory Atrophic

Fig. 3 a Immunolocalization of NTPDasel (a, b, ¢) and NTPDase3 (d,
e, f, g in proliferative (a, d), secretory (b, e, f) and atrophic (c, g)
endometria. NTPDasel was immunodetected in the stromal blood
vessels of all types of endometrium. NTPDase3 was immunodetected
in the luminal and glandular epithelia of all types of endometria. Note
that label is stronger in the secretory (e, f) than in the proliferative
endometrium () and that in atrophic endometrium label is also very
high. NTPDase3 was also immunodetected in spiral arteries (inset in

@ Springer

d). Scale bars=100 um except for the inset, where it is 25 wm. b Label
intensity score of NTPDase3 in the glandular epithelium of prolifera-
tive, secretory and atrophic endometria. Maximal score is found in
secretory and atrophic endometria. ¢ ATPase in situ histochemistry in
glands (arrowheads) and in stroma, especially in blood vessels
(arrows). The inset corresponds to an activity experiment performed
in the absence of substrate. Scale bar=100 pm



Purinergic Signalling (2013) 9:227-237

233

Fig. 4 Confocal fluorescence
images of endometrial spiral
arteries labeled with antibodies
against NTPDase3 (a, e) and
CD31 (b) or SMA (f). Nuclei
were labeled with To-Pro®-3
(c, g). Merge images showed
colocalization between
NTPDase3 and SMA (h) but
not between NTPDase3 and
CD31 (d). Scale bars 20 um
(a—d) and 10 um (e-h)

phase (Fig. 5b). These changes in glandular NPP3 expres-
sion are represented in Fig. Sc. NPP3 was also expressed in
luminal epithelium exclusively in secretory endometria.
Importantly, no labeling was seen in atrophic endometria
except in cases of tubal metaplasia where strong labeling

Fig. 5 a Confocal fluorescence
images of proliferative (a),
secretory (b) and atrophic (c)
endometria labeled with anti-
NPPI. d A negative control of
the experiment in which the
primary antibody was omitted.
NPP1 was immunodetected in
the glandular epithelia of pro-
liferative (@) and atrophic (c)
endometria. Scale bars=40 pm.
b Immunolocalization of NPP3
in proliferative (@), secretory (b)
and atrophic (c¢) endometria,
and in a case of tubal metaplasia
(d) in an atrophic endometrium.
NPP3 was immunodetected in
the luminal and glandular epi-
thelia of cyclic endometria (a,
b) but is maximal at the secre-
tory phase (b). Note that the
label is absent in the atrophic
endometrium (c), and that it is
present in the tubal metaplastic
gland (d). Arrowheads point to
the cilia in the tubal metaplastic
epithelium. Scale bars=100 pm
(a—c) and 25 pum (d). ¢ Label
intensity score of NPP3 in the
glandular epithelium of prolif-
erative, secretory and atrophic
endometria. Maximal score is
found in secretory endometria

NTPDase3
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NPP3
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Secretory

Secretory

Atrophic

Atrophic
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was seen in association with metaplastic glands (Fig. 5b).
NPP2 was not detected in endometrial epithelia, neither
luminal nor glandular (data not shown).

CD26 was detected in endometrial glands, with maximal
expression in the secretory phase, coinciding with previous
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a
CD26
CD26 |3
b Label
score CD26
H
++ [ 1] [ ]
+ [ ] L ]
_ Py [ 11 1]
s R £
Proliferative Secretory Atrophic

Fig. 6 a Immunolocalization of CD26 in proliferative (a, d), secretory
(b, e) and atrophic (c, f) endometria. CD26 was immunodetected in the
blood vessels (arrows) and in glandular epithelia of secretory endome-
trium (b, e). Note that only a few isolated glands are labeled in atrophic
endometrium (¢, empty arrowheads). Scale bars=500 pum (a, b) and
100 um (c—f). b Label intensity score of CD26 in the glandular
epithelium of proliferative, secretory and atrophic endometria. Maxi-
mal score is found in secretory endometria

findings [32]. We add here new information by studying
also the postmenopausic endometria, showing that CD26 is
only weakly expressed in these endometria (Fig. 6). It is
noticeable that in atrophic endometria, CD26 expression is
not homogeneous amongst all the glands and that only a few
glands were positive for this labeling. Immunostaining was
also detected in the endothelial cells.

Figure 7 illustrates an endometrium showing the location
of all the ecto-enzymes studied here.

Discussion

Extracellular ATP and adenosine, acting through purinergic
receptors, are signaling molecules playing a role in reproduc-
tion. Purinergic receptors have already been identified in
endometrium with a variety of roles, such as ion transport,
mucus secretion, cell proliferation and innate mucosal immu-
nity. However, to date little has been known about the ecto-
enzymes that regulate their ligand concentrations in human
endometrium. In the present work, we have extensively
characterized the expression of different families of ecto-
nucleotidases in cyclic and postmenopausic endometria. Our
results show that different enzymes, operating in concert or
consecutively, are able to metabolize extracellular ATP to
adenosine. These enzymes thus have the potential to modulate
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ligand availability for both nucleotide and nucleoside recep-
tors, making them key molecules in the purinergic signaling of
endometrium. In this section, we discuss in detail our findings
for each family of enzymes.

Mammalian APs are ubiquitous enzymes that display
broad substrate specificity towards phosphate compounds. In
the rat, AP activity has been already described in uterine
luminal and glandular epithelium, establishing a correlation
between the luminal activity and endometrial sensitivity [33].
Moreover, a local increase in AP activity has been shown to
occur at the site of blastocyst implantation, as part of the early
decidual response [34]. These enzymes are thought to be
involved in the attachment of blastocyst to the endometrium
and in the maintenance of the composition and volume of
luminal secretion essential for embryo development [35].
Studies of APs in relation to fertility have also been conducted
in women showing up-regulation of the PLAP-2 gene as a
marker of ongoing pregnancy after in vitro fertilization treat-
ment [36]. In the present work, we localize the expression and
activity of two AP enzymes, PLAP and TNAP, at the luminal
and glandular epithelium of human endometrium. Our results
coincide with previous studies [37, 38], and we add new data
by comparing the expression along the cycle and in postme-
nopausic endometrium. We did not detect any significant
quantitative variations in protein expression in glands, but
changes in the distribution of PLAP and TNAP expression
were consistently found in the luminal part of secretory endo-
metria, where both enzymes were absent. Moreover, in these
endometria, a new location for TNAP was seen at the stroma
subjacent to the lumen. These variations might be related with
changes needed for appropriate embryo attachment and implan-
tation occurring mainly at the luminal part of the endometrium.

Ecto-5'-nucleotidase, an enzyme efficiently hydrolyzing
AMP to adenosine, has already been identified in the mouse
female reproductive tract, with marked changes in endometri-
al expression along the estrous cycle [29], and in pregnancy
[28]. Besides a function in the regulation of uterine fluid
composition, a role for this enzyme in the generation of
extracellular adenosine needed for sperm capacitation has
been postulated [39—41]. We show here that in human endo-
metrium ecto-5"-nucleotidase is expressed in glands, with
more intensity in the basal layer, and in the stroma, but not
in luminal epithelium. The stroma displayed changes in the
expression along the cycle, being maximal at the secretory
phase. In situ AMPase activity, in the presence or absence of
the specific inhibitor o, 3-meADP, confirmed that the immu-
nodetected protein was active in the above mentioned struc-
tures. Moreover, it is highly probable that the adenosine
generated by this AMPase activity and accumulated in the
stroma is involved in the regulation of cyclical inflammation
physiologically occurring in endometrium [42]. Ecto-5'-nu-
cleotidase might well act sequentially, after NTPDasel, an
ecto-nucleotidase also present in the stroma.
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NTPDase3 is expressed in luminal and glandular epithelia.
NTPDase3 was already identified in other secretory epithelial
cells from mouse reproductive organs such as epididymis,
prostate and oviducts [27, 43]. We report here for the first
time the expression of NTPDase3 in relation to blood vessels.
This expression, however, is limited to the muscle layer of
spiral arteries, without expression in the myometrial arteries, a
fact that enhances the importance of this finding since
NTPDase3 can be considered as a new marker of human spiral
arteries. Spiral artery remodeling plays a central role in estab-
lishing and maintaining a normal pregnancy, and impaired
remodeling is involved in common pregnancy disorders such
as recurrent pregnancy loss and pre-eclampsia, a major com-
plication of pregnancy and one of the leading causes of
maternal and perinatal morbidity and mortality. In spite of

Fig. 7 Model of the human
endometrium showing
differential distribution of
ecto-enzymes in surface and
glandular epithelia, stromal
cells and spiral arteries. Letters
in parentheses indicate that the
enzyme was only detected in
proliferative (p), secretory (s)
or atrophic (a) endometria

swioioleieloloiololeelele]
olo —
Endometrial stromalgellsg

the obvious importance, very little is known of the mecha-
nisms responsible for this remodeling, and characterizing
these arteries phenotypically has important implications for
this understanding [44, 45].

The NPP family of enzymes has already been identified in
epithelial cells, in relation with ion transport, amongst other
functions [24]. Here we see that NPP1 and NPP3 are
expressed in glandular epithelia with changes among endo-
metrium types. Interestingly, the expression of both enzymes
seems to be coordinated along the cycle; when there is less
expression of one enzyme, there is greater expression of the
other. Furthermore, NPP3 is exclusively expressed in glandular
and luminal epithelia of cyclic endometria showing maximal
expression in secretory endometria; NPP3 therefore becomes a
biological marker of this type of endometrium. These marked
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differences between NPP3 expression in cyclic and post-
menopausic endometria point to a relation with fertility and
further studies would be of interest for human fertility. More-
over, our results demonstrate that NPP3 is a new marker of
endometrial tubal metaplasia. This finding is clinically relevant
for the diagnostic of this adaptive phenomenon, usually over-
lapped with pathological changes, and frequently overlooked
and misdiagnosed [46].

CD26 has already been identified in female reproductive
organs such as the placenta, ovary and endometrium, and a
possible role as adhesion molecule in human blastocyst im-
plantation has been proposed [47]. The fact that ecto-ADA is
often associated in larger complexes with CD26 leads us to
include the study of CD26 expression in the present work.
Here we show that CD26 is highly expressed in secretory
endometria and that is almost absent in atrophic endometria,
also pointing to its possible implication in women fertility.

A simplified overview of our findings, including the differ-
ent endometrial structures studied, is presented in Fig. 7. This
study provides important new information about the regulation
of purinergic signaling by ecto-nucleotidases in human endo-
metria, and opens up the field for further investigation of their
role in human fertility and in endometrial pathology.
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Una de les estratégies utilitzades pels tumors que els permet evadir-se del sistema immunitari és
I'acumulacié d’adenosina extracel-lular, degut als seus efectes immunosupressors i promotors del
creixement tumoral. L'estudi dels mecanismes que dirigeixen la formacié d’adenosina a l'interstici
tumoral sén, per tant, de gran interés en oncologia. En els tumors, la principal via metabdlica
implicada en la generacié d’adenosina extracel-lular és |la desfosforilacié de I’ATP per part de les ecto-
nucleotidases. Dos d’aquests enzims, CD39 i CD73, actuen de manera seqiliencial hidrolitzant
eficagment I'ATP fins a adenosina. S’ha posat de manifest la seva importancia com a dianes
terapeutiques en diferents tipus de cancer, pero no hi havia dades referents al cancer d’endometri,
sent aquest el cancer més freqlient de I'aparell genital femeni. L'objectiu d’aquest treball ha estat

estudiar I'expressié de CD39 i CD73 al cancer d’endometri.

Per dur a terme aquest estudi, es va analitzar I'expressid génica i proteica, aixi com I'activitat
enzimatica de CD39 i CD73 en talls histologics, homogenats de teixit i improntes de mostres humanes
d’adenocarcinoma endometrioide (Tipus 1) i serds (Tipus Il) i les respectives mostres d’endometri no

patologic, a través de técniques moleculars, immunologiques i d’activitat enzimatica in situ.
Les principals troballes relacionades amb aquesta investigacid sén:

1) Expressio i activitat de CD39 a ’endometri tumoral huma amb adenocarcinoma endometrial
Tipus | i Tipus Il. L'expressié de CD39 es troba augmentada a les cél-lules de I'estroma dels
tumors Tipus | i Tipus Il, en comparacié amb els endometris no tumorals corresponents (veure
capitol 3, Figura 1). A més, I'activitat ADPasica in situ detectada en els tumors, es més elevada en
el de Tipus Il (serds), sent aquest el tumor de major grau de malignitat (veure capitol 3, Figures

2ai2b).

2) Expressio i activitat de CD73 a I’endometri tumoral huma amb adenocarcinoma endometrial
Tipus | i Tipus Il. CD73 s’expressa fortament a les cél-lules de I'’estroma i de I'epiteli glandular en
ambdds tipus de tumors, on l'activitat AMPasica in situ detectada és també elevada (veure

capitol 3, Figura 3a)

3) Validacié de les improntes en els estudis d’activitat enzimatica. Els resultats dels experiments

d’'immunofluorescencia i d’activitat enzimatica in situ obtinguts amb les improntes coincideixen
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amb els obtinguts amb les seccions histologiques, validant aixi, la utilitat de les improntes en

aquest tipus d’estudis (veure capitol 3, Figures 2c i 3b, i Figures suplementaries 1i 2).

Aquests resultats confirmen la implicacid del sistema adenosinérgic en el cancer d’endometri, i

emfatitzen la rellevancia de les ecto-nucleotidases com a dianes terapeutiques en oncologia.

Aquest estudi es troba publicat a la revista Mediators of Inflammation. 2014;2014:509027.doi:

10.1155/2014/509027. Factor d’impacte: 2.417 (JCR2013). Aquest treball no ha estat utilitzat per a la
realitzacié d’altres tesis doctorals. Pel que fa als autors que han participat en aquest treball, L.T ha
realitzat els estudis genetics. A.V i E.C han dut a terme el processament postquirudrgic i la classificacid
histologica de les mostres. J.P ha realitzat les intervencions quirdrgiques. A.V, L.T, E.A i M.M.S han

participat en la discussio dels resultats i en el disseny del manuscrit. E.A ha realitzat els experiments.

M.M.S ha dirigit el treball.
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One of the strategies used by tumors to evade immunosurveillance is the accumulation of extracellular adenosine, which has
immunosupressive and tumor promoting effects. The study of the mechanisms leading to adenosine formation at the tumor
interstitium are therefore of great interest in oncology. The dominant pathway generating extracellular adenosine in tumors is the
dephosphorylation of ATP by ecto-nucleotidases. Two of these enzymes acting sequentially, CD39 and CD73, efficiently hydrolyze
extracellular ATP to adenosine. They have been found to play a crucial role in a variety of tumors, but there were no data concerning
endometrial cancer, the most frequent of the invasive tumors of the female genital tract. The aim of the present work is to study the
expression of CD39 and CD73 in human endometrial cancer. We have analyzed protein and gene expression, as well as enzyme
activity, in type I endometrioid adenocarcinomas and type II serous adenocarcinomas and their nonpathological endometrial
counterparts. High levels of both enzymes were found in tumor samples, with significantly increased expression of CD39 in type
II serous tumors, which also coincided with the higher tumor grade. Our results reinforce the involvement of the adenosinergic

system in cancer, emphasizing the relevance of ecto-nucleotidases as emerging therapeutic targets in oncology.

1. Introduction

Extracellular adenosine concentration increases under
metabolically stressful conditions, notably in the tumor
microenvironment [1], where hypoxia is frequently given
[2, 3]. Such accumulation of adenosine mediates, through
four distinct receptors (Al, A2A, A2B, and A3), complex and
diverse effects that lead to tumor immunoescape [4]. This
includes cytoprotection and growth promotion of tumor
cells [5, 6], angiogenesis increase [7, 8], and suppression of
effector (antitumor) T cells [9].

Although cells are provided with adenosine transporters,
the main source of this nucleoside in the tumor interstitium is
the hydrolysis of extracellular ATP, which also accumulates in

tumors, by membrane enzymes known as ecto-nucleotidases
[6, 10]. Different families of these enzymes, acting extra-
cellularly, are responsible for the generation of adenosine
from adenine nucleotides (i.e., ATP, ADP, or AMP): (1)
the ectonucleoside triphosphate diphosphohydrolase (E-
NTPDase) family, that includes four plasma membrane-
bound members: NTPDasel (CD39), NTPDase2, NTPDase3,
and NTPDase8; these enzymes are differentially expressed
and hydrolyze with different affinities nucleoside triphos-
phates and diphosphates to their monophosphate deriva-
tives (e.g., ATP and ADP to AMP); (2) the ectonucleotide
pyrophosphatase/phosphodiesterase (E-NPP) family, capable
of hydrolyzing nucleoside triphosphates to monophosphates
and pyrophosphate (PPi), such as ATP to AMP and PPj;
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(3) the alkaline phosphatase (AP) family, that includes
ubiquitous enzymes degrading broad range of substrates,
such as adenine nucleotides and PPi, releasing inorganic
phosphate (Pi); (4) the 5'-nucleotidase family, with only one
member attached to the outer plasma membrane, the ecto-5'-
nucleotidase (CD73), a glycosyl phosphatidylinositol-linked
membrane-bound glycoprotein that efficiently hydrolyses
AMP to adenosine [11-13].

Two members of ecto-nucleotidases families, the E-
NTPDase CD39 and the 5'-nucleotidase CD73, acting
sequentially, seem to have a crucial role in tumor-immune cell
interaction [6]. They both are expressed not only by infiltrat-
ing immune cells but also by tumor cells, and their expression
is regulated by hypoxia [10, 14]. Increased CD39 and CD73
expression has been described in various cancer types, mostly
in correlation with a poor prognosis [15-17]. Both molecules
are considered promising therapeutic targets in oncology,
and CD73 has already been proven to inhibit tumor growth
and metastasis in a breast cancer model in mice [18-20].
However, until now there were not available data concerning
ecto-nucleotidases expression in endometrial cancer (EC).
EC is the most frequent of the invasive tumors of the female
genital tract. There are two clinicopathological variants: the
estrogen-related, type I, endometrioid carcinoma, and the
nonestrogen-related, type II, nonendometrioid carcinoma
[21]. Although there are different molecular alterations that
have been already identified in EC, with different prevalence
between tumors [22, 23], there is need to decipher the
complete molecular profile of EC pathogenesis to improve
diagnosis and favor the design of new therapeutic strategies.

The aim of the present work was to study the expression
of CD39 and CD73 in endometrioid (type I) and serous (type
II) EC when compared with nontumoral endometrium. To
achieve this objective, protein and gene expression exper-
iments, as well as in situ enzyme activity assays, were
performed on human endometrial adenocarcinoma samples
and their nontumoral endometrial counterparts.

2. Materials and Methods

2.1. Samples. 'The ethical principles of this study adhere to
the Declaration of Helsinki, and all the procedures were
approved by the ethics committee for clinical investigation
of Bellvitge Hospital. Endometrial samples from adenocar-
cinoma (endometrioid and serous types) and their corre-
sponding nontumoral tissue (if present) were obtained from
hysterectomy specimens at the Service of Gynecology of Bel-
lvitge Hospital. Fresh samples were cut, embedded in O.CT.
freezing media (Tissue-Tek; Sakura Finetek, Zoeterwoude,
The Netherlands), snap-frozen in a Shandon Histobath 2
(Neslab Instruments Inc., USA) at the Service of Pathology,
and stored at —80°C until used. Alternatively, endometrial
samples were obtained from the Tumor Bank of Bellvitge
Biomedical Research Institute (IDIBELL).

Fifteen endometrioid adenocarcinomas (13 grade 1, 2
grade 2; all FIGO stage I) (56-82 years old, median 61) and
fourteen serous adenocarcinomas (grade 3; 9 FIGO stage I, 2
FIGO stage II, and 3 FIGO stage IV) (63-86 years old, median
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77), and their adjacent nontumoral endometrium were used
in this study.

2.2. Endometrial Touch Prep Technique. Touch preparations
of endometrial cancer tissue samples were obtained by lightly
pressing the freshly cut tumor surface on clean glass micro-
scope slides, thus generating a tumor cell imprint. Imprints
were immediately air-dried and stored at —20°C until further
processing. Six endometrioid adenocarcinoma tissue samples
were used to generate the touch preparations.

2.3. Immunolabeling Experiments. Immunohistochemistry
and immunofluorescence experiments were performed as
previously described for human endometrial samples [24].
Briefly, tissue sections of 10 ym thick and touch preparations
were fixed in 10% phosphate-buffered formalin mixed with
cold acetone (Merck, Darmstadt, Germany) for 2.5 minutes.
Fixed samples were rinsed with PBS and preincubated for
1 hour at room temperature (RT) with PBS containing 20%
normal goat serum (Gibco, Paisley, UK) and 0.2% gelatin
(Merck). Samples were then incubated overnight at 4°C
with the following primary antibodies: anti-human CD39
clone BU61 (Ancell Corporation, Minnesota, MN, USA) at
1/500, mouse monoclonal anti-human ecto-5'-nucleotidase
(CD73) clone 4G4 (Abcam, Cambridge, UK) at 1/50, and
rabbit monoclonal anti-human cytokeratin 19 (CK19) clone
EPR1579Y (Abcam) at 1/200. After three washes in PBS,
samples were incubated for 1 hour at RT with the appropri-
ate secondary antibodies: horseradish peroxidase-conjugated
goat anti-mouse (EnVision + system; DAKO, Carpinteria,
USA), Alexa Fluor 488- or 555-goat anti-mouse or anti-rabbit
(Life Technologies, Paisley, UK). Secondary antibody alone
was routinely included as control for the experiments. Nuclei
were counterstained with haematoxylin or, alternatively, in
fluorescence assays, To-Pro-3 or DAPI (Life Technologies)
were used to visualize the nuclei. Samples were mounted with
Fluoromount aqueous mounting medium (Sigma-Aldrich,
Sant Louis, Missouri, MO, USA). The results were observed
and photographed under a light Leica DMD 108 microscope
(Leica Microsystems, Wetzlar, Germany) or, in fluorescence
assays, under a Nikon Eclipse E-800 microscope (Nikon,
Tokyo, Japan) or under a Leica TCS-SL spectral confocal
microscope (Leica).

Results from both tissue samples and touch preparations
were independently evaluated by at least two observers.
Staining distribution was recorded. Label intensity was scored
as negative (), intermediate (+), or strongly positive (++).

2.4. In Situ Enzyme Activity Experiments. For enzyme his-
tochemistry, ADPase and ecto-5'-nucleotidase (AMPase)
activities were localized by using the Wachstein/Meisel lead
phosphate method [24, 25] in tissue samples and in touch
preparations. Briefly, fixed samples were preincubated for 1
hour at RT in 50 mM Tris-maleate buffer, pH 7.4 containing
2mM CaCl, and 0.25M sucrose. Enzyme reaction was
carried out for 1 hour at 37°C in the same buffer supplemented
with 5mM MnCl,, 2mM Pb(NOs;),, 3% Dextran T250, and
2.5 mM levamisole, as inhibitor of alkaline phosphatases, and
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FIGURE 1: (a) Immunolocalization of NTPDasel/CD39 in nontumoral human endometria ((A), (C)) and in endometrioid (B) and serous
(D) adenocarcinomas. CD39 was immunodetected in the stroma of all samples (asterisks). The expression of CD39 is remarkably higher in
tumors when compared with nontumoral endometria. Scale bars = 100 ym. (b) Label intensity score of CD39 in the stroma of nontumoral
human endometrium compared to endometrioid (left plot) and serous (right plot) adenocarcinoma samples. Note that both types of tumors
have a higher label score than their corresponding nontumoral endometria.

in the presence of 200 uM ADP or 1mM AMBP, as substrate.
For CD39 and CD73 inhibition experiments, 1mM NF279
(Tocris Bioscience, Bristol, United Kingdom) and 1mM
o, 3-meADP (Sigma-Aldrich) were added, respectively, to
both preincubation and enzyme reaction buffers. Control
assays were performed in the absence of nucleotide. The
reaction was revealed by incubating with 1% (NH,),S v/v for
exactly 1 minute. Samples were counterstained with haema-
toxylin, mounted with Fluoromount aqueous mounting
medium (Sigma-Aldrich), and observed and photographed as
described above.

2.5. Isolation of Membrane Enriched Fraction from Tissue
Homogenates. 50-100 yug of human tumor (endometrioid
and serous endometrial adenocarcinoma) and nontumoral
tissue samples were homogenized in a buffer containing
20 mM Hepes, 250 mM sucrose, 0.3 mM PMSE, 1 mM DTT,
1mM EGTA, and 1 mM MgCl, (pH 7.4) using a glass homog-
enizer (VidraFoc, Barcelona, Spain). After homogenization,
samples were centrifuged at 600 xg for 10 minutes at 4°C in
a Beckman JA-20 centrifuge. The pellet was discarded and
supernatants were centrifuged at 48,000 xg for 20 minutes at
4°Cina Beckman TI-70 centrifuge. The resulting pellets were
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FIGURE 2: (a) Enzyme in situ histochemistry in endometrioid ((A), (B)) and in serous ((C), (D)) endometrial adenocarcinomas in the presence
of ADP as substrate, alone ((A), (C)) or together with the inhibitor NF279 ((B), (D)). Strong ADPase activity was detected in the stroma of
both types of tumors ((A), (C) dark brown deposits), while the activity was drastically reduced in the presence of the inhibitor ((B), (D)).
Scale bars = 100 ym. (b) ADPase enzyme activity in tissue homogenates of endometrioid (n = 12) and serous (n = 14) adenocarcinomas.
Experiments were performed in triplicate for each sample. Data are represented in arbitrary units (AU). *Significant differences at P < 0.05.
(c) ADPase in situ activity in endometrial touch preparations from human endometrioid adenocarcinomas using ADP as substrate (A) and

in the absence of substrate (B). Scale bars = 50 ym.

resuspended in a buffer containing 20 mM Hepes, 0.3 mM
PMSE and 1mM DTT (pH 7.4). Protein concentration was
determined by the method of Lowry et al. [26] using bovine
serum albumin as a standard. Samples were kept at —80°C
until use.

2.6. Enzyme Activity Assays in Plasma Membrane Enriched
Tissue Homogenates. ADPase and AMPase activities were
determined by measuring the amount of Pi using the mala-
chite green colorimetric assay, as previously described [27].

2.7 Quantitative Real-Time PCR. Total RNA from endome-
trial tumor tissue samples was isolated using the RNeasy Plus
Mini Kit (Qiagen, Hilden, Germany), following the manufac-
turer’s protocol. Total isolated RNA (2 pug) was reversely tran-
scribed into complementary DNA (cDNA) using the First
Strand ¢cDNA Synthesis Kit (Fermentas, Thermo Scientific,
Chicago, IL, USA).

Quantitative real-time PCR (qRT-PCR) was performed
to examine the expression of CD39, NTPDase2, and CD73

genes. Designed large-scale TagMan low-density array
(TLDA) microfluidic cards (Applied Biosystems, Foster
City, CA, USA) were used. The 384 wells of each card
were preloaded with predesigned fluorogenic TaqMan
probes and primers for CD39, NTPDase2, and CD73.
c¢DNA (1ug) combined with TagMan 2X Universal PCR
Master Mix (Applied Biosystems) were loaded into each
sample-loading port. qRT-PCR reactions were carried out
using the ABI PRISM 7900HT Real-Time PCR System
(Applied Biosystems). Data were collected using the SDS
v2.1 software (Applied Biosystems) and analyzed by the
comparative Ct (AACt) quantification method using the
Expression Suite v1.0 software (Applied Biosystems). The
relative expression levels of CD39, NTPDase2, and CD73
genes were determined using 185 mRNA as an endogenous
control for normalization. Results are expressed as the
mean of the relative quantification (RQ) of the tested
transcripts (n = 7 serous adenocarcinoma samples; n = 7
endometrioid adenocarcinoma samples) + the standard
error of the mean (SEM). Results were obtained from five
independent experiments performed using 1ug of cDNA,



Mediators of Inflammation

Anti-CD73

Endometrioid AC

Serous AC

e a0
J"‘x’.‘-B'-me.é'Dg":?‘

y &4

’a&f.O;L\ st fA'

FIGURE 3: (a) Immunolocalization of ecto-5'-nucleotidase/CD73 ((A), (D)) and AMPase in situ histochemistry ((B), (C), (E), and (F)) in
endometrioid ((A)-(C)) and serous ((D)-(F)) endometrial adenocarcinomas. CD73 was immunodetected in glandular epithelial cells and in
the stroma of both types of adenocarcinomas ((A), (D)). The AMPase activity mirrors the immunolocalization ((B), (E)). The activity was
abolished in the presence of «, f-meADP ((C), (F)). Insets correspond to control experiments performed in the absence of nucleotide (no
AMP). Scale bars = 50 um ((A)-(C), (F), insets) and 250 ym ((D), (E)). (b) AMPase in situ activity by enzyme histochemistry in endometrial
touch preparations. Dark precipitates in (A) correspond to the AMPase activity in the presence of AMP as substrate. The inhibitor «, f-
meADP completely abolished this activity (B). Control experiments were performed in the absence of substrate (C). Scale bars = 50 ym.
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FIGURE 4: CD39, NTPDase2, and CD73 gene expression in human endometrial cancer tissues. Relative mRNA levels of CD39 (a), NTPDase2
(b), and CD73 (c) analyzed in serous adenocarcinomas (n = 7), normalized to 185 mRNA levels, and expressed as fold change over

endometrioid adenocarcinomas (n = 7). Data are expressed as mean + SEM.

all with duplicate measurements. No signal was detected in
nontemplate controls.

2.8. Statistical Analysis. Statistical analysis was performed
using SigmaStat 3.2 software (SPSS Inc., Chicago, IL, USA).
Values are reported as the mean + S.E.M. Student’s ¢-test was
used to compare the means of two independent groups of
normally distributed data.

3. Results and Discussion

Extracellular adenosine in tumors, mainly generated by the
sequential action of ecto-nucleotidases, has immunosup-
pressive effects through a broad range of actions, including
inhibition of antitumor T-cell function, modification of local
interleukin levels, and inhibition of phagocytosis (reviewed
in [28]). In this section we show and discuss our results on

* ok

Significantly different from endometrioid (P < 0.001).

the expression of the ecto-nucleotidases CD39 and CD73 in
type I and type II endometrial carcinomas.

CD39 was immunolocalized in the stroma of both
nontumoral and tumoral endometria (Figure 1(a)). For the
nonpathological endometrium the expression of CD39 has
already been previously described in association with stromal
cells and blood vessels [24]. Here we show that label score
was significantly higher for both endometrioid and serous
types of tumors when compared with the corresponding
nontumoral coexisting endometrium (Figure 1(b)). No CD39
labeling was found in endometrial adenocarcinoma epithelia,
as demonstrated with the double staining performed with
the anti-CD39 and anti-CK19 antibodies (see Supplemen-
tary Figure 1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2014/509027).

Strong in situ ADPase activity was detected in the
tumor stroma, coinciding with the CD39 immunolocaliza-
tion (Figure 2(a)). This activity was drastically reduced with
the NTPDase inhibitor NF279, demonstrating its specificity.
Equivalent results were obtained using ATP as substrate


http://dx.doi.org/10.1155/2014/509027

Mediators of Inflammation

for the in situ activity assay (not shown). ADPase activ-
ity measured in tumor tissue homogenates demonstrated
that serous (grade 3) adenocarcinomas had significantly
higher activity than endometrioid (grade 1) adenocarcinomas
(Figure 2(b)).

CD?73 expression was strongly immunodetected in both
types of tumors, in epithelial structures and in the stroma
(Figure 3(a)), thus partially colocalizing with CK19 (Sup-
plementary Figure 2). Specific CD73 activity, demonstrated
with the inhibitor &, 3-meADP, matched the immunola-
beled structures (Figure 3(a)). We have already previously
demonstrated that the expression and activity of CD73 are
abundant in nonpathological endometrium [24, 25]. Con-
sequently, due to the high expression of CD73 in tumoral
and nontumoral endometria, label score comparisons were
not possible. Moreover, no differences among tumors were
observed with the enzyme assays either in tissue slices or in
tissue homogenates (not shown).

Immunolabeling and in situ enzyme activity results
obtained with the touch prep technique were equivalent to
those obtained with tissue slices (Figures 2(c) and 3(b)).
The usefulness of the touch prep technique for diagnosis
has already been demonstrated in breast cancer with 100%
sensitivity and specificity in the evaluation of tumor margins
at the time of the surgery [29]. This technique has also
been previously used to demonstrate by immunolabeling a
decreased expression of P2X7 ATP receptor in endometrial
cancer cells [30] and also, recently, the relationship between
p53 expression and the tumor grade [31]. However, to our
knowledge, this is the first report validating the use of touch
preps for enzyme activity studies, therefore opening the
possibility of performing such studies in cytological samples.

In order to determine if the differences in CD39 protein
and ADPase activity between tumor types also involved
gene expression changes, quantitative real-time PCR analyses
were performed (Figure4). CD39 gene expression was 2-
fold higher in serous endometrial adenocarcinoma than in
endometrioid, coinciding with the data obtained with the
protein (Figure 4(a)). These gene expression changes did
not apply to NTPDase2 (Figure 4(b)), indicating that CD39
upregulation is not a general feature of other members of
NTPDase family. No changes were detected in CD73 gene
expression between the two tumor types (Figure 4(c)).

These results on endometrial tumors add to the list of
human cancers in which CD39 is overexpressed and support
the growing body of evidence that CD39 is a potential ther-
apeutic target for cancer immunotherapy [18]. Our results
also reinforce the relevance of CD73 in tumors. Antibody-
based therapy and pharmacological approaches against
CD73 have been reported to significantly inhibit tumor
growth and improve antitumor immunity in mouse models
(28, 32].

4. Conclusions

Endometrial adenocarcinoma tumors have significantly
higher CD39 expression and activity than their nontumoral
counterparts. Moreover, stronger activities are associated

with type Il serous tumors. This also coincides with the higher
grade of these tumors, but further studies are needed to
establish statistical correlations with the tumor grade in the
case of type I endometrioid tumors. The consequences of this
high CD39 activity in endometrial tumors are increased levels
of AMP, the substrate for CD73, and also highly expressed
in these tumors, which will, in turn, generate increased
immunosuppressive levels of extracellular adenosine.
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Supplementary figure legends

Supplementary figure 1. Immunolocalization of NTPDase1/CD39 and cytokeratin 19 (CK19) in
human endometrioid adenocarcinomas (A-C) and endometrial touch preparations (D-F). CD39
(red) was localized in the stroma (A, D) and CK19 (green) in the epithelial cells (B, E). Merge
images show that there is no colocalization between CD39 and CK19 (C, F). Scale bars = 25 um

(A-C) and 50 um (D-F).

Supplementary figure 2. Immunolocalization of ecto-5’-nucleotidase/CD73 and cytokeratin 19
(CK19) in human endometrioid adenocarcinomas (A-C) and endometrial touch preparations (D-
F). CD73 (red) was mainly localized in the apical domain of glands (A, D) whereas CK19 (green)
labelled completely the glandular epithelium (B, E). Merge images show, in vyellow,

colocalization between CD73 and CK19 (C, F). Scale bars = 20 um (A-C) and 40 um (D-F).
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CAPITOL 4. INTRODUCCIO

El carcinoma endometrial (CE) és el cancer més freqiient del tracte genital femeni. Es relaciona amb
la hiperplasia endometrial, amb I’exposicié a estrogens no compensada amb progestagens i amb el
tamoxifen (TAM), modulador selectiu dels receptors d’estrogens (SERM), utilitzat gracies als seus
efectes anti-estrogenics en el teixit mamari, com a terapia adjuvant en el tractament del cancer de
mama en aquelles pacients que presenten receptors d’estrogens (revisat per Shang, 2006). Els
mecanismes moleculars exactes relacionats amb la carcinogénesi endometrial induida pel TAM no es
coneixen encara, i son de gran interes per als investigadors clinics i basics. Tot i aixi, en els darrers
anys alguns dels mecanismes moleculars involucrats en I'aparicié del cancer endometrial han estat
identificats (revisat per Doll et al., 2008; revisat per Llobet et al., 2009; Yasue, Hasegawa i Udagawa,
2011; Yeramian et al.,, 2013; Shai, Segev i Narod, 2014). Aixi, el de Tipus | es relaciona amb un
silenciament del gen supressor de tumors PTEN, amb mutacions en el gen de la B-catenina i, en
especial, amb la inestabilitat de microsatel-lits. La sobreexpressié de B-catenina també s’associa amb
la exposicio al TAM (Turbiner et al., 2008). El de Tipus Il es relaciona especialment amb mutacions en
el gen supressor de tumors p53. Aprofundir en el coneixement de la patogénesi a nivell molecular és
essencial per identificar nous biomarcadors d’utilitat diagnostica i pronostica aixi com noves dianes

terapeéutiques per al tractament d’aquest tipus de cancer.

Diversos estudis suggereixen que els estrogens i els SERMs, especialment el TAM, podrien estar
implicats en la carcinogenesi endometrial degut als seus efectes en la regulacié transcripcional
(revisat per Shang, 2006); resta per estudiar, pero, els seus efectes a nivell molecular. Existeixen
antecedents que la senyalitzacié purinergica juga un paper en la patogénesi del cancer d’endometri;
aixi, I’ATP, a través de receptors P2X,, té efectes antiproliferatius en cél-lules de carcinoma
endometrial (Katzur et al., 1999) i, a través de receptors P2X;, activa I"apoptosi. L’expressié del
receptor P2X; es troba disminuida en els teixits cancerosos i pre-cancerosos en comparacié amb els
teixits normals, afavorint aixi la progressié tumoral (Li et al., 2009). Els estudis que formen part
d’aquesta tesi demostren variacions en I'expressio i I’activitat de les ecto-nucleotidases endometrials
al llarg del cicle (veure capitol 1 i 2) i 'expressié elevada d’aquests enzims en el cancer d’endometri
(veure capitol 3). A més, estudis d’altres grups demostren alteracions en [l'activitat ecto-
nucleotidasica en les plaquetes de pacients amb cancer de mama tractades amb TAM (do Carmo
Araujo, et al., 2005). No obstant, no es coneixen encara, els efectes d’aquest farmac sobre les ecto-

nucleotidases endometrials, en part, degut a la manca de models cel-lulars on estudiar-los.
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En el treball presentat en aquest capitol, hem validat tres linies cel-lulars d’origen epitelial (ECC-1,
KLE i HEC-1-B) i hem posat a punt els cultius primaris de cel-lules de I'estroma per a I'estudi de les
ecto-nucleotidases endometrials. En aquests models cel-lulars hem estudiat I'efecte dels estrogens
[estradiol (E,)] i del TAM. En paral-lel al TAM hem estudiat I'efecte de I'anastrozol, farmac utilitzat en
el tractament del cancer de mama el qual a diferencia del TAM inhibeix selectivament I'aromatasa,
impedint aixi, la sintesi d’estrogens, i sobre el que no es tenia coneixement previ en relacié als seus

efectes sobre la senyalitzacié purinérgica.

CAPITOL 4. OBJECTIUS

Pretenem contribuir al coneixement dels mecanismes moleculars implicats en la patogenesi i
progressié tumoral de I'adenocarcinoma endometrial, i aportar eines per al desenvolupament de
noves estratégies terapeutiques. Per aixdo ens hem proposat, com a objectiu principal, estudiar
I’expressié de les ecto-nucleotidases, com a fins reguladors de les concentracions d’ATP i adenosina

extracel-lulars, al cancer d’endometri.

L’objectiu especific d’aquest treball ha estat:

1. Establir i validar models cel-lulars (linies cel-lulars i cultius primaris) per estudiar-hi in vitro
I’efecte de farmacs, com el TAM i I'anastrozol, i d’hormones com I'E,, en I'expressié de les

ecto-nucleotidases aixi com en d’altres elements del purinoma.

CAPITOL 4. MATERIALS | METODES

1. CULTIUS CEL-LULARS

Per dur a terme aquest estudi, es van posar a punt dos tipus de cultius cel-lulars per representar les
principals cel-lules que formen I'endometri: cél-lules epitelials i cél-lules de I’estroma. Aixi doncs, es
van seleccionar tres linies cel-lulars comercials d’origen epitelial, i degut a la manca de linies cel-lulars
comercials de cél-lules de I'estroma, ens vam plantejar obtenir-les establint cultius primaris

d’endometri huma.

1.1 LINIES CEL-LULARS

Com a cel-lules epitelials es van utilitzar tres linies cel-lulars tumorals humanes d’adenocarcinoma
endometrial: ECC-1, KLE i HEC-1-B, adquirides a I"ATCC (American Type Culture Collection). ECC-1,
prové de l'epiteli luminal de I'endometri, les altres dues, KLE i HEC-1-B, provenen de ['epiteli

glandular.
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La linia cel-lular ECC-1 es va mantenir en medi RPMI (Roswell Park Memorial Institute) 1640
suplementat amb L-glutamina, 25 mM HEPES, 5% sérum fetal bovi (FBS; Invitrogen, Paisley, Regne
Unit), 100 U/ml de penicil-lina i 100 U/m| d’estreptomicina. Les altres dues, KLE i HEC-1-B, es van
mantenir en medi DMEM (Dulbecco's Modified Eagle Medium) F-12 (Ham) relacié 1:1, suplementat
amb L-glutamina, 15 mM HEPES, 10% FBS, 100 U/ml de penicil-lina i 100 U/ml d’estreptomicina. Les
tres linies cel-lulars es van incubar a 37°C i a una atmosfera humida de 5% de CO,. Per a I'observacio

de rutina de les cel-lules es va emprar un microscopi invertit model Olympus CK-40.

Cada linia cel-lular es va criopreservar en nitrogen liquid, amb el medi de cultiu corresponent i 10%

de dimetilsulfoxid (DMSO).
1.2 CULTIUS PRIMARIS

Per obtenir cel-lules de I'estroma, es van realitzar cultius primaris d’endometris no tumorals
obtinguts per histerectomia al Servei de Ginecologia de I'Hospital Universitari de Bellvitge procedents

de pacients sense patologia endometrial.

A continuacid, explicaré el procés d’obtencié i el posterior processament dels endometris utilitzats

en els cultius.

Al Servei d’Anatomia Patologica, immediatament després de la histerectomia, es va recollir un petit
fragment (1-2 cm®) de la pega quirtrgica en condicions estérils, es va netejar amb PBS (Phosphate
Buffer Saline), es va separar la capa muscular adjacent i es va conservar en medi HBSS (Hank's
Balanced Salt Solution) lliure de Ca*" i Mg* fins a ser processat, el més rapid possible, al nostre

laboratori.

El teixit endometrial es va disseccionar en cubs aproximadament d’un mm?, es van rentar amb HBSS i
es van centrifugar a 800 rpm durant 5 minuts per eliminar les restes de sang. Posteriorment, es van
incubar amb 10 ml d’Accumax™ (solucié de digestié comercial que conté enzims proteolitics i
col-lagenolitics; Sigma-Aldrich, Steinheim, Alemanya; ref: A7089), suplementada amb 100 U/ml de
penicil-lina i 100 U/ml d’estreptomicina, durant 1 hora en agitacié suau a temperatura ambient (TA),
per dissociar les cel-lules del teixit. Per aillar les cél-lules de I'estroma de la resta de cel-lules
digerides, la solucid es va fer passar a través d’un filtre de nilé amb porus de 70 um de diametre (BD
Falcon™, Durham, Carolina del Nort, USA; ref: 352350). Aquest filtre deixa passar només les céel-lules
de I'estroma i del sistema immunitari, i reté les cel-lules epitelials que formen agregats de mida
superior. Les cel-lules filtrades, principalment cél-lules de I'estroma, es van centrifugar a 800 rpm
durant 5 minuts, i el pellet resultant es va resuspendre en medi de cultiu DMEM F-12 (Ham) relacié

1:1, suplementat amb L-glutamina, 15 mM HEPES, 10% FBS, 100 U/ml de penicil-lina i 100 U/ml
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d’estreptomicina. Finalment, en aquest mateix medi, que no afavoreix el creixement de les cél-lules
del sistema immunitari, es van cultivar les cel-lules de I'estroma obtingudes en flascons de 25 cm?. El
manteniment en cultiu i la criopreservacié de les cél-lules de I'estroma es va realitzar sota les

mateixes condicions que les linies cel-lulars.

Per a I'observacié morfologica de les cel-lules de I'estroma després del cultiu i durant els posteriors

passes es va utilitzar el microscopi invertit model Olympus CK-40.

Un cop establerts els cultius de cel-lules epitelials i cel-lules de I'estroma es van utilitzar per als
estudis d’expressidé proteica, d’activitat enzimatica in situ i d’expressié genica. A continuacio,

explicaré el processament de les cel-lules per a la realitzacié d’aquests estudis.

2. PROCESSAMENT DE LES CEL-LULES PER ALS ESTUDIS D’IMMUNOFLUORESCENCIA | D’ACTIVITAT
ENZIMATICA IN SITU

Per a la realitzacio dels experiments d’immunofluorescéncia i d’activitat enzimatica in situ en linies
cel-lulars i cultius primaris, les cél-lules es van cultivar en plaques de 24 pous (25.000 cél-lules/pou)
sobre cobreobjectes rodons de 12 mm de diametre (VWR, Radnor, Filadelfia, USA; ref: ECN 631-
1577) previament tractats amb poli-lisina al 0.05% (poly-L-lysine solution, Sigma-Aldrich). En arribar a
la confluéncia, es van fixar amb paraformaldehid (PFA) al 4% durant 15 minuts i finalment es van

rentar 3 cops amb PBS, abans de ser conservades a 4°C.
2.1 EXPERIMENTS D’IMMUNOFLUORESCENCIA

Per caracteritzar I'expressio de les ecto-nucleotidases de membrana i altres proteines en els models

cel-lulars, es van realitzar experiments d’immunofluorescéncia.

Després de fixar i rentar les cél-lules, es van bloquejar les unions inespecifiques amb un 20% de
serum de cabra o de cavall (Gibco, Paisley, Regne Unit) i 0.1% de gelatina en PBS, durant 1 hora en
agitacié suau a TA. Alternativament, per detectar antigens intracel-lulars, les cel-lules es van

permeabilitzar amb 0.2% de saponina durant 15 minuts a TA abans de fer el bloqueig.

Seguidament, les cél-lules es van incubar amb I’anticos primari a les concentracions indicades a la
Taula M1, durant tota la nit a 4°C. Totes les dilucions es van fer amb PBS. Després de rentar I'anticos
3 vegades amb PBS, les cel-lules es van incubar amb I'anticos secundari adient [anticossos contra
immunoglobulines de ratoli, conill o cabra amb fluorocroms Alexa 488 (verd) o Alexa 555 (vermell);
Molecular Probes, Leiden, Paisos Baixos] diluit 1:500 en PBS durant 1 hora, a la foscor, en agitacié i a
TA. En els dobles marcatges, es van utilitzar anticossos primaris de diferents espécies i els

corresponents anticossos secundaris.
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R DILUCIO OPTIMA
ANTICOS PRIMARI CLON ORIGEN i CF WB FONT
Anti-CD39 BU-61 Ratoli 1:500 | 1:500 ND Ancell (188-020)
Anti-NTPDasa3 B3S10 Ratoli | 1:500 | 1:500 | Np | MttPi//ectonucleotidases-
ab.com/
Anti-NPP1 915-925 Cabra 1:250 | 1:500 ND Abcam (ab40003)
Anti-NPP3 NP4D6 Ratoli 1:100 1:50 ND Abcam (ab90754)
. [3H414(T , ) )
Anti-TNAP RA-2-49)] Ratoli 1:50 1:200 ND Abcam (ab17973)
Anti-PLAP 8B6 Ratoli 1:1000 | 1:3000 ND Sigma-Aldrich (A2951)
Anti-CD73 4G4 Ratoli 1:50 1:50 ND Abcam (ab81720)
Anti-ADA D-4 Ratoli 1:50 1:50 ND Santa Cruz (28346)
Anti-CD26 202-36 Ratoli 1:100 | 1:100 1:40 Abcam (ab3154)
. . _ _ Sigma-Aldrich
Anti-ADK - Conill 1:200 | 1:200 ND (HPA038409)
Anti-A, 309-326 Conill 1:100 | 1:1000 ND Calbiochem (119117)
Anti-A,A 373-391 Conill 1:100 | 1:100 ND Abcam (ab3461)
Anti-A,B C-20 Cabra 1:50 ND ND Santa Cruz (7505)
Anti-ENT1 hENT1a Conill | 1:250 | ND Np | Anticos cedit pel Dr. M.
Pastor-Anglada
Anti-ENT2 hENT2 Conill | 1:500 | ND Np | Anticos cedit pel Dr. M.
Pastor-Anglada
Anti-CNT1 hCNT1a | Conill | 1:500 | ND Np | Anticos cedit pel Dr. M.
Pastor-Anglada
Anti-CNT2 hCNT2b | Conill 1:50 | ND Np | Anticos cedit pel Dr. M.
Pastor-Anglada
Anti-Vimentina 3B4 Ratoli 1:200 ND ND DAKO (M7020)
Anti-a-tubulina DM 1A Ratoli - - 1:5000 Sigma-Aldrich (T9026)
Anti-Lamp1 - Conill 1:1000 ND ND Abcam (ab24170)
Anti-EEA1 - Conill 1:300 ND ND Abcam (ab2900)
Anti-LC3B - Conill 1:150 ND ND Abcam (ab48394)
Anti-Rab11 - Conill 1:200 ND ND Abcam (ab3612)

Taula M1. Llistat d’anticossos primaris utilitzats. (IF) immunofluorescéncia, (CF) citometria de flux, (WB)
Western Blot, (ND) no determinat.

Després de rentar 3 vegades I'anticos secundari amb PBS, es va realitzar el marcatge dels nuclis amb

el marcador de nuclis To-Pro®-3 (Invitrogen) diluit 1:1000 en PBS durant 7 minuts a TA. Seguidament,

els cobreobjectes es van rentar 3 cops amb PBS i es van muntar amb medi de muntatge aquds

(Fluoromount, Sigma-Aldrich). Els resultats van ser visualitzats i fotografiats amb el microscopi

d’espectre confocal Leica TCS-SL (Leica, Wetzlar, Alemanya) als Centres Cientifics i Tecnologics de la

Universitat de Barcelona (CCiTUB) al Campus de Bellvitge. Per tal de comparar les intensitats de

fluorescéncia en les diferents situacions experimentals, dins de cada experiment, es van mantenir els

mateixos parametres de captura d’imatges.
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En els experiments control es va elidir I'anticos primari per tal de detectar les possibles unions

inespecifiques de I'anticos secundari.

2.1.1 QUANTIFICACIO DE LA INTENSITAT DE FLUORESCENCIA DE LES IMATGES | ANALISIS DE LA
COLOCALITZACIO

Per quantificar la intensitat de fluorescéncia de les imatges es va utilitzar el programa ImageJ (Wayne
Rasband, National Institutes of Health, Bethesda, Maryland, USA) utilitzant com a mesura de la
fluorescéncia total relativa la mitja dels parametres. La colocalitzacié entre els pixels verds i vermells
de les imatges es va analitzar mitjancant el programa Imagel, i per a I'analisi estadistic es va utilitzar

el coeficient de Manders (Manders et al., 1992).
2.2 EXPERIMENTS D’ACTIVITAT ATPasica, ADPasica i AMPasica IN SITU

Per detectar i localitzar les activitats ecto-nucleotidasiques en els models cel-lulars, es van dur a

terme assaigs d’activitat enzimatica in situ utilitzant diferents substrats.

El métode del fosfat de plom Wachstein/Meisel es basa en la formacié de precipitats de fosfat de
plom (PbP) en els llocs on hi ha activitat fosfatasica. El fosfat generat es combina amb el nitrat de
plom [Pb(NOs),] afegit a la reaccié d’incubacio (Braun et al., 2003; Aliagas et al., 2010; 2013a; 2013b;
2014). El sulfur d’amoni [(NH,),S] s’utilitza per donar color marré als precipitats. La Figura M1

resumeix el procés.

AMP Ado + Pi
ATP or ADP  AMP + Pi

Pb(NO;)>
—-
e Nuclei
(NH,),S staining
— —

0 Ectonucleotidase (CD39, CD73)
° PbP
e PbS

Figura M1. Métode del fosfat de plom Wachstein/Meisel.

Després de la fixacid, les cél-lules es van preincubar durant 1 hora a TA amb el tampd de bloqueig

seguent:
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REACTIU CONCENTRACIO FINAL
Sucrosa 0.25M
Tris-maleat 50 mM
CaCl, 2 mM

Per preparar 500 ml de Tris-maleat 200 mM es van dissoldre 12.1 g de Tris (Merck, Darmstadt,

Alemanya) i 11.6 g d’acid malic (Sigma-Aldrich). Finalment, es va ajustar el pH a 7.4 amb NaOH 5 M.

Seguidament, per a la reaccié enzimatica, es van incubar les cel-lules durant 1 hora a 37°C amb la

solucid d’incubacid seglient:

REACTIU CONCENTRACIO FINAL
Tris-maleat, pH 7.4 50 mM
Sucrosa 0.25M
Pb(NO3), 2mM
MnCl, 5mM
CaCl, 2mM
Substrat/Nucleotid ATP i ADP 200 uM; AMP 1 mM
Levamisol (inhibidor de fosfatases alcalines) 2.5mM
Dextran T250 3%

Després d’aturar la reaccié amb aigua mQ, es va procedir al revelat incubant les cél-lules amb (NH,),S
1% (v/v) durant exactament 1 minut. La reaccid es va aturar traient el sulfur d’amoni i afegint aigua

mQ.

A continuacid, els nuclis es van contratenyir amb hematoxilina durant 30 segons. Després de treure
I'excés de colorant amb aigua mQ, els cobreobjectes es van muntar tal com s’ha indicat
anteriorment. Finalment, els resultats van ser visualitzats i fotografiats amb el microscopi de camp

clar Leica DMD 108 (Leica).

En els experiments d’inhibicid, es va afegir 1 mM de NF279 (Tocris Bioscience, Bristol, Regne Unit) o 1

mM d’a,R-metilen-ADP (a,3-meADP; Sigma-Aldrich), tant a la solucié de bloqueig com a I’'enzimatica.

En els experiments control es va ometre el substrat.
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2.3 ASSAIG D’ACTIVITAT ENZIMATICA IN SITU DE LES FOSFATASES ALCALINES (AP)

L'activitat in situ de les AP es va detectar utilitzant el substrat BCIP®/NBT (Sigma-Aldrich), que

precipita i es torna de color blau quan és desfosforilat (Aliagas et al., 2013a; Aliagas et al., 2013b).

Després de la fixacid, les cel-lules es van rentar 2 cops amb tampé 0.1 M Tris-HCl i 5 mM MgCl,, pH
7.4. A continuacid, es van preincubar amb el mateix tampé a pH 9.4 durant 15 minuts a TA. Per a
iniciar la reaccié enzimatica, es van afegir 200 pl de BCIP®/NBT, substrat de I'enzim, al tampé de

preincubacid durant 7 minuts a TA. La reaccio va ser aturada amb tampo 0.1 M Tris-HCl, pH 7.4.

Tot seguit, els nuclis es van contratenyir amb verd de metil, préviament escalfat a 60°C, durant 10
minuts a TA. Després de treure I'excés de colorant amb aigua mQ, les cél-lules es van banyar amb
alcohol de 95° durant uns segons per virar el color del colorant de blau a verd (i aixi diferenciar els
nuclis dels precipitats de color blau). El muntatge dels cobreobjectes es va realitzar tal com s’ha
explicat anteriorment. Finalment, els resultats van ser visualitzats i fotografiats amb el microscopi de

camp clar Leica DMD 108 (Leica).

Els experiments d’inhibicid es van realitzar en preséncia de levamisol 5 mM (Sigma-Aldrich), inhibidor

especific de les AP, tant al tampd de preincubacié com al de la reaccié enzimatica.
En els experiments control el substrat va ser elidit.
3. PROCESSAMENT DE LES CEL-LULES PER ALS ESTUDIS DE CITOMETRIA DE FLUX

Els experiments de citometria de flux es van posar a punt per estudiar, quantificar i comparar els

nivells d’expressid proteica a les cel-lules.

Per a la realitzacié d’aquests experiments, les cel-lules es van fer créixer en plaques de 100 mm de
diametre fins a la confluencia. En aquest punt, les cel-lules es van desenganxar del suport mitjangant
tripsinitzacio, i es van comptar amb el comptador de cél-lules automatic TC10™ Automated Cell

Counter (Bio-Rad, Hercules, California, USA).

Es van seleccionar 400.000 cel-lules per cada condicié experimental, i es van rentar amb tampd de
citometria (1% FBS i 0.1% azida en PBS) abans de ser fixades amb PFA al 4% durant 10 minuts. A
continuacio, si I'antigen a detectar era intracel-lular, les cél-lules es van permeabilitzar, afegint
saponina al 0.2% al tampd de citometria, i incubant durant 15 minuts. Tota la técnica es va dur a

terme a 4°C.

Després de rentar les cél-lules fixades amb tampd de citometria, es van incubar amb I'anticos primari

(veure Taula M1), diluit en tampd de citometria, durant 30 minuts. Després de rentar les cél-lules 3
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vegades, es van incubar amb I'anticos secundari corresponent [anticossos contra immunoglobulines
de ratoli, conill o cabra amb fluorocroms Alexa 488 (verd) o Alexa 555 (vermell)] a la foscor. Després
de rentar 3 vegades amb tampd de citometria les cel-lules es van analitzar amb el citometre
FACSCalibur (Becton Dickinson, San Jose, California, USA) i els resultats van ser adquirits amb el

programa Cell Quest Pro (Becton Dickinson), als CCiTUB del Campus de Bellvitge.

A tots els experiments es van incloure dos controls. En un cas, es van elidir els anticossos primari i
secundari per tal de detectar la possible autofluorescéncia de les cél-lules, i en I'altre, es va elidir
I'anticos primari amb la finalitat de mesurar les possibles unions inespecifiques de I|’anticos

secundari.

4. PROCESSAMENT DE LES CEL-LULES PER ALS ESTUDIS D’EXPRESSIO GENICA | PROTEICA EN
HOMOGENATS CEL-LULARS

Per a la realitzacié de les PCR i dels experiments Western Blot (WB) en homogenats cel-lulars, les
cel-lules es van fer créixer en plaques de 100 mm de diametre fins a la confluéncia, per obtenir

posteriorment I'RNA i la proteina total, respectivament.

4.1 OBTENCIO DEL RNA TOTAL | DEL cDNA

L'RNA total de les cél-lules es va aillar utilitzant el kit d’extraccié RNeasy Plus Mini Kit (Qiagen, Hilden,
Alemanya), seguint el protocol recomanat pel fabricant. Cadascuna de les mostres es va tractar amb
el kit DNase-Free RNase Set (Qiagen) per tal d’eliminar el DNA residual que pogués causar falsos-
positius en els resultats. La quantitat i qualitat de I'RNA extret es va mesurar utilitzant
I’'espectrofotometre Nanodrop 2000c (Thermo Fisher Scientific, Massachusetts, USA). La transcripcié
reversa es va dur a terme a partir de 1.5 pg d’RNA utilitzant el kit First Strand cDNA Synthesis Kit

(Fermentas, Chicago, lllinois, USA).

4.1.1 PCR CONVENCIONAL

La PCR convencional es va dur a terme per identificar I’expressié dels gens d’interés expressats en les

linies cel-lulars en condicions basals.

Els experiments de PCR es van realitzar amb el kit TagMan® Universal PCR Master Mix (Applied
Biosystems, Foster City, California, USA) d’acord amb les instruccions del fabricant i els primers

detallats a la Taula M2.
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MIDA DEL T
GEN SEQUENCIES (5’-3’) DELS PRIMERS (FORWARD/REVERSE) FRAGMENT | ANNEALING
(pb) (°C)
ENTPD1 ATGGCAAGGACTACAATG/GAAAAGCAGTATTCACTCA 519 52
ENTPD2 CAGGATGTGCCCAAAGAGA/CCCCATTGAAAGAGCATCG 687 59
ENTPD3 GTGCTGACCCGCCAACCATGT/GAAGACCCGGCATCCAGCACA 188 57
ENPP1 GTCGCTGTGATGCTGCCTGTGT/AGCAGTCGCCCTTGTCCTTGC 171 58
ENPP3 GCAGGTGGACCAGTCAGTGCC/GGGGGCAGGCCCTTCGTACAT 225 58
TNAP GGCCATTGGCACCTGCCTTACT/TGACCCTTGAGGATGCGGGC 204 58
PLAP ACCCGGACTTCTGGAACCGC/TAGCGATGTCCTGGCACCCCTC 540 58
CD73 ACCTGGGAGAACCTGGCTGCT/TGGGCACTCGACACTTGGTGC 229 56
ADA CAGACGCCCGCCTTCGACAA/GCCCGCGATAGCAGGCATGT 216 56
CD26 GGCACCTGGGAAGTCATCGGGA/AGAGGGGCAGACCAGGACCG 241 58
ADK GCCAAAAAGACACAAGCCCTGCC/GCTGCATAGTGGCCAGCACGG 248 56
ADORA1 CACAGACCTACTTCCACACCTG/GCTCCCCCATGCTGCCGTTG 275 58
ADORA2A | GGCCATCGCCATTGACCGCTA/CCGCAGCCCTGGGAGTGGTTC 192 58
ADORA2B GTGGGGCTCTTCGCCATCCC/TCGGGTCCCCGTGACCAAACT 198 58
ADORA3 | TGGGGTGCTGGTCATGCCTTT/TAGAATGCACCCAGGGAGCCCA 202 57
P2X1 CTGGCCGCCTTCCTCTTCGAG/AGGGCGCGGGATGTCGTCA 503 58
P2X2 CACAGACGGGTACCTGAAGC/CGACGGAAGTCAGAGCTGTG 404 55
P2X3 GAGAGTGAGGAGAAATACCG/CACTGGTCCCAGGCCTTG 443 60
P2X4 TGCATTTATGATGCTAAAACA/CAAGACCCTGCTCGTAAT 498 58
CCGGGAGCGACTTCCAGGATATAG/
P2X5 GGCATGGGATCACTGGGTGCTAGAC 613 >8
AAAAACAGGCCAGTGTGTGGTGTTC/
P2X6 TGCCTGCCCGGTGACGAGGATGTCGA 520 60
P2X7 AGATCGTGGAGAATGGAGTG/TTCTCGTGGTGTAGTTGTGG 398 58
P2Y1 GCAACAGCGTGGCCATCTGGA/CCGGTGGGCACTGATGCATGT 245 56
P2Y2 GCCATTCCACGTCACCCGCA/AGCGTACGAGCCTCTGCCCA 170 58
P2Y4 GCCCACAACCACTGGCCCTT/AGGCAGCCGGCTACGACCAA 212 58
P2Y6 TGTATTCGGCGGTGCTGGCG/AGGCGAAGTCGCCAAAGGGC 201 56
P2Y11 CAGCCAACGTCTCGGGTGCC/GTCAGGGCGCAGAGCAGGTC 238 58
CTCTGTTGTCATCTGGGCATTCAT/
P2Y12 GGTTTGGCTCAGGGTGTAAGGA 360 >3
P2Y13 TGTGTCGTTTTTCTTCGGTG/TGCTGCCAAAAAGAGAGTTG 577 55
p2Y14 GTGCAGGGTCTCTGCCGTGC/ 187 56

TGGAACAGCAAGGAGGAGCATGAG

Taula M2. Relacié de primers utilitzats en les PCR, mida dels fragments obtinguts i la temperatura
d’annealing dels primers.

4.1.2 PCRATEMPS REAL (RT-PCR)

L'RT-PCR es va dur a terme per analitzar i quantificar I'expressié dels gens CD26, CD73 i AP, utilitzant

les plaques TagMan low-density array (TLDA) (Applied Biosystems). Els 384 pous de cada placa, es

van carregar préviament amb els primers i les sondes fluorogéniques TagMan, predissenyats

especificament per detectar els gens d’interés. A continuacio, es va carregar 1 ug de cDNA de cada

mostra, combinat amb el reactiu TagMan 2X Universal PCR Master Mix (Applied Biosystems), als
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ports de carrega de la placa. Les reaccions de RT-PCR es van dur a terme usant el termociclador ABI
PRISM 7900HT Real-Time PCR System (Applied Biosystems) seguint el seglient protocol de
temperatures: a 50°C durant 2 minuts i a 94.5°C durant 10 minuts, seguit de 40 cicles a 97°C durant
30 segons i 59.7°C durant 1 minut. Els resultats es van recollir mitjangant el software SDS v2.1
(Applied Biosystems) i es van analitzar amb el metode de quantificacié comparativa del doble delta
Ct (AACt) utilitzant el software Expression Suite v1.0 (Applied Biosystems). Els nivells d’expressié
relativa dels gens es van determinar utilitzant I’'mRNA 18S com a control endogen per a la
normalitzacid. Els resultats es van expressar com la mitja de la quantificacié relativa (RQ) dels
transcrits analitzats + I'error estandard de la mitja (SEM). Els resultats es van obtenir a partir de 4
experiments independents. No es va detectar cap senyal en els controls negatius sense cDNA.
L’analisi estadistic es va realitzar utilitzant el software SigmaStat 3.2 (SPSS Inc., Chicago, lllinois, USA).
Els valors s’expressen com la mitja + SEM. Per comparar les mitges dels resultats de tres grups
independents amb distribucié normal, es va utilitzar ’ANOVA d’un Unic factor (one-way analysis of

variance), seguida, quan corresponia, del test de Bonferroni per comparacions multiples.
4.2 OBTENCIO DE PROTEINA TOTAL

Després de rentar les cél-lules amb PBS, es van aixecar del suport amb 300 ul de tampd 10 mM Tris-
HCl i 150 mM NaCl a pH 7.4 suplementat amb inhibidors de proteases (1% PMSF, 0.2% EGTA, 0.1%
aprotinina i 0.1% leupeptina) i I'ajuda d’un rascador. Les cél-lules recollides es van incubar 10 minuts
a TAi es van llisar mitjangant tres cicles de congelacid i descongelacié. A continuacid, per separar els
nuclis, les cél-lules es van centrifugar a 900 X g durant 5 minuts a 4°C. El sobrenedant es va
centrifugar a 20.000 X g durant 30 minuts. Finalment, la concentracié de proteina va ser quantificada

mitjangant el meétode colorimeétric de Bradford (Bradford,1976).
4.2.1 WESTERN BLOT
El WB es va dur a terme per detectar i quantificar proteines.

Per a la realitzacié del WB es van fer servir gels d’electroforesi Mini-Protean® TGX™ Any kDa (Bio-
Rad, ref: 456-9033) que permeten la separacid de proteines amb pesos moleculars compresos entre
10 i 250 kDa. Es van carregar 20 pug de proteina total per carril i un marcador de pes molecular
Precision plus protein™ standards Dual Color (Bio-Rad, ref: 161-0374). El gel es va correr durant 90
minuts a 200 volts en tampd d’eléctrodes 1X. El tampd d’eléctrodes 1X es va preparar en aigua mQ,

diluint 10 vegades el tampd d’eléctrodes 10X que conté 1.92 M glicina, 0.25 M Tris i 1% (p/v) SDS.

A continuacid, les proteines del gel es van transferir a una membrana de nitrocel-lulosa de 0.2 um

Trans-blot® turbo™ transfer pack (Bio-Rad, ref: 170-4158) amb una solucié de transferéncia 1X
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durant 3 minuts a 100 volts, amb 'aparell Trans-blot® turbo™ transfer System (Bio-Rad, ref: 170-
4155). El tampd de transferencia 1X es va preparar diluint 10 vegades el tampd de transferencia 10X

que conté 1.92 M glicina i 0.25 M Tris, i afegint-hi aigua mQ i un 20% (v/v) de metanol.

Un cop finalitzada la transferéncia, la membrana es va incubar amb una solucié de bloqueig formada
per 5% (p/v) de llet desnatada en pols i tampd TBS-Tween [10 mM Tris HCl a pH 7.4, 140 mM NaCl i
1% (v/v) Tween-20] en agitacié durant 1 hora. A continuacid, es va incubar l'anticos primari
monoclonal de ratoli contra CD26 en PBS (veure Taula M1), durant tota la nit a 4°C. Després de
rentar la membrana tres vegades amb tampd TBS-Tween durant 5 minuts, es va incubar I’anticos
secundari anti-ratoli amb peroxidasa de rave (Dako, Glostrup, Dinamarca) diluit 1:2000 en PBS durant
1 hora en agitaciéd a TA. Com a control de la quantitat de proteina carregada es va utilitzar I'a-
tubulina. Després de rentar la membrana 3 vegades amb TBS-Tween es va incubar amb reactius
qguimioluminescents de I'ECL (Enhanced Chemiluminescence; GE Healthcare, Buckinghamshire, Regne
Unit) durant 1 minut. El senyal quimioluminescent es va transferir a un film quimioluminescent
Amersham Hyperfilm™ ECL (GE Healthcare) exposant-lo durant 1 minut. Finalment, el senyal

luminescent es va captar amb I'aparell Luminescent Image Analyzer LAS-3000 (Fujifilm, Toquio, Japd).
5. ASSAIG DE VIABILITAT

La citotoxicitat dels farmacs (TAM i anastrozol) i de I'E,, es va analitzar sobre els cultius cel-lulars
(linies cel-lulars i cultius primaris). Les cél-lules es van fer créixer en plaques de 24 pous fins a un 80%
de confluéncia i, posteriorment, es van incubar en preséncia de TAM, anastrozol o E, a diferents
temps i concentracions, amb la finalitat d’establir els parametres d’incubacié de cada factor que no

comprometin la viabilitat cel-lular.

En els controls, es van incubar els dissolvents utilitzats per preparar la soluci6 mare de cada

tractament, amb les mateixes condicions que aquests (Taula M3).

La viabilitat dels cultius es va comprovar amb I'assaig d’'MTT (Sigma-Aldrich; ref: M5655), afegint 0.5
mg/ml d’"MTT a cada pou i mantenint-ho durant 30 minuts a 37°C. La reaccid es va aturar amb una
solucié d’isopropanol en un volum equivalent al volum del medi. Aquest assaig es basa en la
capacitat de les cel-lules vives de reduir el tetrazolium MTT (3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide) a formazan, generant equivalents reduits com NADH i NADPH. El
formazan acumulat és de color porpra i es pot solubilitzar i quantificar per espectrofotometria. La

guantitat generada és proporcional al nombre de cél-lules vives.
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Un cop el formazan acumulat es va dissoldre completament, es va agafar una aliquota de 100 pl per
mesurar-ne I'absorbancia a 550 nm en una placa de 96 pouets en un lector de plaques (ASYS,

Cambridge, Regne Unit).

6. TRACTAMENTS CEL-LULARS

Els medis d’incubacid van ser: 1) RPMI 1640 sense phenol red suplementat amb L-glutamina, 25 mM
HEPES, 5% charcoal stripped-FBS, 100 U/ml de penicil-lina i 100 U/ml d’estreptomicina i 2) DMEM F-
12 (Ham) relacié 1:1 sense phenol red, suplementat amb L-glutamina, 15 mM HEPES, 10% charcoal

stripped-FBS, 100 U/ml de penicil-lina i 100 U/ml d’estreptomicina.

Els parametres d’incubacid (temps i concentracié) de cada tractament es van determinar

empiricament i també a partir de la literatura prévia que hi ha en alguns casos (Taula M3).

TRACTAMENT TEMPS CONCENTRACIO | DISSOLVENT
TAMOXIFEN (Sigma-Aldrich; ref: T5648) 0,24,48i72h 10 um DMSO
B-ESTRADIOL (Sigma-Aldrich; ref: E4389) 0,24,48i72h 1nM Etanol
ANASTROZOL (Sigma-Aldrich; ref: A2736) 0,24,48i72h 1uM DMSO
CICLOHEXIMIDA A (Sigma-Aldrich; ref: C4859) 0,24 h 50 pg/ml DMSO
CLORUR D’AMONI (Sigma-Aldrich; ref: A9434) 0,6h 30 mM H,0

Taula M3. Tractaments cel-lulars, durada, concentracié i dissolvent.

En alguna situacid experimental, on calia estudiar la reversibilitat del tractament, passades les 72

hores, aquest es va eliminar del medi i les cél-lules es van incubar 24 hores més amb medi de cultiu.

Com a control dels experiments, les cel-lules es van incubar amb medi de cultiu en abséncia del
tractament, i a més, en el cas dels tractaments dobles les cél-lules es van incubar amb els

tractaments per separat durant els temps indicats en cada cas.
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CAPIiTOL 4. RESULTATS

A. PRIMER APARTAT

En aquesta tesi doctoral, es van posar a punt dos tipus de cultius cel-lulars: (1) linies cel-lulars
tumorals humanes d’adenocarcinoma endometrial i (2) cultius primaris de cél-lules de I'estroma

endometrial huma.

Un cop establerts els cultius, es va estudiar I'expressié i I'activitat enzimatica de les ecto-
nucleotidases i d’altres elements del purinoma en (1) les linies cel-lulars crescudes en abséncia i en
preséncia de TAM, anastrozol i E, en el medi de cultiu i en (2) els cultius primaris d’estroma crescuts
en abséncia i presencia de TAM en el medi de cultiu, mitjangant experiments d’'immunofluorescéncia

i citometria de flux, assaigs d’activitat enzimatica in situ, PCR i RT-PCR.

El primer pas va ser caracteritzar I'expressid i I'activitat en cél-lules crescudes en abséncia de TAM,
anastrozol o E, en el medi de cultiu (anomenades també cél-lules control o cél-lules no tractades),
per analitzar-les posteriorment en cel-lules crescudes en preséncia d’aquests factors (anomenades

cél-lules tractades), i finalment comparar-les.

En primer lloc, es van realitzar els estudis amb les linies cel-lulars, i en segon lloc, es van dur a terme

els estudis amb els cultius primaris.

Els resultats d’aquest primer apartat, s’explicaran en funcié de la téecnica utilitzada i es classificaran

en quatre blocs ordenats de la seglient manera:

Primer bloc:

R1. Resultats de I'estudi de I'expressid proteica en linies cel-lulars d’adenocarcinoma endometrial

crescudes en abséncia de TAM, anastrozol i E; (condicions basals).

R2. Resultats de I'estudi de I’activitat enzimatica en linies cel-lulars d’adenocarcinoma endometrial

en condicions basals.

R3. Resultats de I'estudi de I'expressié genica en linies cel-lulars d’adenocarcinoma endometrial en

condicions basals.

Segon bloc:

R4. Resultats de I'estudi de I'expressié proteica en linies cel-lulars d’adenocarcinoma endometrial

crescudes en presencia de TAM, anastrozol o E,.
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R5. Resultats de I'estudi de I’activitat enzimatica en linies cel-lulars d’adenocarcinoma endometrial

crescudes en presencia de TAM o E,.

R6. Resultats de I'estudi de I'expressié génica en linies cel-lulars d’adenocarcinoma endometrial

crescudes en presencia de TAM o E,.

Tercer bloc:

R7. Resultats de l'estudi de I'expressié proteica en cultius primaris de cel-lules de I'estroma

endometrial huma crescuts en abséncia de TAM en el medi de cultiu (condicions basals).

R8. Resultats de l'estudi de l'activitat enzimatica en cultius primaris de cel-lules de I'estroma

endometrial huma crescuts en condicions basals.

Quart bloc:

R9. Resultats de I'estudi de I'expressié proteica en cultius primaris de cél-lules de I'estroma

endometrial huma crescuts en presencia de TAM.

R10. Resultats de l'estudi de I'activitat enzimatica en cultius primaris de cel-lules de I'estroma

endometrial huma crescuts en presencia de TAM.

A continuacid, presento els resultats obtinguts en cada bloc.

Primer bloc

R1. ESTUDI DE L’EXPRESSIO PROTEICA EN LINIES CEL-LULARS D’ADENOCARCINOMA ENDOMETRIAL
CRESCUDES EN CONDICIONS BASALS.

Per caracteritzar I'expressioé basal de les ecto-nucleotidases i altres proteines a les linies cel-lulars,
es van dur a terme experiments d’'immunofluorescéncia (per localitzar les proteines) i de citometria
de flux (per mesurar-ne els nivells d’expressid). Els resultats obtinguts es troben resumits a la Taula

R1.

Es va detectar expressié de TNAP, PLAP, CD73, ADA, CD26, ADK i del receptor A; d’adenosina. Aixi
doncs, les linies cel-lulars HEC-1-B, KLE i ECC-1 sén bons models cel-lulars per estudiar-hi I'expressié
de les ecto-nucleotidases i d’altres proteines a través de tecniques d’immunofluorescencia i

citometria de flux.
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HEC-1-B KLE ECC-1
IF CF IF CF IF CF
NTPDasal/CD39 X X X X X X
NTPDasa3 X X X X X X
NPP1 X X X X X X
NPP3 X X X X X X
TNAP X X X v X X
PLAP X X X X v v
CD73 v v v v v ¥ v 20%
ADA X X X X X v 50%
CD26 v v v v X X
ADK X v X v X v
Receptor A, X v X v X v
Receptor AA X X X X X X
Receptor A,B X X X X X X
ENT1 X ND X ND X ND
ENT2 X ND X ND X ND
CNT1 X ND X ND X ND
CNT2 X ND X ND X ND

Taula R1. Expressié de diferents elements del purinoma en les linies cel-lulars HEC-1-B, KLE i ECC-1. Resum
dels resultats obtinguts per immunofluorescencia (IF) i citometria de flux (CF). v expressié, X manca
d’expressié, ND no determinat. Si no s’indica el contrari, I'expressié era del 100%. A la columna ECC-1,
I’asterisc indica que I'expressié només va ser detectada en petits grups de cél-lules.

R2. ESTUDI DE LACTIVITAT ENZIMATICA EN LINIES CEL-LULARS D’ADENOCARCINOMA
ENDOMETRIAL CRESCUDES EN CONDICIONS BASALS.

Per tal de detectar i localitzar I’activitat ATPasica, ADPasica, AMPasica i fosfatasa alcalina a les linies
cel-lulars HEC-1-B, KLE i ECC-1 en condicions basals, es van dur a terme assaigs d’activitat enzimatica

in situ en cel-lules fixades.

Les NTPDases tenen activitat ATPasica i ADPasica, mentre que les NPPs i CD73 només tenen activitat
ATPasica i AMPasica, respectivament. Les fosfatases alcalines tenen activitat ATPasica, ADPasica i

AMPasica.

Per tal de caracteritzar les activitats ATPasica, ADPasica, AMPasica i fosfatasa alcalina, es van utilitzar
inhibidors de les diferents families d’ecto-nucleotidases. Aixi, es va utilitzar I'inhibidor especific de

CD73, I'a,B-meADP, i el de la fosfatasa alcalina, el levamisol. Degut a la manca d’inhibidors especifics
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de les NTPDases i NPPs es va utilitzar un inhibidor més general de I'activitat ATPasica i ADPasica, el

NF279.

Totes les activitats in situ es localitzen principalment a la membrana cel-lular. L'activitat ATPasica es
detecta a les tres linies cel-lulars i és especialment elevada a les cel-lules ECC-1. L’activitat ADPasica,
és més debil i es troba a les tres linies cel-lulars de manera similar. L’activitat AMPasica es detecta a
les linies cel-lulars HEC-1-B i KLE de manera equivalent, perd només es detecta en petits grups de
cel-lules ECC-1. L'activitat fosfatasa alcalina Unicament es detecta, i molt intensament, a les cel-lules
ECC-1. Els resultats es resumeixen a la Taula R2. Les Figures R1 i R2 mostren imatges representatives

d’aquests experiments.

Els experiments d’inhibici6 amb o,f-meADP indiquen que I'activitat AMPasica observada és
especifica de CD73. Les activitats ATPasica i ADPasica detectades serien atribuibles a ecto-
nucleotidases de les families NTPDasa i NPP, mentre que, I'activitat fosfatasa alcalina detectada

provindria d’ecto-nucleotidases de la familia de les fosfatases alcalines com per exemple TNAP i

PLAP.
ACTIVITAT ACTIVITAT ACTIVITAT ACTIVITAT FOSFATASA
ATPasica ADPasica AMPasica ALCALINA
HEC-1-B + + +++ -
KLE ++ + ++ -
ECC-1 +++ + + +++

Taula R2. Intensitat de les activitats ATPasica, ADPasica, AMPasic i fosfatasa alcalina detectades a les linies
cel-lulars HEC-1-B, KLE i ECC-1. — activitat nul-la, + activitat baixa, ++ activitat moderada, +++ activitat alta.

R3. ESTUDI DE L’EXPRESSIO GENICA EN LINIES CEL-LULARS D’ADENOCARCINOMA ENDOMETRIAL
CRESCUDES EN CONDICIONS BASALS.

Per detectar i identificar els gens d’interés expressats a les linies cel-lulars estudiades en condicions

basals, es van dur a terme PCRs convencionals.

A continuacid, es mostra una taula amb els gens estudiats i I'expressié d’aquests, a cadascuna de les

linies cel-lulars (Taula R3).
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HEC-1-B KLE ECC-1
ENTPD1 X v X
ENTPD2 v v X
ENTPD3 X X X
ENPP1 v v v
ENPP3 v v v
TNAP v v v
PLAP v v v
CD73 v v v
ADA v v v
CD26 v v v
ADK v v v
ADORA1 v v v
ADORA2A v v v
ADORA2B v v v
ADORA3 X X X
P2X1 X v X
P2X2 v v X
P2X3 X X X
P2X4 v v v
P2X5 v v v
P2X6 X v v
P2X7 v v v
P2Y1 v v v
P2Y2 v v v
P2Y4 v v v
P2Y6 v v v
P2Y11 X X X
P2Y12 v v v
P2Y13 X X X
P2Y14 v v v

Taula R3. Resum dels resultats obtinguts de I'analisi de I’expressié génica per PCR a les linies cel-lulars HEC-1-
B, KLE i ECC-1. v expressio positiva X expressio negativa

Per concloure aquest primer apartat de resultats, presento les Figures R1 i R2 on es mostra un
exemple representatiu dels resultats obtinguts en aquest estudi per cada una de les tecniques

realitzades amb les tres linies cel-lulars, demostrant la concordanca entre ells.
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mS 80

"4 800bp —

500bp —p
400bp —p

HEC-1-B

=<
CcD73
185

‘i 800bp —

KLE

=
CD73
18S

800bp —
500bp —p
400bp —p
250bp —

150bp —
% 100bp —p

ECC-1

Figura R1. Expressio i activitat de CD73 a les linies cel-lulars humanes d’adenocarcinoma endometrial (HEC-1-
B, KLE i ECC-1). A. Immunofluorescéncia de CD73 (en verd). B. Citometria de flux. C. Activitat enzimatica
AMPasica in situ (asteriscs). El requadre petit correspon a experiments control realitzats en abséncia del
nucleotid. D. Expressid genica de CD73 mitjangant PCR. La mida de les barres és de 40 um. Noteu la
concordanca entre els resultats obtinguts mitjancant les quatre técniques.
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Figura R2. Expressio i activitat de AP en linies cel-lulars humanes d’adenocarcinoma endometrial (HEC-1-B,
KLE i ECC-1). A. Immunofluorescéncia de AP (en verd). B. Citometria de flux. C. Activitat enzimatica fosfatasa
alcalina in situ (asteriscs). D. Expressio génica de PLAP mitjangant PCR. La mida de les barres és de 40 um.
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Segon bloc:

Un cop completada la caracteritzacié en les tres linies cel-lulars en condicions basals, vam decidir
estudiar l'efecte de TAM, anastrozol i E, en I'expressidé i l'activitat enzimatica de les ecto-
nucleotidases i d’altres elements del purinoma. Amb aquest objectiu, les cel-lules es van fer créixer

en presencia d’aquests factors en el medi de cultiu.

Els resultats anteriors, del primer bloc, ens van servir per determinar i acotar els estudis d’aquest

segon bloc. Aixi doncs vam decidir:

e Estudiar I'expressiod proteica del receptor CD26 i de I'enzim CD73 a la linia cel-lular HEC-1-B, i
de I’enzim AP a la linia ECC-1, mitjancant experiments de immunofluorescéncia.

e Estudiar I'expressid proteica dels enzims CD73 i ADK, i dels receptors CD26 i A; d’adenosina a
la linia cel-lular HEC-1-B, i I'expressié dels enzims CD73, ADK i AP i del receptor A,
d’adenosina a la linia cel-lular ECC-1, mitjancant citometria de flux.

e Estudiar I'activitat ATPasica i fosfatasa alcalina a la linia cel-lular ECC-1, i I’activitat AMPasica a
la linia HEC-1-B, a través d’assaigs d’activitat enzimatica in situ.

e Estudiar el gens d’aquestes proteines en les linies cel-lulars on s’expressen.

e Prescindir de la linia KLE i usar Unicament les linies HEC-1-B i ECC-1, ja que els resultats
obtinguts en cadascun dels estudis usant les linies KLE i HEC-1-B eren molt semblants, i la
representacié de cel-lules epitelials d’origen luminal i glandular, proposada inicialment,

continuava coberta amb les linies ECC-1 i HEC-1-B, respectivament.

R4. ESTUDI DE L’EXPRESSIO PROTEICA EN LINIES CEL-LULARS D’ADENOCARCINOMA ENDOMETRIAL
CRESCUDES EN PRESENCIA DE TAM, ANASTROZOL O E,.

L'expressié de CD73, ADK, AP i dels receptors CD26 i A; es va estudiar en linies cel-lulars crescudes en
preséncia de TAM, anastrozol o E, durant 72 hores en el medi de cultiu, mitjancant experiments

d’'immunofluorescencia i citometria de flux.
Els resultats de I'estudi s’explicaran en funcié de la técnica utilitzada.
a) Experiments d’immunofluorescencia:

Per tal de localitzar i comparar les expressions del receptor CD26 i de les ecto-nucleotidases CD73 i
AP entre les cél-lules crescudes en absencia i en preséncia de TAM o E, en el medi de cultiu, es van

realitzar experiments d'immunofluorescéncia i microscopia confocal. L'expressio del receptor CD26 i
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de I'enzim CD73 es va estudiar a la linia cel-lular HEC-1-B, i I'expressié d’AP es va estudiar a la linia

cel-lular ECC-1.

Anti-CD26 |:B

Figura R3. Expressio de CD26 i CD73 a HEC-1-B i de ’AP a ECC-1. Immunolocalitzacié de CD26 (A, B i C), CD73
(D,EiF)iAP (G, Hil)en cél-lules control (A, D i G) i incubades en preséncia de TAM (B, Ei H) i d’E, (C, Fil)
durant 72 hores. El receptor CD26 es localitza a la membrana plasmatica de les cél-lules control (A) pero
apareix al citoplasma de les cel-lules tractades amb TAM (B). Aquest canvi no s’observa a les cél-lules tractades
amb E, (C). La localitzacid i els nivells d’expressié de CD73 no varien entre les cel-lules control (D) i les tractades
amb TAM (E) i E, (F). L’AP es localitza a la membrana plasmatica de les cél-lules no tractades (G). El TAM i I'E,
no afecten la localitzacié de I’AP pero si els nivells d’expressio de la proteina, que augmenten amb el TAM (H) i
especialment amb I'E; (I). La mida de les barres és de 20 um.

El receptor CD26 i les ecto-nucleotidases CD73 i AP es localitzen a la membrana plasmatica de les
cel-lules control. La localitzacié del receptor CD26 varia en aquelles cel-lules que han estat incubades
en presencia de TAM. Aixi, CD26 desapareix de la membrana i s’acumula intracel-lularment. Ni la
localitzacié ni els nivells d’expressié varien en les cel-lules incubades en preséncia d’E,, on CD26
s’expressa a la membrana plasmatica tal com ho fa a les cél-lules control. CD73 s’expressa, de
manera similar, a la membrana plasmatica de les cél-lules no tractades i tractades amb TAM o amb
E,. Aixi doncs, cap dels dos tractaments té un efecte sobre I'expressié d’aquesta ecto-nucleotidasa.

Mentre que la localitzacié de I’AP no varia en cap dels tractaments, els nivells d’expressié augmenten
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forca en les cel-lules incubades en preséncia de TAM o d’E,, sent superior en aquest ultim cas. Els

resultats es poden observar a la Figura R3.

b) Experiments de citometria de flux:

Per tal de comparar i quantificar els nivells d’expressié dels enzims CD73, AP i ADK i dels receptors
CD26 i A; entre les cél-lules crescudes en absencia i en preséncia de TAM, anastrozol o E, en el medi
de cultiu, es van dur a terme experiments de citometria de flux. Primer s’explicaran els resultats

obtinguts amb les cél-lules HEC-1-B i després amb les ECC-1.

Els resultats es mostren mitjancant grafics de barres que representen la ratio entre la mitjana de
I’expressié obtinguda per les cél-lules incubades amb I'anticos contra la proteina a analitzar i la
mitjana de I'expressié obtinguda a les mateixes cel-lules incubades Unicament amb el corresponent

anticos secundari. Els resultats es representen respecte el valor normalitzat de les cél-lules control.

A les cel-lules HEC-1-B, els nivells d’expressido de CD73 no varien entre les crescudes en condicions
basals i les crescudes en presencia de TAM, anastrozol o E,, sent proxims al 100% en tots els casos
(Figura R4 A). En canvi, els nivells d’expressié d’ADK disminueixen prop d’un 45% en les cél-lules
tractades amb TAM, mentre que, continuen al voltant del 100% en les cél-lules tractades amb E,
(Figura R4 B). Els nivells d’expressio de CD26 disminueixen fins al 40% a les cél-lules tractades amb
TAM, i fins al 80% a les cel-lules tractades amb E,. En canvi, aquests no varien a les cél-lules tractades
amb anastrozol (Figura R4 C). L’expressié del receptor A; d’adenosina augmenta més d’un 50% a les
cél-lules tractades amb TAM, mentre que gairebé no varia a les cél-lules tractades amb E, (Figura R4

D).

L'efecte de TAM i E, en I'expressié de CD73 i CD26 observats per citometria de flux coincideixen amb

els observats per immunofluorescéncia.

A les cel-lules ECC-1, I'efecte dels tractaments TAM i E; en I'expressié de CD73 és feble. Aixi doncs, els
nivells d’expressié de CD73 només disminueixen aproximadament un 10% a les cél-lules tractades
amb TAM i amb E, (Figura R5 A). Els tractaments amb TAM i E, augmenten significativament els
nivells d’AP (30% amb TAM i 40% amb E,), tal com s’havia detectat per immunofluorescéncia, en
canvi, I'anastrozol no els modifica (Figura R5 B). Els nivells d’expressié d’ADK disminueixen prop d’un
20% a les cel-lules tractades amb TAM i aproximadament un 30% a les cél-lules tractades amb E,
(Figura R5 C). Per ultim, mentre que el tractament amb TAM no modifica els nivells d’expressié del

receptor A; d’adenosina, el tractament amb E, els disminueix aproximadament un 30% (Figura R5 D).
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Figura R4. Representacio grafica de la fluorescéncia (mean ratio) obtinguda per citometria de flux amb els
anticossos anti-CD73 (A), anti-ADK (B), anti-CD26 (C) i anti-A;R (D) en ceél-lules HEC-1-B control o tractades
amb TAM, anastrozol o E, durant 72 hores. Els nivells d’expressié de CD73 no varien amb els tractaments (A).
Els nivells d’ADK disminueixen gairebé a la meitat a les cél-lules tractades amb TAM, mentre que resten igual a
les tractades amb E, (B). L'expressido de CD26 disminueix més de la meitat a les cel-lules tractades amb TAM,
mentre que, amb E, la disminucid és lleu. L'expressié no varia a les cél-lules tractades amb anastrozol (C). Els
nivells d’expressié de anti-A;R augmenten més d’un 50% degut a I'efecte de TAM. Aquest efecte no es produeix
amb el tractament amb E,.
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Figura R5. Representacié grafica de la fluorescéncia (mean ratio) obtinguda per citometria de flux amb els
anticossos anti-CD73 (A), anti-AP (B), anti-ADK (C) i anti-A;R (D) en cél-lules ECC-1 control o tractades amb
TAM, anastrozol o E, durant 72 hores. TAM i E, no modifiquen I'expressié de CD73 (A), en canvi augmenten
I'expressio d’AP (B), i disminueixen la d’ADK (C). Només I'E,, disminueix I'expressié del receptor A;R (D).
L’anastrozol no te cap efecte sobre I'expressio d’AP (B).

R5. ESTUDI DE LACTIVITAT ENZIMATICA EN LINIES CEL-LULARS D’ADENOCARCINOMA
ENDOMETRIAL CRESCUDES EN PRESENCIA DE TAM O E,.

Per comparar les activitats ATPasica, AMPasica i fosfatasa alcalina entre les cél-lules no tractades i
tractades amb TAM o E, durant 72 hores, es van dur a terme assaigs d’activitat in situ en cel-lules
fixades. Les activitats ATPasica i fosfatasa alcalina es van estudiar a la linia cel-lular ECC-1, i I'activitat

AMPasica, a la linia cel-lular HEC-1-B.

En condicions basals, I'activitat ATPasica es detecta a la membrana plasmatica de petits grups de
cel-lules ECC-1. 'activitat enzimatica augmenta i es detecta en un major nimero de cél-lules quan

aquestes s’incuben en presencia de TAM o E,. L'activitat retorna als nivells de les cel-lules control

129



La senyalitzacid purinérgica al sistema reproductor Elisabeth Aliagas

guan s’elimina el TAM del medi d’incubacié, indicant que es tracta d’un efecte reversible. L’activitat
ATPasica, pero, es manté elevada després de treure I'E, del medi (Figura R6 A-E). En preséncia de

I'inhibidor NF279, no es formen els precipitats de color marré (resultats no mostrats).

CONTROL TAM 72h E2 72h _TA

%

M REV E2 REV

ATPase activity

AMPase activity

AP activity

ri"ﬁ'ﬂ" LW Lah

Figura R6. Experiments d’histoquimica enzimatica. Activitat ATPasica (A-E), AMPasica (F-J) i fosfatasa alcalina
(K-0) (asteriscs) en cel-lules ECC-1 (A-E i K-O) i HEC-1-B (F-J) en condicions basals (A, F i K), tractades amb
TAM (B, GiL)iE,(C, Hi M) durant 72 hores i crescudes durant 24 hores després d’eliminar el TAM (D, i N) i
I'E, (E, J i O). L’activitat ATPasica augmenta a les cél-lules crescudes en preséncia de TAM o E,. Aquest augment
desapareix en treure el TAM del medi, pero es manté en treure I'E, (A-E). L’activitat AMPasica no varia en cap
de les condicions experimentals (F-J). El requadre petit a (F) correspon als experiments d’inhibicié utilitzant
I'a,B-meADP. L'activitat AP, es comporta igual que I'activitat ATPasica (K-O). El requadre petit a (K) mostra la
inhibicid de I'activitat AP amb levamisol. La mida de les barres és de 50 um.

L'activitat AMPasica detectada coincideix amb la immunolocalitzaci6 de I'enzim CD73. En
concordanca amb I'expressio de la proteina, I'activitat enzimatica no varia entre les cél-lules HEC-1-B
no tractades i les tractades amb TAM o E,, ni tampoc després d’eliminar aquests tractaments del
medi de cultiu. L'inhibidor a,B-meADP, especific de I'enzim CD73, aboleix completament aquesta

activitat (Figura R6 F-J).

En condicions basals, I'activitat fosfatasa alcalina, igual que la proteina AP, es detecta a la membrana
plasmatica de les cél-lules ECC-1. Aquesta queda completament inhibida pel levamisol. Coincidint

amb I'expressié de la proteina, I'activitat enzimatica és també més elevada a les cel-lules incubades
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en preséncia de TAM o d’E,. Dels experiments de reversié podem concloure que als temps estudiats,

I'efecte del TAM és reversible i el de I'E, irreversible (Figura R6 K-O).

R6. RESULTATS DE L’ESTUDI DE L’EXPRESSIO GENICA EN LINIES CEL-LULARS D’ADENOCARCINOMA
ENDOMETRIAL CRESCUDES EN PRESENCIA DE TAM O E,.

L'expressié dels gens CD26 i CD73 va ser estudiada a la linia cel-lular HEC-1-B, i I'expressidé de AP a la
linia ECC-1.Per tal de comparar i quantificar els nivells d’expressio dels gens CD26, CD73 i AP entre
les cél-lules crescudes en condicions basals i incubades amb TAM o E, durant 72 hores, es van dur a

terme experiments RT-PCR.
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Figura R7. Expressio genica de CD26 (A), CD73 (B) i AP (C) mitjangant RT-PCR en cél-lules HEC-1-B (A i B) i ECC-
1 (C) control i tractades amb TAM o E, durant 72 hores. El tractament amb TAM augmenta I'expressié dels
gens CD26, CD73 i AP, mentre que el tractament amb E, disminueix I'expressié de CD73 i augmenta la del gen
AP.

L'expressié del gen CD26, a diferéncia de |'expressid proteica detectada per citometria de flux,

augmenta amb el tractament amb TAM mentre que no varia amb I'E, (Figura R7 A). En canvi,
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I'expressié de CD73 es veu modificada per ambdds tractaments: mentre que TAM augmenta
I'expressié del gen, I'E, la disminueix (Figura R7 B). Aquestes diferencies no han estat observades a
nivell de la proteina. L’expressid de AP es troba augmentada a les cél-lules ECC-1 després de ser
tractades amb TAM, i sobretot amb E, (Figura R7 C) coincidint amb els canvis detectats en I'expressid

de la proteina.
Tercer bloc

Un cop completat I'estudi amb les linies cel-lulars, vam continuar amb I'estudi de les cel-lules de

I’estroma.

Per obtenir cel-lules de I'estroma, es van realitzar cultius primaris de tres endometris no patologics
seguint el protocol explicat a I'apartat 1.2 de materials i métodes. Primer de tot, es va comprovar que
les cél-lules obtingudes en els cultius primaris fossin cél-lules de I'estroma. Per caracteritzar-les, ens
vam basar en la morfologia i en I'Us de marcadors especifics de cel-lula de I'estroma com la

vimentina.
Un cop caracteritzades les cél-lules de I'estroma, es van realitzar els seglients estudis.

R7. ESTUDI DE L’EXPRESSIO PROTEICA EN CULTIUS PRIMARIS DE CEL-LULES DE L'ESTROMA
ENDOMETRIAL HUMA CRESCUTS EN CONDICIONS BASALS.

Els estudis duts a terme en teixit, demostren expressid de les ecto-nucleotidases CD39 i CD73 a les
cél-lules de I'estroma endometrial huma (Aliagas et al., 2013a; veure capitol 2). Basant-nos en
aquests resultats, ens vam plantejar estudiar I'expressié d’aquestes dues proteines en els cultius

primaris.

Per caracteritzar I’expressio basal de les ecto-nucleotidases CD39 i CD73 en els cultius primaris, es

van realitzar experiments d'immunofluorescencia.

CD73 s’expressa a la membrana plasmatica de les cél-lules de I'estroma, en canvi, no es detecta

expressié de CD39 en aquestes cél-lules (resultats no mostrats).

R8. ESTUDI DE L’ACTIVITAT ENZIMATICA EN CULTIUS PRIMARIS DE CEL-LULES DE L’ESTROMA
ENDOMETRIAL HUMA CRESCUTS EN CONDICIONS BASALS.

Basant-nos en I'expressio de CD39 i CD73 en aquestes cél-lules, vam decidir estudiar només I'activitat

AMPasica.
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Per estudiar I’activitat AMPasica en els cultius primaris, es van realitzar assaigs d’activitat enzimatica

in situ en cel-lules fixades.

AMPase activity

Figura R8. Activitat in situ de CD73 mitjangant experiments d’histoquimica enzimatica en cultius primaris
d’estroma endometrial huma. L’activitat AMPasica es localitza a la membrana plasmatica de les cél-lules de
I'estroma (asteriscs) (A). Aquesta activitat és totalment abolida per I'inhibidor o,-meADP (B). En els
experiments control, realitzats en absencia del nucleotid AMP, no s’observen precipitats de color marré (C). La
mida de les barres és de 50 um.

L'activitat AMPasica es detecta a la membrana de les cel-lules de I'estroma coincidint amb la
localitzacié de CD73. Aquesta activitat és abolida per I'inhibidor a,-meADP, especific de CD73. En els
experiments control, realitzats en abséncia del nucleotid, no hi ha formacié de precipitats de color

marré (Figura R8).

Quart bloc

R9. ESTUDI DE L’EXPRESSIO PROTEICA EN CULTIUS PRIMARIS DE CEL-LULES DE L’ESTROMA
ENDOMETRIAL HUMA CRESCUTS EN PRESENCIA DE TAM.

Per estudiar I’efecte de TAM en I’expressio proteica de les cel-lules de I'estroma, aquestes es van

incubar amb TAM durant 0, 24, 48 i 72 hores.

L'expressié de CD73 es va estudiar mitjancant experiments d'immunofluorescencia. A més de CD73,

es va estudiar I'expressio de I'enzim ADK i del receptor A; d’adenosina mitjangant citometria de flux.
Els resultats obtinguts s’explicaran en funcid de la técnica utilitzada.
a) Experiments d'immunofluorescéncia

L'expressié de CD73 es detecta a la membrana plasmatica de les céel-lules de I'estroma. Els nivells

d’expressid de I'enzim no varien entre les cel-lules control i les tractades amb TAM (Figura R9).
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Anti-CD73

TAM 24h TAM 48h
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Figura R9. Expressi6 de CD73 (verd) mitjangant immunofluorescéncia en cultius primaris d’estroma
endometrial sense tractar (A) i tractats amb TAM durant 24 hores (B), 48 hores (C) i 72 hores (D). CD73
s’expressa a la membrana plasmatica de les cel-lules de I'estroma. No s’observen canvis en els nivells
d’expressié d’aquesta proteina en les diferents condicions experimentals (A-D). La mida de les barres és de 40

um.

b) Experiments de citometria de flux

L'expressié de les proteines CD73 i ADK i del receptor A, d’adenosina, no varia entre els cultius

primaris d’estroma endometrial no tractats i tractats amb TAM (Figura R10).
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Figura R10. Representacio grafica de la fluorescéncia (mean ratio) obtinguda pels anticossos anti-CD73 (A),
anti-ADK (B), i anti-A;R (C) en cél-lules de I’estroma control i tractades amb TAM durant 72 hores. TAM no
afecta a I'expressio de cap d’aquestes proteines. En els tres casos, I'expressio a les cel-lules tractades és similar
a I'expressid de les cel-lules control.
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R10. ESTUDI DE L’ACTIVITAT ENZIMATICA EN CULTIUS PRIMARIS DE CEL-LULES DE L’'ESTROMA
ENDOMETRIAL HUMA CRESCUTS EN PRESENCIA DE TAM.

Per estudiar I'’efecte de TAM en I’activitat AMPasica de les cél-lules de I'estroma, aquestes es van fer

créixer en abséncia i en preséncia durant 72 hores de TAM.

L'activitat AMPasica es va estudiar mitjancant assaigs d’activitat enzimatica in situ en cel-lules

fixades.

No es van detectar diferéncies entre I'activitat AMPasica dels cultius primaris d’estroma endometrial

incubats en absencia i en presencia de TAM (Figura R11).

TAM Oh

AMPase activity

Figura R11. Activitat AMPasica (asteriscs), detectada mitjan¢ant assaig d’activitat enzimatica in situ, en
cultius primaris d’estroma endometrial crescuts en abséncia (A) i en preséncia de TAM durant 72 hores (B-D).
L'activitat AMPasica es localitza, de manera similar, a la membrana plasmatica de les cel-lules control (A) i
tractades amb TAM durant 72 hores (B). L'inhibidor especific a,-meADP, aboleix completament aquesta
activitat (C). En abséncia del nucleotids no s’observen precipitats de color marré (D). La mida de les barres és
de 100 um.

B. SEGON APARTAT

CD26, receptor expressat majoritariament a la membrana plasmatica de les cél-lules epitelials, té
com a principal lligand fisiologic I'ecto-enzim adenosina deaminasa (ecto-ADA), el qual hidrolitza
I’adenosina formant inosina (revisat per Yegutkin, 2008). Per tant es troba implicat en el control dels

nivells d’adenosina extracel-lulars.

Tal com s’observa a la Figura R3, el tractament de les cél-lules HEC-1-B amb TAM comporta un canvi
en la localitzacid cel-lular del receptor CD26, expressat a la membrana plasmatica en condicions
basals i al citoplasma després del tractament. Tot i disminuir I'expressié de CD26 a la membrana
d’aquestes cel-lules (Figura R4 C), amb el TAM I'expressidé genica augmenta (Figura R7). Es desconeix,

pero, el mecanisme pel qual es produeix aquest fenomen.
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R1. EFECTES DEL TAMOXIFEN EN LA LOCALITZACIO | L'EXPRESSIO DE CD26

Per caracteritzar I'efecte del TAM en la localitzacid i I'expressié del receptor CD26 al llarg del temps,
es va estudiar d’entrada la seva expressio i la possible localitzacié als lisosomes. Es va utilitzar
I’'anticos anti-Lampl en experiments d’immunofluorescéncia duts a terme en cel-lules crescudes en
preséncia de TAM durant 0, 24, 48 i 72 hores en el medi d’incubacid i 24 hores després d’eliminar

TAM del medi havent estat present durant 72 hores.

Reversion

TAMOh  TAM24h  TAM48h  TAM 72h

Anti-Lampl Anti-CD26

ed.

Mer:

Figura R12. Efecte del TAM en la localitzacié i I'expressié del receptor CD26 al llarg del temps.
Immunolocalitzacié de CD26 (en verd) i Lamp1 (en vermell) en cél-lules HEC-1-B crescudes en condicions basals
(A, FiK)ien presencia de TAM durant 24 hores (B, Gi L), 48 hores (C, Hi M) i 72 hores (D, | i N) i crescudes 24
hores després d’eliminar el TAM del medi (E, J i O). La colocalitzacié entre CD26 i Lamp1 es mostra en groc. El
TAM indueix un canvi en la localitzacid i I'expressid del receptor CD26 al llarg del temps, que de manera
progressiva disminueix de la membrana plasmatica i augmenta als lisosomes. Quan s’elimina el TAM desapareix
aquest efecte. La mida de les barres és de 30 um.

A les cel-lules HEC-1-B control (0 hores d’exposicié al farmac), el receptor CD26 es localitza
principalment a la membrana plasmatica i la colocalitzacié entre els anticossos CD26 i Lamp1 és molt
baixa. A les 24 hores d’exposicid, s’observa menys preséncia del receptor CD26 a la membrana
plasmatica i més als lisosomes, on trobem colocalitzacié entre els anticossos CD26 i Lamp1. A les 48
hores, continua disminuint la preséncia del receptor CD26 a la membrana plasmatica i augmentant
als lisosomes. A les 72 hores de tractament, el receptor CD26 desapareix de la membrana plasmatica
i el trobem localitzat majoritariament als lisosomes, on la colocalitzacié és maxima. A les cél-lules
crescudes durant les 24 hores després d’eliminar el tractament del medi, la localitzacié de CD26 i la
colocalitzacié entre els anticossos CD26 i Lamp1 son semblants a aquelles detectades a les cél-lules

control (Figura R12).
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Aquests resultats indiqguen que TAM modifica la localitzacié del receptor CD26, que de manera
progressiva, disminueix de la membrana plasmatica i augmenta als lisosomes. A més, aquest

tractament és reversible.

Per esbrinar si el receptor CD26 s’associa amb d’altres organuls cel-lulars, es van realitzar estudis de
colocalitzacié mitjangant experiments d’immunofluorescéncia dobles combinant I'anticos anti-CD26
amb marcadors especifics de lisosomes (anti-Lampl), endosomes primerencs (anti-EEA1),

endosomes tardans (anti-Rab11) i autofagosomes (anti-LC3B) (veure Taula M1).

El receptor CD26 es localitza als lisosomes com es veu per la colocalitzacié entre els anticossos anti-
Lampl i anti-CD26 (Figura R13), pero no ho fa a cap de les altres estructures subcel-lulars estudiades

com sén els endosomes primerencs, les vesicules endocitiques o els autofagosomes.

Anti-Lamp1l

Anti-EEA1 ]| Anti-CD26 | |

]
b

Anti-LC3B

Anti-Rab11

Figura R13. Immunofluorescéncia doble amb I’anticos anti-CD26 (B, E, H i K) (en verd) i els anticossos anti-
Lamp1 (A), anti-EEA1 (D), anti-LC3B (G) i anti-Rab11 (J) (en vermell) en cél-lules HEC-1-B tractades amb TAM
durant 72 hores. Les imatges de fluorescéncia combinades (C, F, | i L) mostren que I'anticos anti-CD26
colocalitza amb I’anticos anti-Lamp1 (C) pero no ho fa amb els anticossos anti-EEA1 (F), anti-LC3B (l) i anti-
Rab11 (L). La mida de les barres és de 20 um.
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R2. TAM AUGMENTA ELS NIVELLS DE PROTEINA CD26 TOTAL

Per estudiar els efectes del TAM i de I'E, en I'expressié de la proteina total, es van realitzar

experiments WB.

La quantitat de proteina CD26 total detectada és major a les cel-lules tractades amb TAM en
comparacié amb les cel-lules control o les tractades amb E, (Figura R14). Aixi doncs, el TAM

augmenta els nivells de proteina CD26 total. Aquest efecte no es produeix amb I'E,.
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Figura R14. Expressio de CD26 mitjangant WB en cél-lules HEC-1-B control i tractades amb TAM o E, durant 72
hores. Les cel-lules tractades amb TAM expressen més CD26. L'a-tubulina es va utilitzar com a control de
carrega.

Per confirmar I'augment en I'expressié de la proteina CD26 en les cél-lules tractades amb TAM es va
quantificar la intensitat de fluorescencia dels anticossos anti-CD26 i anti-Lampl en imatges de

microscopia confocal realitzades en cel-lules HEC-1-B tractades amb TAM durant 72 hores.

La intensitat de fluorescéncia tant de CD26 com de Lampl és més elevada a les cél-lules tractades
amb TAM que a les cel-lules control o tractades amb E, indicant que el TAM augmenta tant la
proteina CD26 total com el nimero de lisosomes (Figura R15). Aquesta ultima dada concorda amb
els resultats d’altres grups els quals demostren un increment significatiu del nimero de lisosomes a
I'epiteli mamari de pacients amb cancer de mama tractades amb TAM durant 30 dies abans de

I’extraccié (Tanaka, 1997).

Aixi doncs, el tractament de les cél-lules HEC-1-B amb TAM provoca un canvi en la localitzacié del
receptor CD26, de la membrana plasmatica als lisosomes a més d’augmentar I'expressié de la
proteina CD26 total i el nimero de lisosomes en aquestes cel-lules. Aquests resultats indicarien que

el TAM promou la degradacio del receptor CD26.
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Figura R15. Intensitat de fluorescéncia dels anticossos anti-CD26 (verd) i anti-Lamp1 (vermell) mesurada en
cél-lules HEC-1-B control i tractades amb TAM o E, durant 72 h. La fluorescéncia mesurada per CD26 i Lampl
és més elevada a les cél-lules tractades amb TAM que a les cél-lules control o tractades amb E,. (a.u. = arbitrary

units).

R3. TAM PROMOU LA DEGRADACIO DEL RECEPTOR CD26 ALS LISOSOMES

Per comprovar si el TAM indueix la degradacié del receptor CD26 als lisosomes, es va mesurar la

quantitat de CD26 present als lisosomes en imatges de microscopia confocal realitzades en cél-lules

HEC-1-B control i tractades amb TAM o E, durant 72 hores, temps en que la colocalitzacié observada

a les fotografies és maxima.
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Figura R16. Quantificacio de la colocalitzacié entre CD26 i Lamp1 en cél-lules HEC-1-B control i tractades amb
TAM o E, durant 72 hores. La colocalitzacié entre ambdds anticossos és significativament més elevada a les
cél-lules tractades (TAM i E,) en comparacié amb les cel-lules control.
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La colocalitzacié entre els dos senyals mesurats (anti-CD26 i anti-Lampl) és significativament més
elevada en les cél-lules tractades amb TAM o amb E, en comparacié amb les cel-lules control, essent
el tractament amb TAM on s’observa un percentatge de colocalitzaci6 major (Figura R16). Aquests

resultats indicarien que TAM promou la degradacié del receptor CD26 als lisosomes.

Per comprovar aquesta hipotesi, es va bloquejar la sintesi proteica amb cicloheximida (CHX) durant
24 hores amb la finalitat d’estudiar I'expressid de la proteina ja sintetitzada. Simultaniament, les
cel-lules es van incubar amb TAM. Posteriorment, es va estudiar I'expressié del receptor CD26 a la

membrana plasmatica i als lisosomes mitjancant experiments d’'immunofluorescencia.
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Figura R17. Expressié del receptor CD26 (en verd) i dels lisosomes (en vermell) en cél-lules HEC-1-B control
(A, Eil), incubades amb TAM (B, F i J), amb CHX (C, G i K) i amb TAM i CHX (D, H i L). La durada d’ambdds
tractaments és de 72 hores. Les imatges (I-L) corresponen a la superposicié de les imatges (A-D) amb les
imatges (E-H) respectivament. El receptor CD26 es localitza a la membrana plasmatica de les cel-lules control i
de les tractades amb CHX, mentre que es troba als lisosomes de les cel-lules tractades amb TAM. L’expressid
del receptor CD26 és molt baixa en les cel-lules tractades amb TAM i CHX, detectant-se principalment als
lisosomes, indicant que el receptor esta sent degradat. La mida de les barres és de 30 um.

A les cel-lules control, el receptor CD26 es localitza principalment a la membrana plasmatica i no es
troba als lisosomes, és per aix0 que no s’observen punts de colocalitzacié entre els receptor CD26 i
Lampl (Figura R17 1). En canvi, a les cel-lules tractades amb TAM durant 24 hores, el receptor CD26

es troba majoritariament localitzat als lisosomes (Figura R17 J). A les cel-lules tractades amb CHX, el
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receptor CD26 es troba expressat a la membrana plasmatica de manera similar a com ho fa a les
cél-lules control, i es localitza també als lisosomes, indicant que es produeix la degradacid basal de la
proteina, pero s’observen menys punts de colocalitzacid que en les cel-lules tractades amb TAM, on
la degradacié es produeix de manera més accelerada (Figura R17 K). Quan es combinen ambdés
tractaments, I'expressio del receptor CD26 detectada és molt baixa, al no sintetitzar-se proteina de
nou, pero la existent es localitza practicament tota als lisosomes, indicant que s’envia a degradar
(Figura R17 L). Aquests resultats confirmen la hipotesi que TAM indueix la degradacié del receptor

CD26 als lisosomes.
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Figura R18. Localitzacio del receptor CD26 (en verd) i de Lamp1 (en vermell) en cél-lules HEC-1-B control (A, E
i 1) i tractades amb: TAM (B, F i J), NH,CI (C, G i K), i TAM + NH,CI (D, H i L). El color groc de les imatges
correspon a la colocalitzacié entre CD26 i Lampl. El receptor CD26 es localitza a la membrana plasmatica de
les cel-lules control i de les cél-lules tractades amb NH,Cl, mentre que es troba majoritariament als lisosomes
en les cél-lules tractades amb TAM. A les cél-lules incubades amb els dos tractaments, CD26 es localitza a la
membrana i en menor part als lisosomes. La mida de les barres és de 20 um.

Per investigar el paper de la degradacié lisosomal, es va inhibir la funcié dels lisosomes amb NH,CI.
Posteriorment es va analitzar la localitzacié de CD26 als lisosomes per immunofluorescéncia en
cél-lules HEC-1-B tractades amb TAM 48 hores i amb NH,Cl 6 hores (de les 42 a les 48 hores). Vam
pensar que si la disminucié de CD26 a la membrana plasmatica induida per TAM és deguda a la

degradacié lisosomal, inhibint aquest procés s’hauria de restablir la presencia de CD26 a la
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membrana. Efectivament, el tractament amb NH,Cl i TAM impedeix que CD26 desaparegui de la

membrana (Figura R18).

A les cel-lules control, el receptor CD26 es localitza principalment a la membrana plasmatica (Figura
R18 I). A les cél-lules tractades amb TAM, la preséncia del receptor CD26 disminueix a la membrana
plasmatica i augmenta als lisosomes (Figura R18 J). A les cél-lules tractades amb NH,Cl, CD26 es troba
localitzat a la membrana plasmatica, de manera similar a les cél-lules control (Figura R18 K). A les
cel-lules tractades amb TAM i NH,CI, el receptor es localitza majoritariament a la membrana
plasmatica tot i que encara s’observen alguns punts de colocalitzacié amb els lisosomes (Figura R18

L). En aquest cas els lisosomes sén menys nombrosos que a les cél-lules control.
R4. TAM INDUEIX LA DEGRADACIO DE CD26 PER LA VIA DE L'ENDOCITOSI

La via per la qual TAM indueix la degradacié de CD26 no es coneix. En aquest treball hem explorat la
via de I'endocitosi com a possible mecanisme a través del qual es produeix aquest fenomen. Per dur
a terme aquest estudi, es van realitzar experiments d’immunofluorescéncia en cel-lules HEC-1-B
tractades amb TAM durant 24 hores i amb MBCD (inhibidor de I'endocitosi) durant 2 hores (de les 22

ales 24 hores).

A les cél-lules control, el receptor CD26 s’expressa principalment a la membrana plasmatica i en
menor part es localitza als lisosomes (Figura R19 C). A les cél-lules tractades 2 hores amb MBCD,
CD26 s’expressa principalment a la membrana plasmatica pero, en aquest cas, hi ha menor quantitat
de lisosomes (Figura R19 F). A les cél-lules tractades amb TAM durant 24 hores, I'expressié del
receptor a la membrana plasmatica es troba disminuida en comparacié amb les cél-lules control, i la
localitzacié als lisosomes és maxima (Figura R19 I). A les cél-lules tractades simultaniament amb
MBCD i TAM, CD26 s’expressa a la membrana plasmatica, de manera similar a la situacié control, i als
lisosomes on la colocalitzacié entre CD26 i Lampl és menor que en les cél-lules control (Figura R19
L). Sembla doncs, que en preséncia de TAM el receptor CD26 és endocitat i es dirigeix als lisosomes,
pero en afegir MBCD el receptor deixa de ser endocitat i resta expressat a la membrana. La proteina
gue detectem als lisosomes sembla ser la proteina endocitada previament a I'addicié de MBCD al
medi. De fet, practicament tota la proteina no expressada a la membrana plasmatica es localitza als

lisosomes.

Aixi doncs, si inhibim I’endocitosi tampoc es produeix la internalitzacié de CD26, indicant que el TAM

indueix la degradacio del receptor CD26 als lisosomes per la via de I’endocitosi.
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Figura R19. Colocalitzacié entre el receptor CD26 (en verd) i Lamp1 (en vermell) en cél-lules HEC-1-B control
(A-C) i tractades amb: MBCD (D-F), TAM (G-1) i MBCD + TAM (J-L). La colocalitzacié entre CD26 i Lamp1 es
mostra en groc. El receptor CD26 s’expressa a la membrana de les cel-lules control i de les cél-lules tractades
amb MBCD, i amb MBCD i TAM. En canvi, s’expressa majoritariament als lisosomes en les cel-lules tractades
amb TAM. A les cél-lules tractades amb MBCD i TAM, I'expressié de CD26 és similar a la de les cel-lules control.
La mida de les barres és de 20 um.
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CAPITOL 4. DISCUSSIO

El CE és el cancer més freqlient del tracte genital femeni. Aprofundir en el coneixement dels
mecanismes patogenics que indueixen carcinogénesi a I'endometri és de gran interes per als
investigadors. Diversos estudis demostren que els estrogens i els SERMS, especialment el TAM, estan
implicats en la carcinogenesi endometrial (revisat per Shang, 2006). Aixi, per exemple, I’'administracid
prolongada de TAM es relaciona amb diverses patologies endometrials, incloses el cancer
d’endometri (revisat per Cohen, 2004) i n‘augmenta el risc (revisat per Smith et al., 2000). No es
coneixen, pero, els mecanismes implicats en aquest fenomen. Aixi doncs, el nostre objectiu ha estat
aclarir si I'expressié de les ecto-nucleotidases es veu afectada pel TAM, i si aquests enzims es
relacionen amb la carcinogenesi endometrial induida pel TAM. En aquest estudi hem inclos també
I'anastrozol, farmac utilitzat en el tractament del cancer de mama el qual a diferéncia del TAM
inhibeix I'aromatasa impedint aixi la sintesi d’estrogens, i I'E, en ser una de les principals hormones

que regulen les funcions endometrials.

Durant la primera part d’aquest estudi, hem caracteritzat mitjancant técniques immunologiques,
moleculars i d’activitat enzimatica in situ les principals ecto-nucleotidases endometrials i altres
proteines del purinoma, en tres linies cel-lulars epitelials d’adenocarcinoma endometrial humanes
(ECC-1, KLE i HEC-1-B) i en cultius primaris de cél-lules de I'estroma procedents d’endometris sense
patologia endometrial. La deteccié de proteines, gens i activitats enzimatiques d’interés a les linies
cel-lulars i els cultius primaris, ens ha permeés validar-los com a models cel-lulars per a I'estudi del
purinoma, i estudiar-hi I'efecte de farmacs (TAM i anastrozol) i d’hormones (E;). Els nostres resultats,
resumits a la Taula D1, mostren diferencies en I'expressié genica i proteica i en I'activitat enzimatica

degudes als efectes del TAM i de I'E,, pero no de I'anastrozol.

A les linies cel-lulars, TAM disminueix I'expressio de les proteines CD26 i ADK i augmenta la de AP i
A;-R, perd no afecta I'expressié de CD73. TAM, a més, modifica la localitzacié de CD26, receptor
expressat a la membrana plasmatica en condicions basals i al citoplasma després del tractament.
Hem observat, també, que augmenta de manera reversible les activitats ATPasica i AP pero, no
afecta I'activitat AMPasica. |, inclUs, incrementa significativament I'expressié dels gens estudiats. En
el cas de CD26, aquest increment coincideix amb un augment en I'expressio de la proteina total, tal
com indiquen els experiments WB i I'analisi de la intensitat de fluorescencia de les imatges. Tot i aixi,
la seva presencia a la membrana es detecta disminuida per citometria de flux com a conseqliéncia de
la internalitzacié del receptor induida per TAM. L'augment en I'expressié del gen AP coincideix amb
un augment en l'expressié de la proteina, mentre que I'increment en I'expressié de CD73 no va

acompanyat d’'un augment de la proteina. L’anastrozol no produeix cap dels efectes observats amb el

144



Resultats - CAPITOL 4

TAM. L'E, no té cap efecte sobre I'expressid proteica de CD26 i CD73, perd augmenta |'expressio de
I’AP i disminueix la del receptor A; d’adenosina. El tractament amb E, disminueix I'expressié d’ADK a
les cel-lules ECC-1, mentre que no en modifica I'expressié a les cel-lules HEC-1-B. Aquestes
diferéncies podrien ser degudes al diferent origen cel-lular de les linies. L'E,, de la mateixa manera
qgue TAM, augmenta I'activitat ATPasica i AP in situ pero, en aquest cas, els efectes son irreversibles
als temps estudiats. L'increment de I'activitat AP estimulada pels estrogens ha estat descrit
anteriorment a cel-lules Ishikawa, procedents de tumors endometrials (Holinka et al., 1986). Amb
I'E,, I'activitat AMPasica es manté elevada després del tractament i demostrem que aquesta és
completament abolida per I'inhibidor a,f-meADP especific de CD73. L'E, no té cap efecte sobre
I'expressié del gen CD26, en canvi, disminueix I'expressié de CD73 i augmenta la d’AP. Tot i la
disminucié del gen CD73, [I'expressid i l'activitat de CD73 no varien, en canvi, I'augment de

I’expressié d’AP coincideix amb I'augment de I'expressié de la proteina i de I’activitat enzimatica.

Expressid proteica TAM Anastrozol E, TAM
CD26 N = = ND
CD73 = = = =
AP 0 = 0 ND
ADK J ND =/d ** =
A-R ™ ND N% =
Activitat
.. TAM Anastrozol E, TAM
enzimatica in situ
ATPasica ™o ND N ND
AMPasica = ND = =
AP ™o ND Ny ND
Expressio génica TAM Anastrozol E, TAM
CD26 0 ND = ND
CD73 T ND J ND
AP 0 ND 0 ND

Taula D1. Efectes del TAM, I'anastrozol i I'E, en I'expressio i I'activitat de les ecto-nucleotidases i altres
proteines del purinoma en linies cel-lulars i cultius primaris. (*) La disminucié de I’expressié va acompanyada
d’un canvi en la localitzacié de la proteina. (**) L’E, no afecta I’expressié d’ADK a les cél-lules HEC-1-B pero la

disminueix a les ECC-1. (1) augment, (r) reversible, (ir) irreversible, (/) disminucié, (=) abséncia d’efecte,
(ND) no determinat.

A les cél-lules de I'estroma, TAM no varia I'expressio de cap de les proteines estudiades ni tampoc
I'activitat AMPasica in situ essent aquesta forca elevada a les cél-lules control fet que dificulta

I’'observacié de les possibles diferencies. Resta per estudiar I'efecte d’aquest farmac sobre I'expressid
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del gen CD73, i completar I'estudi amb I'anastrozol i I'E,. Sera necessari, a més, estudiar els efectes
del TAM, I'anastrozol i I'E, en cultius primaris de cél-lules de I'estroma procedents d’endometris amb

adenocarcinoma Tipus | i Tipus .

Aixi doncs, en el nostre model de cél-lules tumorals d’adenocarcinoma endometrial, TAM modificaria
I’expressié d’alguns elements del purinoma afavorint el manteniment de nivells elevats d’adenosina
extracel-lular. Aquesta hipotesi es representa a la Figura D1. L'acumulacié d’adenosina extracel-lular
afavoreix la proliferacié de les cél-lules tumorals i els hi permet, a més, escapar del control del

sistema immunitari, donant-se aixi les condicions optimes per a la progressié del tumor.

TAMOXIFEN

ATP, ADP, AMP AMP
S, "'

AP Ado Ado ADK

N (o)

A Ado Ado Ado

7 Ao ado
Ado

Ado Ado ADA
CD73 Ado

AMP - Inosina

Figura D1. Model de carcinogénesi endometrial induida pel TAM. L'augment de I'expressié dels enzims AP i
CD73 comporta un augment de la hidrolisi de 'ATP, 'ADP i 'AMP, precursors de I'adenosina, i afavoreix
I"acumulacié d’aquesta a I'espai extracel-lular. A més, la disminucié de I'expressié de CD26 i ADK suposa, d’una
banda, una disminucié de la hidrolisi de I'adenosina, i de I'altre, una disminucié de la fosforilacié d’aquesta per
formar AMP, mantenint elevats, aixi, els nivells d’adenosina extracel-lulars.

Durant la segona part d’aquest treball hem estudiat el mecanisme a través del qual el TAM modifica
la localitzacié del receptor CD26, expressat a la membrana plasmatica en condicions basals i al
lisosomes després del tractament. Aquest efecte induit pel TAM es produeix de manera progressiva i
és reversible, aixi ho indiquen els experiments de reversid, on CD26 es localitza novament a la
membrana plasmatica 24 hores després d’eliminar el tractament. Aquest fenomen ha estat descrit
anteriorment a cel-lules de carcinoma colorectal, on s’ha observat que el tractament amb forscolina
(potent activador de I'activitat adenilat ciclasa) bloqueja I'expressié apical de CD26 i indueix la seva
retencié en vesicules positives per Lampl i amb morfologia autofagica (Baricault et al., 1993). Els
autors, posteriorment, conclouen que aquest fenomen és produeix per una via independent de
'AMP ciclic (Baricault et al., 1995). A més a més, hem comprovat mitjancant experiments
d’'immunofluorescencia, que CD26 no colocalitza amb d’altres organuls cel-lulars com els endosomes

primerencs, els endosomes tardans i els autofagosomes.

146



Resultats - CAPITOL 4

La disminucid de I'expressié de CD26 a la membrana plasmatica no es relaciona, perdo, amb una
disminucié de la quantitat total de proteina ni tampoc dels nivells de mMRNA com demostren els WB i
les PCRs, respectivament. Per examinar aquesta qiestid, hem mesurat la quantitat de CD26 total
present en ceél-lules tractades amb TAM mitjancant la quantificacio de la fluorescéncia de la proteina
en imatges de microscopia confocal. L’analisi dels resultats revela que, efectivament, CD26 esta
augmentat en aquestes cel-lules, explicant aixi, I'increment de proteina total observat per WB. A
més, coincidint amb els efectes del farmac descrits per altres grups, hem detectat un augment de la
guantitat de lisosomes a les cél-lules tractades amb TAM (Tanaka et al., 1997). D’altra banda, els
experiments de colocalitzacié demostren un increment significatiu de la presencia de CD26 als
lisosomes, fet que explica la disminucié de I'expressié a la membrana detectada per citometria de

flux.

Aixi, TAM no només afecta la localitzacié de CD26 sind que n’augmenta I'expressié (genica i proteica)
i la seva presencia als lisosomes. A les cel-lules tractades amb TAM, el fet que el receptor CD26 es
localitzi en grans quantitats als lisosomes (organuls encarregats de degradar proteines) i no a la
membrana tal com ho fa a les ceél-lules control, suggereix que el TAM indueix la degradacié de CD26
en aquestes cél-lules. A més, els experiments d’inhibicié de la sintesi proteica també apunten en
aquesta direccid. Altres evidencies a favor d’aquesta hipotesi provenen d’estudis anteriors els quals
demostren que el TAM i el seu metabolit 4-hidroxitamoxifen promouen la degradacié de proteines

prioniques en linies cel-lulars neuronals (Marzo et al., 2013).

L'elevada expressido de CD26 als lisosomes fa pensar que la degradacid es produeix en aquests
organuls. Per esbrinar si la disminucié dels nivells de CD26 induida pel TAM és deguda a la
degradacié lisosomal, la inhibicié d’aquest procés amb NH,CI hauria de restablir la preséncia de CD26
a la membrana. Efectivament, les cél-lules tractades amb TAM i NH,Cl expressen el receptor CD26 a
la membrana plasmatica tal com ho fan les cel-lules control. D’acord amb aquests resultats, s’ha
demostrat que el TAM indueix la degradacid de proteines als lisosomes (Marzo et al., 2013). Existeix
molta controvérsia, pero, sobre el mecanisme a través del qual es produeix aquest fenomen. Aixi, hi
ha estudis a favor de la via del proteasoma (Kuo et al., 2007) i d’altres a favor de mecanismes

independents de I'autofagia (Marzo et al., 2013).

En aquest treball hem analitzat la via de I'endocitosi com a possible mecanisme a través del qual el
TAM indueix la degradacié del receptor CD26 als lisosomes. Els experiments d’inhibiciéd de
I’endocitosi amb MBCD demostren expressié del receptor CD26 a la membrana plasmatica de les

cél-lules tractades amb TAM i MBCD. El fet que la degradacid del receptor CD26 no sigui possible
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estan bloquejada I'endocitosi, indica que aquest procés esta implicat en la degradacié del receptor

CD26 induida per TAM.

Els nostres estudis demostren, per primera vegada, que TAM disminueix I'expressié del receptor
CD26 a la membrana de cél-lules d’adenocarcinoma endometrial tot induint la degradacié del
receptor als lisosomes per la via de I'endocitosi. Tot i que calen més estudis, tot indica que la pérdua
d’expressio del receptor CD26 induida pel TAM estaria afavorint I'acumulacié d’adenosina a I'espai

extracel-lular i podria influir, aixi, en la carcinogénesi endometrial.
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“Learn from yesterday, live for today, hope for tomorrow.
The important thing is not to stop questioning”

Albert Einstein
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DISCUSSIO

En els darrers anys ha nascut un nou concepte, el purinoma, que engloba tots els elements que
d’una manera o altra intervenen en l'activacid, la conservacié o la terminacié de la senyalitzacio
purinérgica. Formant part d’aquest complex molecular trobem els nucleotids extracel-lulars, com
I'ATP, i els nucleosids que deriven de la seva hidrolisi, com I'adenosina, els seus receptors i
transportadors, i les ecto-nucleotidases, enzims de membrana que controlen la seva concentracio
extracel-lular.

L'ATP i I'adenosina extracel-lulars sén importants molécules senyalitzadores que, a través de
receptors especifics (purinoceptors), tenen un paper rellevant en diverses funcions fisiologiques i
fisiopatologiques de I'aparell reproductor (revisat per Burnstock, 2014).
Per exemple, estudis recents posen de manifest el paper de I'adenosina en la funcid dels
espermatozoides, estimulant-ne la capacitacid i inhibint la reaccié acrosomica espontania (revisat per
Fraser, 2008). Estudis previs del nostre grup mostren expressié de les NTPDases 1, 2 i 3, ecto-
nucleotidases capaces d’hidrolitzar I’ATP i ’ADP fins AMP (Martin-Satué et al., 2009), i de CD73, ecto-
enzim encarregat de degradar 'AMP fins adenosina al sistema reproductor (Martin-Satué et al.,
2010). A més, aquest ultim treball mostra, també, coexpressié de dues ecto-nucleotidases (NTPDasa3
i CD73) a les cel-lules principals de I'epididim, evidenciant la implicacié d’aquests dos enzims en el
control de la composicié del fluid espermatic, i per tant, en la fertilitat masculina. El treball de la
meva tesi ha estat, precisament, continuar aquesta linia de recerca amb I'estudi de les ecto-

nucleotidases a I'aparell reproductor femeni en particular a ’'endometri no patologic i tumoral.

Aixi, el primer objectiu d’aquesta tesi ha estat caracteritzar I’'enzim CD73, com a font principal
d’adenosina extracel-lular, a I'aparell reproductor femeni muri al llarg del cicle estral. La consecucié
d’aquest objectiu ha comportat un important objectiu metodologic previ: la determinacié de les
quatre fases del cicle estral (diestre, proestre, estre i metestre) mitjancant I'analisi citologic
(proporcions relatives de cel-lules epitelials nucleades, cel-lules escamoses i leucocits) de rentats

vaginals i I'analisi morfologic de I'Gter (revisat per Westwood, 2008).

A continuacié, hem estudiat I'expressio i I'activitat de CD73 a I'ovari, I'oviducte i I'Gter de cada una
de les fases, amb la finalitat d’identificar possibles variacions al llarg del cicle. Als ovaris, CD73
s’expressa i és activa als cossos lutis, pero no en d’altres fol-licles ovarics, fet que suggereix una
relacid entre I'expressié de CD73 i I'estadi de desenvolupament dels fol-licles, tal com s’ha descrit per
I’expressid dels receptors de I’ATP del tipus P2X (Bardini, Lee i Burnstock, 2000). Estudis més recents
realitzats en ovaris humans, relacionen els elevats nivells d’adenosina en el fluid fol-licular i la

maduracié dels fol-licles i de 'oocit (Wen et al., 2010). Treballs previs del nostre grup demostren
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expressido de I'NTPDasal als cossos lutis (Martin-Satué et al., 2009), coincidint amb el fet que la
concentracié d’ATP en el fluid extracel-lular dels fol-licles ovarics grans és deu vegades inferior que la

present en els fol-licles ovarics més petits (Park et al., 2003).

Als oviductes, CD73 s’expressa al pol apical de les cel-lules epitelials, on la proteina és també
enzimaticament activa. S’ha descrit que I'ATP estimula la secrecié d’ions per part de les cél-lules
epitelials de I'oviducte, contribuint aixi, a la composicié del fluid (Keating i Quinlan, 2008) que, al seu
torn, influeix en el transport i en la fertilitzacié de I'odcit, aixi com en els estadis primerencs del
desenvolupament de I'embrid. L'expressi6 de NTPDasa3 per part de les cel-lules epitelials de
I'oviducte ha estat previament descrita (Martin-Satué et al., 2009), suggerint una possible
coordinacié d’ambdés enzims, NTPDasa3 i CD73, en el control dels nivells d’ATP i adenosina a I'espai

luminal.

A I'Gter, CD73 s’expressa al miometri, al muscul llis i als vasos sanguinis, i a I'endometri, a I'estroma i
als epitelis luminal i glandular. Aquests epitelis presenten variacions en I'expressio i I'activitat de
CD73 al llarg del cicle estral, sent ambdues maximes a la fase de I'estre, coincidint amb el periode de
maxima receptivitat sexual de la femella i on I'adenosina és clau en el procés de capacitacié dels
espermatozoides. L'estroma de I'endometri, especialment I'area al voltant del lumen, mostra una
elevada expressid i activitat de CD73, fet que no succeeix en d’altres fases. Aquests resultats estan en
la linia de treballs anteriors que demostren canvis en I'expressid i la distribucié de CD73 a I'Gter
durant la fase primerenca de I'embaras (Bucci i Murphy, 1999), coincidint també amb canvis en els

nivells d’adenosina (Blackburn et al., 1992).

Basant-nos en I'expressié de CD73 en el sistema reproductor de ratolins, on tot apunta que aquest
enzim estaria regulat hormonalment, el segon objectiu d’aquesta tesi ha estat caracteritzar
I'expressid i la distribucié de les ecto-nucleotidases a I'endometri huma al llarg del cicle menstrual i

després de la menopausa.

L'expressié i I'activitat de les principals ecto-nucleotidases endometrials han estat estudiades a
endometris humans funcionals (proliferatius i secretors) i atrofics (als epitelis glandular i de
superficie, 'estroma i les arterioles espirals). A continuacid, discutirem detalladament els resultats

obtinguts per cada familia d’enzims.

La familia de les fosfatases alcalines esta formada per enzims ubicus que degraden especificament
una amplia varietat de compostos amb grups fosfats. En rates, s’ha localitzat activitat fosfatasa
alcalina als epitelis luminal i glandular de I'Gter, establint una correlacié entre I'elevada activitat

luminal i el periode de maxima sensibilitat de I'endometri a la implantacié del blastocist (Bansode et
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al., 1998). A més, s’ha demostrat que es produeix un augment local de I'activitat fosfatasa alcalina en
el lloc on ocorre la implantacié del blastocist (Weitlauf, 1994). Aquests enzims, estarien implicats en
la unié del blastocist a I'endometri i en el manteniment de la composicié i el volum de la secrecid
luminal, essent doncs essencials per al desenvolupament de I’embrié (Emadi i Salehnia, 2004). S’han
dut a terme estudis en dones relacionant la fosfatasa alcalina amb la fertilitat, i s’ha vist que hi ha
una regulacié a l'alca del gen PLAP-2, que ha estat proposat com a marcador de la correcte
implantacio de I'embrié després de tractaments de fertilitzacié in vitro (Bersinger et al., 2008). Els
nostres estudis han demostrat expressio i activitat de dos enzims d’aquesta familia, PLAP i TNAP, als
epitelis luminal i glandular de I’endometri huma. Aquests resultats coincideixen amb estudis previs
que demostren expressié de PLAP (Davies et al., 1985) i de TNAP (Sobiesiak et al., 2010) a la part
luminal de les glandules endometrials. El nostre estudi, pero, aporta noves dades al comparar
I'expressié d’aquests enzims al llarg del cicle menstrual i durant la menopausa. Hem detectat canvis
en la distribucié de I'expressié de PLAP i TNAP, ambdds absents a la part luminal de I'endometri
secretor. A més, en aquest endometri, hem detectat una nova localitzacié de TNAP a I'estroma
subjacent al lumen. Aquestes variacions podrien estar relacionades amb els canvis que pateix
I’endometri necessaris per a la implantacié de I'embrid, que té lloc principalment a la part luminal de

I'endometri.

CD73 s’expressa de manera abundant a I'epiteli glandular i a I'estroma. A part del seu rol en la
regulacié de la composicid del fluid uteri mitjangant el control de la secrecié d’ions (Keating i
Quinlan, 2008), se li ha atribuit un paper com a principal enzim encarregat de produir I'adenosina
necessaria per a la capacitacié dels espermatozoides (Monks i Fraser, 1988a; 1988b; Takayama et al.,
2000). A més, proposem que I'adenosina generada per aquest enzim i acumulada a I'estroma, esta
involucrada en la regulacié de la inflamacié ciclica i fisiologica que ocorre a I'endometri funcional
(Mayhbin, Critchley i Jabbour, 2011). Aixi, els nivells d’ATP i adenosina extracel-lulars vindrien regulats

per I'accié seqliencial de CD39 i CD73, ambdds coexpressats a I'estroma.

NTPDasa3 s’expressa als epitelis luminal i glandular. L'NTPDasa3 ja ha estat identificada en d’altres
epitelis secretors d’organs reproductius murins com per exemple I'epididim, la prostata i els
oviductes (Martin-Satué et al., 2009; 2010). Demostrem que I’'NTPDasa3 s’expressa també a cél-lules
musculars de les arteries espirals de I'endometri perd no a cap més vas sanguini i tampoc al
miometri. De fet, és la primera vegada que s'identifica aquest enzim en relacié als vasos sanguinis. La
remodelaciéd de les arteries espirals, exclusives de I'endometri, condicionen I'establiment i el
manteniment d’un embaras normal (Whitley i Cartwright, 2010; Elia, Charalambous i Georgiades,

2011). Encara es coneixen poc, pero, sobre el mecanisme responsable d’aquesta remodelacié i per
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aixo la nostra troballa, que contribueix a la caracteritzacié fenotipica d’aquests vasos, pot ajudar a

comprendre aquest fenomen.

La familia d’enzims NPPs ha estat identificada a cél-lules epitelials en relacié amb el transport d’ions
entre altres funcions (Stefan, Jansen i Bollen, 2006). Els nostres resultats han demostrat expressio de
NPP1 i NPP3 aI'epiteli glandular amb marcades variacions entre els diferents endometris. L’expressio
dels dos enzims sembla complementar-se al llarg del cicle, aixi, quan hi ha menys expressié d’un n’hi
ha més de l'altre. L'expressid d’NPP3 es limita a I'endometri ciclic i només s’ha identificat a
endometris postmenopausics en relacid a casos de metaplasia tubarica. Per aquest motiu NPP3

resulta un biomarcador de gran utilitat per a la identificacié d’aquest tipus d’alteracio.

CD26 ha estat identificada a organs reproductors femenins com la placenta, 'ovari i 'endometri, i
s’ha indicat un possible paper d’aquest receptor en la implantacid del blastocist huma (Shimomura et
al., 2006). El fet que I’ecto-ADA estigui sovint associada amb CD26 ens ha permes incloure I'estudi de
I'expressié6 de CD26 en aquest treball. Demostrem que CD26 esta fortament expressada a
I’endometri secretor i practicament esta absent a I'endometri atrofic, altre vegada, indicant una

possible relacié amb la fertilitat femenina.

Aixi doncs, demostrem que les ecto-nucleotidases s’expressen de manera abundant a I'endometri,
fluctuant significativament al llarg del cicle, i mostrant una expressio diferencial a I’'endometri atrofic.
Aquests resultats indiquen una relacié d’aquests enzims amb la fertilitat femenina i proposem

realitzar estudis amb dones amb problemes de fertilitat d’etiologia desconeguda.

Després de caracteritzar les ecto-nucleotidases a I'endometri no patologic, ens vam plantejar
estudiar les ecto-nucleotidases al cancer d’endometri. Aixi, el tercer objectiu d’aquesta tesi ha estat
localitzar i caracteritzar I'expressid i I'activitat a tumors d’endometri de les ecto-nucleotidases CD39 i
CD73 en ser els principals enzims implicats directament en el control dels nivells d’ATP i adenosina
extracel-lulars en d’altres tipus de tumors. En aquest estudi hem utilitzat mostres d’endometris
humans amb adenocarcinoma endometrial (Tipus | i Tipus Il) i les corresponents mostres

d’endometris normals, sempre que fos possible, amb la finalitat de comparar-les entre elles.

En el tumors, I'adenosina extracel-lular generada principalment per I'accié seqliencial de les ecto-
nucleotidases, té efectes immunosupressors com per exemple la inhibicié de la funcié antitumoral de
les cel-lules T, la modificacié dels nivells locals d’interleuquines, i la inhibicié de la fagocitosi (revisat
per Stagg i Smyth, 2010). A continuacid, discutirem els resultats de I'estudi de I'expressié de les ecto-

nucleotidases CD39 i CD73 a I'endometri huma amb adenocarcinoma endometrial Tipus | i Tipus II.
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Discussio

CD39 es localitza a I'estroma dels endometris no tumorals i tumorals. Tant I'expressié com I’activitat
de CD39 és significativament més alta en els tumors al comparar-les amb les del corresponent
endometri no tumoral. L'expressié és major en els tumors de Tipus Il, coincidint també amb el grau

més alt d’aquests (grau 3 versus grau 1 dels de Tipus I).

CD73 es troba fortament expressada en ambdds tipus de tumors, tant als epitelis com a I'estroma.
Degut a I'’elevada expressio de CD73 en els endometris tumorals i no tumorals, no ha estat possible

comparar-ne els nivells d’expressio.

Aixi, els tumors endometrials presenten elevats nivells de CD39 i CD73 afavorint, d’aquesta manera,
I'acumulacié d’adenosina a I'espai extracel-lular del tumor endometrial. Aquesta elevada
concentracié d’adenosina extracel-lular potenciaria la progressié del tumor permetent a les cél-lules
tumorals escapar del control del sistema immunitari, tal com ha estat proposat anteriorment per
altres tipus de tumors (Blay, White i Hoskin, 1997; revisat per Stagg i Smith, 2010). Els resultats
obtinguts en tumors endometrials afegits a la llarga llista de cancers humans en els que CD39 esta
sobreexpressada, evidencien el potencial terapeutic de CD39 com a diana en la immunoterapia
contra el cancer (revisat per Bastid et al., 2013). Els nostres resultats reforcen la rellevancia de CD73
en els tumors, tal com han evidenciat també altres estudis (revisat per Stagg i Smith, 2010; Forte et

al., 2013).

En aquest treball, a més, hem validat I’Us de les improntes per a I'estudi de les ecto-nucleotidases. Els
resultats de I'immunomarcatge i les activitat in situ obtinguts amb les improntes sén equivalents als
obtinguts amb les seccions histologiques. La utilitat de les improntes per al diagnostic ha estat
demostrada pel cancer de mama, aportant el 100% de sensibilitat i especificitat en I’avaluacié dels
marges de tumors obtinguts durant la cirurgia (Klimberg, Westbrook i Korourian, 1998). A més,
aquesta tecnica ha estat préviament usada per demostrar mitjangant immunomarcatge una
disminucié en I'expressié del receptor de I'ATP P2X; en cél-lules de cancer d’endometri (Li et al.,
2007), i més recentment, la relacidé entre I'expressié de p53 i el grau del tumor (Konstantinos et al.,
2013). De totes maneres, aquest és el primer estudi que ha validat I'Gs de les improntes per als
estudis d’activitat enzimatica, obrint aixi, la possibilitat de realitzar més estudis en mostres

citologiques.

Finalment, el quart i ultim objectiu ha estat estudiar I'efecte de farmacs, com el TAM i I'anastrozol, i

d’hormones com I'E, sobre les ecto-nucleotidases endometrials. Per aix0 hem validat un model
cel-lular estable (les linies cel-lulars epitelials HEC-1-B, KLE i ECC-1 i els cultius primaris de cel-lules de

I’estroma) per a I'estudi del purinoma.
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Aquest estudi s’ha dut a terme mitjancant tecniques immunologiques, moleculars i d’activitat
enzimatica in situ les quals ens han permes estudiar de manera senzilla, quantitativa i reproduible,
els canvis en I'expressio i I'activitat de les ecto-nucleotidases degut a I'efecte dels factors estudiats.
Els nostres resultats demostren un efecte de TAM i de I'E,, perd no de I'anastrozol en I'expressio i

I'activitat enzimatica de les ecto-nucleotidases.

A les cel-lules tumorals d’adenocarcinoma endometrial, TAM augmenta |'expressié d’AP i del
receptor A; d’adenosina, les activitats ATPasica i AP, i I'expressio dels gens CD26, CD73 i AP, mentre
que disminueix I'expressié de CD26 i ADK. L’expressi6 i I'activitat de CD73 es mantenen elevades en
preséncia de TAM. L’anastrozol, no produeix cap dels efectes observats amb el TAM. L'E, augmenta
I'expressidé proteica i genica de I’AP i les activitats ATPasica i AP, en canvi disminueix I'expressié del
receptor A; d’adenosina i del gen CD73. Als cultius primaris de cél-lules de I'estroma, on hem estudiat
I’expressid i I'activitat de CD73 en abséncia i en preséncia de TAM, no ha estat possible I'observacid
de possibles diferéncies degut a I'elevada expressié i activitat de CD73 en ambdues situacions
experimentals. Podem concloure que ambdds models cel-lulars sén utils per a I'estudi de la regulacio

de les ecto-nucleotidases.

TAM, a més, modifica progressivament i de manera reversible la distribucié subcel-lular de CD26, que
passa de la membrana plasmatica als lisosomes on no pot actuar com a receptor de I'ecto-ADA. La
pérdua d’expressid a la membrana no es relaciona amb una disminucié de I'expressié genica i
proteica sind que tant I'expressid génica com la proteina total estan augmentades. El numero de
lisosomes esta augmentat en les cél-lules tractades amb TAM tal com ja havia estat demostrat en les
cél-lules epitelials de les glandules mamaries (Tanaka et al.,, 1997). Aixi, el TAM indueix la
internalitzacié del receptor CD26 per la via de I'endocitosi i la seva degradacio als lisosomes. Aquests
resultats coincideixen amb un treball recent que demostra que el TAM estimula la degradacié de

proteines pridoniques en cultius cel-lulars de neurones (Marzo et al., 2013).

El TAM modificaria I'expressid d’alguns elements del purinoma afavorint el manteniment de nivells
elevats d’adenosina extracel-lular. L'acumulacié d’adenosina extracel-lular afavoreix la proliferacié de
les cel-lules tumorals i els hi permet, a més, escapar del control del sistema immunitari, donant-se
aixi, les condicions optimes per a la progressié del tumor. Suggerim que les ecto-nucleotidases

podrien estar implicades en la carcinogenesi endometrial induida pel TAM.
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Conclusions

CONCLUSIONS

Les principals conclusions extretes d’aquest treball sén:

= (D73, principal enzim responsable de la hidrolisi de I'’AMP, s’expressa i és actiu als ovaris, als
oviductes i a I"Gter. A 'endometri, I'expressido de CD73 varia al llarg del cicle estral, essent
maxima a la fase de I'estre, coincidint amb la maxima receptivitat sexual de la femella i on
I’adenosina és necessaria per a la capacitacid dels espermatozoides.

= Les ecto-nucleotidases endometrials s’expressen als epitelis (glandular i luminal), a I'estroma
i a les arterioles espirals de I'endometri huma de tipus proliferatiu, secretor i atrofic. La seva
expressid fluctua al llarg del cicle menstrual i varia també després de la menopausa,
evidenciant, aixi, la seva regulacié hormonal.

= Els estrogens regulen I'expressio de les ecto-nucleotidases endometrials.

= NPP3 és un nou marcador bioldgic de metaplasia tubaria.

= NTPDasa3 s’expressa de manera selectiva a les arteries espirals de I'endometri, esdevenint
un bon marcador d’aquest tipus d’arteries necessaries per al correcte desenvolupament de la
circulacié uteroplacentaria durant I'embaras.

= (CD39iCD73 s’expressen de forma abundant a I'adenocarcinoma endometrial.

= L'expressi6 de CD39 es troba significativament incrementada en els tumors
d’adenocarcinoma endometrial en comparaci6 amb els corresponents endometris no
tumorals, essent I'expressié major en els tumors d’alt grau.

= L’elevada activitat de CD39 en els tumors comporta l'increment dels nivells d’AMP, substrat
de CD73, també altament expressada als tumors, que al seu torn incrementa els nivells
extracel-lulars d’adenosina immunosupressora.

= Les ecto-nucleotidases CD39 i CD73 sén potencials biomarcadors amb utilitat pronostica i
diagnostica de I'adenocarcinoma endometrial.

= Les linies cel-lulars HEC-1-B i ECC-1 i els cultius primaris de cél-lules de I'estroma sén un
model util per a estudiar la regulacié de I'expressioé de les ecto-nucleotidases endometrials.

= Eltamoxifen afecta I'expressié i I'activitat de les ecto-nucleotidases endometrials.

= El tamoxifen indueix la internalitzacié de CD26 mitjancant I'endocitosi i la seva degradacio als
lisosomes.

= ['anastrozol no té cap efecte en I'expressio de les ecto-nucleotidases endometrials.
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Abstract Extracellular ATP and its hydrolysis product
adenosine modulate various reproductive functions such as
those requiring contraction, steroidogenesis, and mainte-
nance of fluid composition. Interestingly, adenosine might
act as a key capacitative effector for mammalian sperma-
tozoa to acquire the capacity for fertilisation. Extracellular
nucleotide levels are affected by cell surface ectonucleo-
tidases, amongst which the ectonucleoside triphosphate
diphosphohydrolase (E-NTPDase) family regroups the
most abundant and effective enzymes to hydrolyse ATP
and ADP to AMP in physiological conditions. In the male
reproductive tract three members of this family have been
indentified: NTPDasel, NTPDase2 and NTPDase3
(Martin-Satué et al. in Histochem Cell Biol 131:615-628,
2009). The purpose of the present study was to characterize
in the male reproductive tract the expression profile of the
main enzyme responsible for the generation of adenosine
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from AMP, namely the ecto-5'-nucleotidase (CD73). The
enzyme was identified by immunological techniques and
by in situ enzymatic assays, including inhibition experi-
ments with a,-methylene-ADP, a specific CD73 inhibitor.
High levels of ecto-5'-nucleotidase were detected in testes
in association with both germinal and somatic cells, in
smooth muscle cells throughout the tract, in secretory
epithelia from exocrine glands, and remarkably, in princi-
pal cells of epididymis, where co-localization with
NTPDase3 was found. The relevance of this co-expression
on nucleotide hydrolysis in these cells directly involved in
the control of sperm fluid composition was addressed
biochemically. This study suggests close regulation of
extracellular nucleoside and nucleotide levels in the genital
tract by ecto-5'-nucleotidase that, in concurrence with
NTPDases, may impact male fertility.

Keywords Ecto-5"-nucleotidase - CD73 - NTPDase -
ATP - Adenosine - Epididymis - Sperm -
P1 and P2 receptors

Introduction

Extracellular nucleotides (ATP, ADP, UTP and UDP) as
well as the nucleoside derivative adenosine are important
autocrine and paracrine signalling molecules eliciting a
large number of biological effects via receptors collectively
named purinoceptors. Nucleotides act on two major widely
expressed receptor subfamilies: P2X receptors, which are
ligand-gated ions channels, and G-protein-coupled P2Y
receptors (reviewed in Boeynaems et al. 2005; Burnstock
2006). Adenosine triggers signal transduction via four G
protein-coupled receptors denoted A;, A,s, Aog and Aj
(Benarroch 2008; Fredholm et al. 2001).
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Extracellular adenosine plays a variety of roles in male
reproduction. It stimulates anion secretion across vas def-
erens epithelium, influencing luminal environment and thus
playing a role in male fertility (Carlin et al. 2003). It also
exerts control of vas deferens contractions through
regionally differentially expressed adenosine A, receptors
(Diniz et al. 2003). Moreover, adenosine might also act as a
capacitative effector, controlling sperm motility and fer-
tility (Fraser 2008; Minelli et al. 2004; Schuh et al. 2007),
and expression of adenosine receptors has been demon-
strated in mammalian spermatozoa (Minelli et al. 2000,
2008); interestingly, different adenosine receptor subtypes
are active depending on the capacitation state (Adeoya-
Osiguwa and Fraser 2002). Although many cell types
express adenosine transporters, the main source of extra-
cellular adenosine is via the hydrolysis of extracellular
ATP by ectonucleotidases. The fact that ATP also influ-
ences male fertility through activation of differentially
expressed P2 receptors (Banks et al. 2009; Burnstock 2007,
Rodriguez-Miranda et al. 2008; Zhou et al. 2007) makes
the regulation of the concentration of these molecules of
crucial importance.

Activation of purinoceptors is influenced by cell surface
ectonucleotidases, amongst which, members of the ecto-
nucleoside triphosphate diphosphohydrolase (E-NTPDase)
family are dominant, especially the four plasma membrane
bound NTPDases: NTPDasel, NTPDase2, NTPDase3 and
NTPDase8 (Robson et al. 2006; Yegutkin 2008; Zimmer-
mann 2001). These enzymes hydrolyze nucleoside tri-
phosphates and diphosphates to monophosphates, mainly
differing in the hydrolysis rates for nucleoside diphos-
phates. Whereas NTPDasel (CD39) dephosphorylates ATP
and ADP at a similar rate, both NTPDase3 and 8 degrade
ATP with a preference over ADP, and NTPDase2 is effi-
cient at hydrolysing nucleoside triphosphates but ineffi-
cient with diphosphates (Robson et al. 2006). In mammals,
these enzymes are differentially expressed and their loca-
tion and activity in male murine reproductive tract have
been recently described (Martin-Satué et al. 2009). Other
than the expected expression on vascular endothelial and
smooth muscle cells, NTPDasel was also detected in some
somatic cell types in testis and in apical cells of the epi-
didymal epithelium. NTPDase2 was largely expressed by
cells in the connective tissue and NTPDase3 in secretory
epithelia, including those of accessory glands, and
remarkably in epididymis. NTPDase8 was not detected in
any of these tissues. AMP, the final product of NTPDases’
activity might then be hydrolysed to adenosine by ecto-5'-
nucleotidase (CD73), a glycosyl phosphatidylinositol
(GPI)-linked membrane-bound glycoprotein (Colgan et al.
2006; Resta et al. 1993). Previous studies have pointed to
the existence of 5'-nucleotidase activity in mouse sperm
suspensions (Monks and Fraser 1988) although its

@ Springer

expression along the male murine reproductive tract has
not been studied so far.

Due to the relevance of this activity in the generation of
extracellular adenosine, a key modulator of male fertility,
the aim of the present work was to characterize the pres-
ence of an enzymatically active ecto-5'-nucleotidase in the
murine male reproductive tract. Results shown here suggest
that this enzyme, in combination with the previously
identified NTPDases, is of importance in male fertility.

Materials and methods
Animals

This study was carried out in accordance with the guide-
lines of the Institutional Ethical Committee for Experi-
mental Animals. Mature 8- to 10-week-old C57BL/6 male
mice were killed and the tissues biopsied.

Antibodies

Primary antibodies used in this study have been previously
characterized and validated: rabbit polyclonal rNu-9, to rat
CD73 (Koszalka et al. 2004), guinea pig polyclonal mN1-
2. to mouse NTPDasel and guinea pig polyclonal mN3-3.
to mouse NTPDase3 (Martin-Satué et al. 2009), and rat
monoclonal antibody to F4/80 (a macrophage marker;
clone A3-1, Serotec Ltd, Oxford, UK). Secondary anti-
bodies used were: biotin-conjugated goat anti-rabbit, goat
anti-guinea pig (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA, USA), goat anti-rat (Vector Labo-
ratories Inc., Burlington, ON, Canada); horseradish per-
oxidase-conjugated donkey anti-rabbit (Jackson Immuno
Research Laboratories Inc.); Alexa Fluor 488-goat anti-
rabbit; Alexa Fluor 594-goat anti-guinea pig and Alexa
Fluor 594-goat anti-rat (Invitrogen, Burlington, ON,
Canada).

Cell transfection and ectonucleotidase activity assays

COS-7 cells were cultured and transiently transfected with
plasmids expressing either rat ecto-5'-nucleotidase or
NTPDase3, as described previously (Kukulski et al. 2005).
For the ectonucleotidase assay at high ATP concentration
(500 uM), cell lysates equivalent to 24 nmol/min of
ATPase (for NTPDase3) or AMPase (for ecto-5'-nucleo-
tidase) activities, as determined by the Malachite Green
procedure according to Baykov et al. (1988) were used.
The enzymatic reactions were performed at 37°C for
150 min in a Ringer buffer (120 mM NaCl, 5 mM KCl,
2.5 mM CaCl, 2.5 mM MgCl,, 1.2 mM MgSO,, 25 mM
NaHCOs;, 10 mM dextrose, 80 mM Tris—HCI, pH 7.4) and
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the products of ATP hydrolysis were determined by reverse
phase HPLC, as previously described (Kukulski et al.
2005). Controls using protein extracts of untransfected
COS-7 cells as well as extracts of NTPDase3 or ecto-5'-
nucleotidase-transfected cells alone were performed.

For the assay at low ATP concentration (1 pM), cell
lysates were added to obtain an activity (NTPDase3 and
ecto-5'-nucleotidase) that hydrolysed 40% of substrate
(ATP and AMP, respectively) in 5 min of reaction time, as
determined by HPLC. The enzymatic reactions were per-
formed at 37°C for 30 min in the following incubation
medium: modified Krebs buffer (114 mM NaCl, 4.7 mM
KCl, 1.2 mM KH,POy, 1.16 mM MgSO,, 20 mM HEPES,
2.5 mM CaCl,, 2.5 mM MgCl,, 25.5 mM NaHCO;, pH
7.4). Modified Krebs buffer is more suitable than Ringer
buffer for the method employed to estimate the low con-
centrations of adenylated species, as it does not produce
autofluorescence. Briefly, 150-pul aliquots of reaction mix-
ture were collected at different time points and transferred
to an equal volume of ice-cold 5% (v/v) trichloroacetic
acid (TCA) for deproteinization. The samples were cen-
trifuged for 3 min at 10,000g at 4°C and the supernatants
were subjected to TCA and lipids extraction with diethyl
ether (3:1, v/v; 5 times). The resulting samples were sub-
sequently transformed to etheno(e)-derivatives, according
to a modified derivatization protocol by Levitt et al.
(Lazarowski et al. 2004; Levitt et al. 1984). This additional
step allows the determination of about 50-fold lower con-
centration of adenylated species, when using a fluorescent
detector. In a representative derivatization assay, 200-pl
aliquots of the extracted samples were incubated for
60 min at 70°C in the presence of 1 M CICH,CHO and
25 mM Na,HPO, (pH 4.0) in a final volume of 250 pl. The
resulting fluorescent 1, N6-etheno-adenine derivatives (e-
ATP, ¢-ADP, ¢-AMP and ¢-adenosine) were separated by
reverse phase HPLC using the following mobile phases:
25 mM TBA, 100 mM KH,PO4/K,HPO,, pH 7.0 and 10%
methanol (v/v). All experiments were performed in tripli-
cate, with controls in which the cell lysates were added
after the reaction had been stopped. Separation and
detection of ethenylated derivatives were performed with
an automated Waters and Beckman HPLC system equip-
ped with a RF-10Ax; Shimadzu Fluorescence Detector at
an excitation and emission wavelengths of 307 and
410 nm, respectively. Identification and quantification of
the fluorescent adenyl purine derivatives was done by
comparison with the retention times and peak areas of
corresponding ¢-purine standards.

Western blot assays

Protein homogenates from COS-7 cells transfected with rat
ecto-5'-nucleotidase (Koszalka et al. 2004) and tissue

particulate fractions, obtained by further centrifuging the
tissue homogenates at 100,000g for 45 min, were resus-
pended in NuPAGE lithium dodecyl sulfate sample buffer
(Invitrogen, Burlington, ON, Canada). Particulate protein
fraction corresponding to 100 pg of protein homogenates
or 5 pg of protein from lysates of transfected cells, were
added per lane, separated on NuPAGE 4-12% Bis—Tris
gels (Invitrogen, Burlington, ON, Canada) under nonre-
ducing conditions, according to Laemmli (1970), and
transferred to an Immobilon-P membrane (Millipore,
Bedford, MA, USA) by electroblotting according to the
manufacturer’s recommendation. Membranes were then
blocked with 2.5% nonfat milk, 1% BSA in PBS contain-
ing 0.15% Tween®20 (pH 7.4) overnight at 4°C and sub-
sequently probed by incubation with rabbit rNu-9, primary
antibody for 90 min at 25°C. Anti-rabbit secondary
horseradish peroxidase-conjugated antibody was used, and
the membranes developed with the Western Lightning™
Plus-ECL system (PerkinElmer Life and Analytical Sci-
ences, CT, USA).

Sperm suspensions were obtained by extruding the
contents of two cauda epididymides into 100 pl of PBS.
The suspensions were centrifuged 5 min at 700g and the
supernatant and the pellet were loaded separately into a gel.
Also sperm suspensions were homogenized and quantified
and 10 pg were loaded into a gel and run under nonre-
ducing conditions.

Immunohistochemistry, immunofluorescence
and enzyme histochemistry

For histochemical studies, freshly dissected tissues were
embedded in OCT compound (Optimal Cutting Tempera-
ture; Tissue—Tek®, Sakura Finetk, USA) and snap-frozen in
isopentane in dry ice and stored at —80°C until required.
Sections of 6 um were prepared and fixed in 10% phos-
phate-buffered formalin mixed with cold acetone (Fisher
Scientific, Ottawa, ON, Canada). Alternatively, the testes
were excised, fixed with 4% paraformaldehyde and
immersed in sucrose before being included in OCT com-
pound. Sperm suspensions were directly smeared onto a
slide and in situ fixed by flushing with 95% ethanol.
Immunohistochemistry (peroxidase-based activity) and
immunofluorescence experiments were performed as pre-
viously described (Fausther et al. 2007; Martin-Satué et al.
2009). Briefly, tissue sections or sperm smears were
incubated overnight at 4°C with the indicated primary
antibodies and then with the appropriate secondary anti-
bodies. Preimmune sera (for rNu-9,, mN1-2. and mN3-3.
antibodies), and secondary antibodies alone were routinely
included as controls for the immunolabelling experiment.

Localization of ectonucleotidase activities was deter-
mined using the Wachstein/Meisel lead phosphate method
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(Braun et al. 2003). Fixed slices were preincubated for
30 min at RT in 50 mM Tris—maleate buffer, pH 7.4,
containing 2 mM CaCl,, 250 mM sucrose and 2.5 mM
levamisole, as an inhibitor of alkaline phosphatase. Enzy-
matic reaction was performed for 1 h at 37°C in the same
buffer supplemented with 5 mM MnCl,, 2 mM Pb(NO3),,
3% Dextran T-250 and in the presence of 200 uM AMP as
substrate. For control experiments the substrate was omit-
ted. The reaction was revealed by incubation with 1%
(NH4),S (v/v) for exactly 1 min. For CD73 inhibition
experiments, 200 uM o, f-methylene-ADP (o,f-meADP)
was added to both preincubation and enzymatic reaction
buffers.

Samples were counterstained with aqueous haema-
toxylin or DAPI, mounted with Mowiol mounting med-
ium, analysed and photographed under a BXS51
Olympus® or Nikon Eclipse E-800 microscopes. For
confocal experiments, nuclei were stained with To-Pro®-
3 (Invitrogen) and photographed under a Leica TCS-SL
spectral confocal microscope.

Results

Ecto-5'-nucleotidase protein expression by Western
blot

All the tissues analysed expressed ecto-5'-nucleotidase
(Fig. 1) as revealed by the specific 66-kDa band also
detected in CD73-transfected COS-7 cells used as control.
The protein was also detected in sperm suspensions
obtained from cauda epididymides in association with the
soluble fraction but not with spermatozoa, a fact that was
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Fig. 1 Western blot of ecto-5-nucleotidase in membrane fractions
from mouse male tissues. Particulate membrane protein fractions
corresponding to 100 pg of proteins from tissue homogenates, or 5 pg
of proteins from ecto-5'-nucleotidase-transfected COS-7 cell lysates
(Cos/ecto-5'NT), used as a positive control, were added per lane and
the membrane was probed with the antibody rNU-9, against ecto-5'-
nucleotidase. A specific band was detected in all samples analysed
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confirmed by immunofluorescence experiments performed
on isolated spermatozoa (Supplementary Fig. 1).

Ecto-5"-nucleotidase immunolocalization
and enzymatic histochemistry

Testes

Ecto-5'-nucleotidase was immunolocalized in testes, in
association with germinal cells along all stages of sper-
matogenesis, but not in spermatozoa. The protein was also
detected in somatic cells: Sertoli cells, peritubular and
interstitial cells. Immunofluorescence experiments with the
antibody F4/80 for macrophage staining were performed,
demonstrating that both macrophages and Leydig cells
were stained at the interstitial tissue. AMPase activity was
detected in all these cells and was not displayed in the
presence of o,f-methylene-ADP (o,-meADP), a specific
ecto-5'-nucleotidase inhibitor (Fig. 2).

Excurrent ducts

Epididymis Ecto-5'-nucleotidase was detected in smooth
muscle cell layers surrounding the duct and also at the
apical side of cauda epithelium, as a near continuous
labelling lining the lumen, coinciding with the distribu-
tion of epididymal principal cells. AMPase activity
confirmed that the immunodetected protein was enzy-
matically active and the inhibitor o,-meADP markedly
diminished this activity (Fig. 3). Equivalent results were
found in the three regions of epididymis (caput, corpus
and cauda), and although no quantitative analysis was
carried out, cauda consistently displayed the stron-
gest labelling and AMPase activity (Supplementary
Fig. 2).

Immunofluorescence experiments showed co-localiza-
tion of ecto-5'-nucleotidase with NTPDase3 at the epithe-
lium, both enzymes being expressed by principal cells
(shown for cauda in Fig. 4). On the contrary, NTPDasel,
expressed by epididymal apical cells, showed no co-
localization with ecto-5'-nucleotidase. We have already
previously demonstrated this differential localisation for
NTPDasel and NTPDase3. Note the red dotted labelling at
the basal side of epithelia for NTPDase3 labelling that is
not specific, as also previously demonstrated for this
structure using the same antibody (Martin-Satué et al.
2009).

Vas deferens Ecto-5'-nucleotidase was immunodetected
in the thick muscle cell layers surrounding the duct, coin-
ciding with a strong AMPase activity, across the plasma
membrane of smooth muscle cells (Fig. 3). Neither label-
ling nor activity was present in the epithelium, except in
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Fig. 2 Localization of ecto-5'-nucleotidase in mouse testes. Immu-
nolocalization (a, b, e-h) and in situ activity (¢, d) of ecto-5'-
nucleotidase in testes. Ecto-5'-nucleotidase was immunodetected in
both germinal and somatic cells [Sertoli cells, peritubular cells
(asterisk) and interstitial cells (arrows)], as shown in images a and b.
Immunofluorescence experiments (e-h) showed that ecto-5'-nucleo-
tidase-positive cells (green in f and h) at the interstitial tissue are both
Leydig cells (filled arrowheads) and macrophages (open arrow-
heads). DAPI was used for nuclei staining (e) and F4/80 antibody for
interstitial macrophage immunodetection (g). Ecto-5'-nucleotidase
enzyme activity with AMP as a substrate (c¢) is eliminated in the
presence of its specific inhibitor o,f-meADP (d). Scale bar black
25 um and white 10 pm

the epididymal portion of vas deferens (not shown). AM-
Pase activity was barely detectable in the presence of o,f-
meADP.

as deferens
i by

ji
i

ecto-S_’NT
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Fig. 3 Immunolocalization of ecto-5'-nucleotidase and enzyme his-
tochemistry in mouse excurrent ducts. In the epididymis (left column),
ecto-5'-nucleotidase (ecto-5’NT) is immunodetected in the thin
smooth muscle layer surrounding the duct and at the luminal surface
of principal cells from the epithelium. In the vas deferens (right
column), ecto-5'-nucleotidase is immunolocalized at the smooth
muscle of tunica muscularis (fop image). The localization of the
AMPase activity (AMP) mirrors the immunolocalization (middle
images) and the inhibitor «,f-meADP strongly diminishes brown
precipitates (AMP + o, f3-meADP). Insets in the top images corre-
spond to the controls with the preimmune sera, and insets in the
middle images are controls for the enzyme histochemistry performed
in the absence of AMP. Scale bar 50 pm

Accessory glands

Seminal vesicles Ecto-5'-nucleotidase was predominantly
immunolocalized to smooth muscle cells and also at the
luminal side of epithelial cells, coinciding with the locali-
zation of AMPase activity (Fig. 5). Activity was markedly
diminished by o,-meADP.

Prostate  Ecto-5'-nucleotidase was detected in smooth
muscle cells of the prostate parenchyma coinciding with an
intense AMPase activity that strongly diminished in the
presence of o,f-meADP in the reaction buffer. Ecto-5'-
nucleotidase was also immunolocalized at the apical pole
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NTPDase1 NTPDase3

ecto-5'NT

NTPDase

Fig. 4 Double immunofluorescence of ecto-5'-nucleotidase with
either NTPDasel or NTPDase3 in mouse epididymis. Fluorescence
merge images (bottom) show that ecto-5'-nucleotidase (ecto-5'NT;
green) colocalizes with NTPDase3 (red) on the apical side of
epididymal epithelial principal cells (right column), and that it is
expressed on distinct cells than NTPDasel (red; left column). Nuclei
are stained with DAPI (fop images; blue). Red dotted labelling at the
basal side of epithelia for NTPDase3 labelling is not specific, as
previously demonstrated for this structure using the same antibody
(Martin-Satué et al. 2009). Scale bar 50 pm

of epithelial cells lining the lumen of the secretory portion
of the glands, where AMPase activity was sparse, being
completely inhibited by o,-MeADP (Fig. 5).

Bulbourethral glands Ecto-5-nucleotidase was immuno-
detected in cells surrounding the secretory acini, coinciding
with the localization of myoepithelial cells in these glands.
AMPase activity was strongly detected in these cells and
was depleted in the presence of o,i-meADP, again con-
firming that ecto-5'-nucleotidase is the main enzyme
responsible for this activity (Fig. 5).

NTPDase3 and ecto-5"-nucleotidase activities
in presence of different ATP concentrations

From this and our previous work we have demonstrated

that both ecto-5'-nucleotidase and NTPDase3 are expressed
in several epithelia, such as that of epididymis, prostate and

@ Springer

seminal vesicles. We then wanted to address biochemically
the relevance of this co-expression, in terms of rate of ATP
hydrolysis (and AMP generation) by NTPDase3, and
adenosine generation by ecto-5'-nucleotidase. For this
purpose, recombinantly expressed NTPDase3 and ecto-5'-
nucleotidase were combined and incubated in the presence
of different ATP concentrations, and the resulting hydro-
lysis products (ADP, AMP and adenosine) quantified.

At high substrate concentration (500 uM ATP), the final
hydrolysis products in the presence of NTPDase3 and ecto-
5'-nucleotidase were adenosine and AMP. After 10 min of
reaction, more than 50% of ATP was already converted to
ADP (Fig. 6a). Then, as NTPDase3 ATPase activity is
greater than its ADPase activity, ADP level transiently
increased in the medium and remained higher than 200 pM
for about an hour. As ATP, and especially ADP, are potent
inhibitors of ecto-5'-nucleotidase, AMP accumulated line-
arly until ADP concentration was lower than 200 pM and
did not exert a complete inhibition of ecto-5'-nucleotidase.
Only then, the production level of adenosine from ecto-5'-
nucleotidase increased rapidly. This profile of ATP
hydrolysis is different from those obtained for the indi-
vidual protein extracts of NTPDase3- and ecto-5'-nucleo-
tidase-transfected cells. NTPDase3-transfected extracts
rapidly hydrolyzed ATP to AMP without adenosine for-
mation (Kukulski et al. 2005), while insignificant ATPase
activity was detected for ecto-3'-nucleotidase protein
extracts that corresponded to the low intrinsic ATPase
activity of untransfected COS-7 cells (~5% of the activity
of ATPase activity of NTPDase3-transfected cells; data not
shown). Moreover, the protein extracts of neither ecto-5'-
nucleotidase-transfected nor untransfected COS-7 cells
exhibited any detectable ADPase and AMPase activities
(data not shown).

At low substrate concentration (1 uM ATP), ADP
accumulated following ATP hydrolysis, reaching a plateau
after 10 min and then remained constant (Fig. 6b). These
results show that ADP was poorly hydrolysed to AMP,
supplying therefore a low amount of substrate for ecto-5'-
nucleotidase. The little amount of AMP synthesized was
quickly converted to adenosine by ecto-5'-nucleotidase,
and AMP did not accumulate at all. Therefore, under these
conditions (low ATP concentration), the ability of NTP-
Dase3 to hydrolyze ADP and generate AMP appeared as
the rate-limiting factor of adenosine generation.

Discussion

Extracellular ATP and its hydrolysis product adenosine
modulate various reproductive functions. Besides regulat-
ing smooth muscle contraction and anion secretion in
excurrent ducts, adenosine can regulate capacitation in
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Fig. 5 Immunolocalization of

ecto-5-nucleotidase and
enzyme histochemistry in
accessory glands. In the seminal
vesicles (left column), ecto-5'-
nucleotidase (ecto-5'NT) is
immunodetected at the luminal
surface of the epithelium lining
the vesicle lumen and in the
smooth muscle layer (fop
image). A similar labelling was
found in the prostate (middle

ecto-5’'NT

column). In the Cowper’s glands
(right column) ecto-5'-
nucleotidase localizes to
myoepithelial cells. AMPase
activity (AMP) is seen on all the
above ecto-5'-nucleotidase-
positive structures and is clearly
diminished in the presence of
the inhibitor «,-meADP

(AMP + o, ;-meADP). Insets in
top images correspond to the
controls with the preimmune

sera and insets in middle images
are controls for the enzyme
histochemistry in the absence of
AMP. Scale bar 50 pm

AMP +
af-meADP

vitro. The study of its benefits in artificial insemination,
helping spermatozoa maintain fertilizing potential, is of
remarkable interest (reviewed in Fraser 2008). Thus,
modulation of extracellular ATP and adenosine levels
appears crucial in the regulation of male fertility. The
present work shows the precise localization and activity in
the mouse male reproductive system of ecto-5'-nucleotid-
ase, the main enzyme responsible for adenosine generation
from AMP, and demonstrates that it is abundantly and
differentially expressed along the tract. Its presence in
combination with membrane expressed NTPDases, the
enzymes hydrolysing ATP and ADP to AMP, is further
discussed in this section.

The expression of adenosine receptors in testes has been
described (Rivkees 1994), playing a role in regulating germ
cell proliferation (Loir 2001). Ecto-5'-nucleotidase was
abundantly immunodetected in both germinal and somatic
cell types of testes (Fig. 2), pointing to a possible role of
the generated adenosine in spermatogenesis. NTPDasel
and 2 were immunolocalized in Sertoli cells, which are also
able to release ATP that might act in an autocrine manner.
The presence of ecto-5'-nucleotidase in interstitial cells
was detected in both macrophages, which also express

NTPDasel, and Leydig cells. Although the P2 receptor
pattern in mouse Leydig cells (Antonio et al. 2009; Glass
et al. 2001) and extracellular ATP stimulation of testo-
sterone secretion (Foresta et al. 1996) have been well-
defined, adenosine receptors have not yet been identified at
interstitial cells and would be an interesting issue to
address.

Sperm transport and excretion require contraction of the
excurrent ducts, especially the vas deferens, where the
influence of both extracellular ATP and adenosine, acting
through differentially expressed purinergic receptors, is
well documented (Diniz et al. 2003; Queiroz et al. 2003a,
b, Zhou et al. 2007). The high ecto-5'-nucleotidase
expression and activity levels in the smooth muscle layers
shown here, together with the already reported expression
of NTPDasel and 2 (Martin-Satué et al. 2009), point to the
implication of these enzymes in the control of smooth
muscle contraction by the regulation of extracellular ATP
and adenosine levels. Consistent with this, NTPDasel has
recently been demonstrated to regulate smooth muscle cell
contraction in mouse aorta (Kauffenstein et al. 2010).

Moreover, in excurrent ducts, ATP and adenosine
stimulate anion secretion across the epithelium (Carlin
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Fig. 6 ATP hydrolysis profiles in the presence of ecto-5'-nucleotid-
ase and NTPDase3. Hydrolysis products at high (500 uM; panel a)
and low (1 uM; panel b) ATP concentrations were analysed over
time. At high substrate concentration, ATP was converted to AMP
and adenosine (Ado), with a transient accumulation of ADP. At low
substrate concentration, ATP was dephosphorylated to ADP, which
accumulated in the reaction medium. Generated AMP did not
accumulate and was immediately processed to adenosine

et al. 2003; Zhou et al. 2007) and adenosine (P1) and ATP
(P2) receptors have been recently identified in rat epithelial
epididymal cells (Belleannee et al. 2009). The presence of
both NTPDase3 and ecto-5'-nucleotidase in principal epi-
didymal cells suggests that these are the main enzymes
responsible for modulating luminal ATP and adenosine
concentrations, thus greatly influencing fluid composition.
The activity of these enzymes might also, in turn, be
affected by luminal nucleotide concentration, as suggested
by the biochemical experiments shown here (Fig. 6). Thus,
at higher ATP concentration, ecto-5'-nucleotidase was
transiently inhibited due to the rapid hydrolysis of ATP by
NTPDase3 and accumulation of the ADP, a potent CD73
inhibitor, as observed with the concomitant AMP accu-
mulation and slow adenosine production. In epididymis,
the rapid hydrolysis of ATP under these conditions might
be crucial in avoiding unsuitable activation of sperm,
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which is known to occur at ATP concentrations from
50 uM to 5 mM (Foresta et al. 1992). Interestingly, at low
ATP concentration, the most likely physiological condi-
tion, the rate-limiting enzyme appeared to be NTPDase3
that could hardly hydrolyse ADP to the ecto-5'-nucleoti-
dase substrate. Immunolabelling and histochemical data
reported here support the hypothesis that ecto-5'-nucleo-
tidase is the main enzyme responsible for the accumulation
of adenosine in sperm fluid, which would be of importance
for epididymal function in sperm maturation and mainte-
nance of fluid composition.

Previous reports have demonstrated the presence of 5'-
nucleotidase activity in mouse sperm suspensions (Monks
and Fraser 1988). We have not detected ecto-5'-nucleo-
tidase immunoreactivity in spermatozoa either isolated
from cauda epididymides or in tissue slices. However,
western blot analysis revealed the presence of the protein in
the soluble fraction of the sperm (not in isolated sperma-
tozoa), suggesting the presence of the enzyme in its soluble
form. A possible role of the soluble enzyme is to contribute
to adenosine generation that favors capacitation once the
sperm has been ejaculated. Besides this possible source of
adenosine, we have recently characterized the ecto-5'-
nucleotidase activity in murine endometrium and showed
that the enzyme reaches the maximum activity at the estrus
phase of the cycle, when females are sexually receptive.
Thus, it can be inferred that the increase in extracellular
adenosine generated thereby contributes to sperm capaci-
tation (Aliagas et al. 2010).

In accessory glands, ecto-5'-nucleotidase was expressed
in muscle cells, where NTPDasel and 2 were also identified.
Prostate and seminal vesicles also expressed ecto-5'-nucle-
otidase at the luminal side of secretory epithelial cells,
coinciding with the already reported NTPDase3 localization
(Martin-Satué et al. 2009), again suggesting that both
enzymes play a role in the regulation of glandular exocrine
secretion and also contribute to semen composition.

In summary, we have demonstrated by means of dif-
ferent techniques that ecto-5’-nucleotidase protein is highly
expressed and active along the mouse male reproductive
tract. Our results suggest that ecto-5'-nucleotidase is the
main enzyme responsible for the generation of adenosine
from AMP in this system. The presence of ecto-5'-nucle-
otidase in testis suggests a role of the enzyme in sper-
matogenesis and steroidogenesis. Ecto-5"-nucleotidase was
found in combination with NTPDasel and 2 in tissues
involved in functions requiring contraction, such as the
excurrent ducts. It also co-localized with NTPDase3 in
secretory epithelia of accessory glands and epidydimis,
pointing to the relevance of these enzymes in the control of
sperm fluid composition. By regulating ATP and adenosine
levels, this ecto-enzyme, in combination with NTPDases,
would influence male fertility.
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Liver Physiol 300: G608 -G620, 2011. First published January 13,
2011; doi:10.1152/ajpgi.00207.2010.—Extracellular nucleotides
and adenosine are biologically active molecules that bind members of
the P2 and P1 receptor families, respectively. In the digestive system,
these receptors modulate various functions, including salivary, gastric,
and intestinal epithelial secretion and enteric neurotransmission. The
availability of P1 and P2 ligands is modulated by ectonucleotidases,
enzymes that hydrolyze extracellular nucleotides into nucleosides.
Nucleoside triphosphate diphosphohydrolases (NTPDases) and ecto-
5'-nucleotidase are the dominant ectonucleotidases at physiological
pH. While there is some information about the localization of ecto-
5'-nucleotidase and NTPDasel and -2, the distribution of NTPDase3
in the digestive system is unknown. We examined the localization of
these ectonucleotidases, with a focus on NTPDase3, in the gastroin-
testinal tract and salivary glands. NTPDasel, -2, and -3 are respon-
sible for ecto-ATPase activity in these tissues. Semiquantitative RT-
PCR, immunohistochemistry, and in situ enzyme activity revealed the
presence of NTPDase3 in some epithelial cells in serous acini of
salivary glands and mucous acini and duct cells of sublingual salivary
glands, in cells from the stratified esophageal and forestomach epi-
thelia, and in some enteroendocrine cells of the gastric antrum.
Interestingly, NTPDase2 and ecto-5'-nucleotidase are coexpressed
with NTPDase3 in salivary gland cells and stratified epithelia. In the
colon, neurons express NTPDase3 and glial cells express NTPDase2.
Ca?" imaging experiments demonstrate that NTPDases regulate P2
receptor ligand availability in the enteric nervous system. In summary,
the specific localization of NTPDase3 in the digestive system suggests
functional roles of the enzyme, in association with NTPDase2 and
ecto-5'-nucleotidase, in epithelial functions such as secretion and in
enteric neurotransmission.

nucleoside triphosphate diphosphohydrolases; ecto-5'-nucleotidase/
CD73; P2 receptors; enteric nervous system

EXTRACELLULAR NUCLEOTIDES and nucleosides are involved in a
number of biological functions, such as neurotransmission,
platelet aggregation, muscular contraction, and epithelial se-
cretion (9). These functions are mediated by extracellular
nucleotides that are activating members of the P2 receptor
family (ionotropic P2X receptors and metabotropic P2Y recep-
tors) and extracellular adenosine acting on P1 receptors (8).
Membrane-bound enzymes known as ectonucleotidases hydro-

*E. G. Lavoie and B. D. Gulbransen contributed equally to this work.

Address for reprint requests and other correspondence: J. Sévigny, Centre de
Recherche en Rhumatologie et Immunologie, Centre Hospitalier Universitaire
de Québec (CHUQ), 2705 Blvd. Laurier, Rm. T1-49, Québec, QC, Canada
G1V 4G2 (e-mail: Jean.Sevigny @crchul.ulaval.ca).

G608

0193-1857/11 Copyright © 2011 the American Physiological Society

lyze extracellular nucleotides into nucleosides, thereby control-
ling the concentration of P2 and P1 agonists (54). Nucleoside
triphosphate diphosphohydrolase (NTPDase)-1, -2, -3, and -8
are the major ectonucleotidases implicated in the hydrolysis of
tri- and diphosphonucleosides at physiological pH (41). These
plasma membrane-located NTPDases differ slightly in their
catalytic properties. For instance, NTPDasel hydrolyzes ATP
as well as ADP, NTPDase2 acts mostly as an ATPase, and
NTPDase3 and -8 display intermediate hydrolysis profiles (29).
AMP, the final product of NTPDase action, is further hydro-
lyzed to adenosine by ecto-5'-nucleotidase.

In the digestive system, extracellular nucleotides and
nucleosides regulate several functions, including salivary se-
cretion (18, 25, 38), intestinal epithelial secretion (13, 40, 53),
gastrointestinal motility (5), and enteric neurotransmission (7,
22). By controlling P2 and P1 receptor agonist levels, ecto-
nucleotidases such as NTPDases and ecto-5'-nucleotidase act
as regulators of these functions. Indeed, there is evidence that
several cell types express functional ectonucleotidases in the
digestive system. Macrophages of the intestinal submucosa
(39), pancreatic acinar cells, and mucous acini and myoepithe-
lial cells of the submandibular salivary glands (SMG) express
NTPDasel (26). Myoepithelial cells (26) and enteric glia (6)
express NTPDase2, while blood vessels express NTPDasel
and -2 (44) and ecto-5'-nucleotidase (28). Functionally, vas-
cular expression of NTPDasel and ecto-5'-nucleotidase pro-
tects against intestinal ischemia-reperfusion injuries (20, 23).
Chadwick and Frischauf (10) reported the presence of NTPDase3
mRNA in the digestive tract and pancreas, but the cellular
expression of NTPDase3 in the digestive system remains to be
determined. Since some NTPDase-like activity, for example, in
the serous acini of salivary glands (14) and the gastric epithe-
lium (42), cannot be accounted for by the localization of
NTPDasel and -2, we hypothesize that NTPDase3 is respon-
sible for this activity. The aim of the present work was to
localize NTPDase3 in the digestive system. The localization of
NTPDasel and -2 and ecto-5'-nucleotidase was also examined
in the tissues expressing NTPDase3 to obtain a more complete
and detailed localization for the major ectonucleotidases in the
gastrointestinal tract.

MATERIALS AND METHODS

Animals

All experiments were conducted in accordance with the guidelines
of the Canadian Council on Animal Care, and protocols were ap-
proved by the Animal Care Committees of Université Laval and the
University of Calgary and the Institutional Animal Ethics Committee
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of the University of Barcelona. Adult C57BL/6 mice (Charles River,
Pointe-Claire, QC, Canada) were used for all histological studies.
Male albino guinea pigs (225-300 g; Charles River) were used for
Ca?* imaging and immunohistochemistry.

Materials

Levamisole, nucleotides, (NH4)>S, and paraformaldehyde were
purchased from Sigma-Aldrich (Oakville, ON, Canada); aqueous
hematoxylin from Accurate Chemical and Scientific (Westbury, NY);
dextran (200,000-300,000 mol wt) from MP Biomedicals (Solon,
OH); and Mowiol 4-88 from Calbiochem (VWR CANLAB, Missis-
sauga, ON, Canada). Sodium metatungstate (POM1) was purchased
from Tocris Bioscience (Ellisville, MO).

Semiquantitative RT-PCR

Total RNA was isolated from various digestive tract tissues in the
mouse [parotid, SMG, sublingual salivary glands (SLG), esophagus,
stomach, small intestine (duodenum, jejunum, and ileum), and colon]
using TRIzol reagent (Invitrogen, Burlington, ON, Canada). Total
RNA was quantified using the Qubit quantification platform (Invitro-
gen). For removal of any contaminating genomic DNA, a DNasel
(New England Biolabs, Pickering, ON, Canada) digestion step was
performed before the RT reaction on 1 pg of total RNA with the
Superscript III (Invitrogen) using oligo(dT)»¢ as primer, according to
the manufacturer’s instructions. One microliter of the 20-ul RT
reactions was used for the amplification reaction using a Tag DNA
polymerase (New England Biolabs). Primer sequences used for semi-
quantitative RT-PCR experiments are indicated in Table 1.

Antibodies

Unless indicated otherwise, all the primary antibodies used in this
study have been previously characterized and validated: rabbit COF
(15, 24) and guinea pig mN1-2. (36) to mouse NTPDasel; rabbit
mN2-36, (2) to mouse NTPDase2; guinea pig mN3-3. (36) to mouse
NTPDase3; rabbit rN3-3, (48) to rat NTPDase3, which cross-reacts
with guinea pig NTPDase3 (see data presented in this study); and
rabbit INU-9, (28) to rat ecto-5"-nucleotidase, which cross-reacts with
mouse ecto-5'-nucleotidase; as well as commercially available rabbit
anti-aquaporin-5, mouse anti-S100 (Millipore, Temecula, CA), rabbit
anti-protein gene product 9.5 (PGP9.5; Neuromics, Edina, MN), and
rabbit anti-gastrin (catalog no. ab53085, Abcam, Cambridge, UK).
Secondary antibodies were biotinylated goat anti-guinea pig and goat
anti-rabbit, Cy3 donkey anti-guinea pig, and Cy5 donkey anti-rabbit
(Jackson ImmunoResearch Laboratories, West Grove, PA) and Alexa
Fluor 488 goat anti-rabbit and goat anti-mouse and Alexa Fluor 594
goat anti-guinea pig (Invitrogen).

Immunohistochemistry, Immunofluorescence,
and Enzyme Histochemistry

Tissue processing. For immunohistochemistry and enzyme histo-
chemistry, freshly dissected esophagus, stomach, and colon were
embedded in optimal cutting temperature (OCT) freezing medium
(Tissue-Tek, Sakura Finetek, Torrance, CA), snap-frozen in isopen-
tane in dry ice, and stored at —80°C. Sections (6 wm) were prepared

Table 1. Primers used for semiquantitative RT-PCR
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and routinely fixed in 10% phosphate-buffered formalin mixed with
cold acetone (Fisher Scientific, Ottawa, ON, Canada) before further
processing. For staining of salivary glands and stomach, mice were
perfused with 4% paraformaldehyde following standard protocol, then
tissue samples were excised, immersed in sucrose, and included in
OCT freezing medium, sectioned, and processed for staining. Sections
were counterstained with aqueous hematoxylin, mounted in Mowiol
mounting medium, and photographed under a microscope (model
BX51, Olympus) or with the spinning-disk confocal system
(WaveFX, Quorum Technologie). Immunofiluorescence of whole
mounts was imaged on a confocal microscope (FluoView FV1000,
Olympus America, Melville, NY) using a X60 (PlanApo N, 1.42
numerical aperture) oil-immersion lens. Optical sections (1 wm) were
acquired through each field of view.

Enzyme histochemistry. Ectonucleotidase activities in digestive
tissue sections were localized using the Wachstein-Meisel lead phos-
phate precipitation method, as described elsewhere (36). Briefly, fixed
tissue sections were preincubated for 30 min at 25°C in Tris-maleate
buffer (2 mM CaCl,, 250 mM sucrose, 50 mM Tris-maleate, pH 7.4)
supplemented with 2.5 mM levamisole as an alkaline phosphatase
inhibitor. Enzymatic reaction for the hydrolysis of 200 uM or 1 mM
nucleotides was performed for 1 or 2 h at 37°C in the same buffer
supplemented with 5 mM MnCl,, 2 mM Pb(NOs),, and 3% dextran
T250 (wt/vol). For control experiments, substrate was omitted. Reac-
tion products were revealed by incubation of tissue sections with 1%
(NHy)>S (vol/vol) for 1 min.

Immunohistochemistry. Immunohistochemistry (peroxidase-based
activity) experiments were performed as previously described (36).
Briefly, tissue sections were incubated at 4°C for 18 h with the
indicated primary antibodies and then at 25°C for 1 h with the
appropriate biotinylated secondary antibodies. Preimmune sera were
routinely included as controls for the antibodies produced by us.

Double-staining immunofluorescence. Double-staining experiments
were performed as previously described (36). Briefly, tissue sections
were processed for staining of the first antigen as follows: the first
primary antibody was incubated at 4°C for 18 h, then the secondary
antibody was added for 1 h at 25°C. Staining of the second antigen
was performed under similar conditions, except the second primary
antibody was incubated at 25°C for 1.5 h.

Whole-Mount Preparation and Immunohistochemical Labeling

Mice were killed by cervical dislocation [whereas guinea pigs were
anesthetized with halothane (5% in O.; Benson Medical Industries,
Minneapolis, MN)], and the distal colon was removed and placed in
a Sylgard-coated petri dish containing PBS with 3 wM nicardipine.
The colon was opened along the mesenteric border, pinned flat
(mucosa-side-up), and treated with Zamboni’s fixative overnight at
4°C. After extensive rinsing with PBS, the mucosa, submucosa, and
circular muscle were removed by microdissection, leaving only the
myenteric plexus with adherent longitudinal muscle. These longitu-
dinal muscle-myenteric plexus (LMMP) whole-mount preparations
were processed for immunofluorescence as described by Gulbransen
and Sharkey (22).

Primer (5'-3")
Gene Product, bp Forward Reverse
entpdl 190 ACAGCAAGCAGAGACAGCAA TCAGTCCCACAGCAATCAAA
entpd2 132 TTCCTGGGATGTCAGGTCTC GTCTCTGGTGCTTGCCTTTC
entpd3 183 ACCTGTCCCGTGCTTAAATG AGACAGAGTGAAGCCCCTGA
ntSe 128 CAGGAAATCCACCTTCCAAA AACCTTCAGGTAGCCCAGGT
actf3 228 AGCCATGTACGTAGCACTCC CTCTCAGCTGTGGTGGTGAA
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Ca?* Imaging

Ca®* imaging was carried out as described by Gulbransen et al.
(21). Briefly, colons were excised from male albino guinea pigs, and
LMMP whole-mount preparations were dissected in ice-cold oxygen-
ated physiological saline solution consisting of (in mM) 135 NaCl, 5
KCl, 2.5 CaCl,, 1.2 MgCl,, 10 glucose, 10 HEPES, 5 sodium
bicarbonate, and 1 sodium pyruvate. LMMPs were enzymatically
treated [mixture of collagenase type II (Invitrogen) and dispase II
(Roche, Laval, QC, Canada)] for 15 min at room temperature, rinsed,
and loaded with 4 uM fluo 4-AM (Invitrogen) in a dark, oxygenated
environment at 37°C for 45 min. Then LMMPs were rinsed and left
at room temperature for 20 min to allow for fluo 4-AM deesterifica-
tion before imaging.

Images were acquired at 2 Hz through the X20 water-immersion
objective (UMPIlanFl, 0.5 numerical aperture) of an upright motorized
fixed-stage microscope (model BX61WI, Olympus) using Imaging
Workbench 6 software (INDEC BioSystems, Santa Clara, CA) and a
charge-coupled device digital camera (ORCA-ER, Hamamatsu Pho-
tonics, Hamamatsu City, Japan). LMMPs were maintained at ~34°C,
and stimuli were applied using a gravity-flow perfusion system
(Automate Scientific, Berkeley, CA) at a rate of ~2-3 ml/min.

The change in fluorescence over time was calculated as described
by Gulbransen et al. (21), and traces [generated using Prism 4
(Graphpad Software)] represent means = SE of all glial regions of
interest within a myenteric ganglion. Statistical differences were
determined by ANOVA; P < 0.05 was considered significant.

RESULTS

We first evaluated NTPDase distribution in the digestive
system using semiquantitative RT-PCR on mouse digestive
tissues to assess the expression of NTPDasel, -2, and -3 and
ecto-5'-nucleotidase. All mouse tissues tested were found to
express mRNA for these enzymes with variable levels of
expression (Fig. 1). Higher levels of NTPDase3 mRNA were
detected in the salivary glands, esophagus, and colon than in
the stomach and small intestine, whereas ecto-5’-nucleotidase
expression was higher in the gastrointestinal tract than in
salivary glands.
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Fig. 1. Distribution of mouse nucleoside triphosphate diphosphohydrolase
(NTPDase)-1, -2, and -3 and ecto-5'-nucleotidase mRNA by semiquantitative
RT-PCR in the gastrointestinal tract and salivary glands. PCR products of
NTPDasel (entpdl), -2 (entpd2), and -3 (entpd3) and ecto-5'-nucleotidase
(nt5e), obtained after amplification of total RNA with specific primers (see
Table 1), were electrophoresed on a 2% agarose gel, stained with ethidium
bromide, and photographed under UV light. B-Actin (ACTpB) is shown as
control. Arrows indicate 200-bp band of the ladder.

NTPDase3 LOCALIZATION IN THE DIGESTIVE SYSTEM

Next, we used immunolabeling to analyze NTPDase3 pro-
tein expression in salivary glands and the digestive tract.
NTPDasel and -2 and ecto-5'-nucleotidase expression were
also analyzed on NTPDase3-expressing structures and cells.
NTPDase8 expression was not analyzed because of the un-
availability of specific antibodies against the mouse isoform.

Salivary Glands

ATPase activity, as determined by enzyme histochemistry,
was localized at the periphery of the acini, coinciding with the
localization of connective tissue. Serous acinar cells of parotid
glands and SMG, as well as mucous acinar cells of SLG, also
displayed ATPase activity (Fig. 2, ATP). The combined im-
munohistochemical localization of NTPDasel, -2, and -3
largely correlated with ATPase activity. NTPDase3 protein
was found to localize in serous acini of the parotid and SMG,
as well as in mucous acini of the SLG (Fig. 2, NTPDase3).
Interestingly, NTPDase3-expressing acinar cells in all salivary
glands were immunoreactive for NTPDase2 and ecto-5'-nucle-
otidase. NTPDase3 and ecto-5'-nucleotidase were also coex-
pressed in sublingual duct epithelial cells (Fig. 2, NTPDase3
and ecto-5'-NT). Nevertheless, ATPase activity in these cells
was barely detectable. NTPDase2 immunoreactivity was also
located in the myoepithelial cells surrounding the acini and at
the blood vessel periphery, as reported by Kittel et al. (26).
NTPDasel localization corresponded to the ATPase activity
unaccounted for by the expression of NTPDase2 and -3,
whereas ecto-5'-nucleotidase localization corresponded to the
AMPase activity (data not shown).

To confirm the NTPDase3 localization observed by immu-
nohistochemistry and verify the plasma membrane subcellular
localization of this enzyme in salivary gland acini, double-
immunofluorescence staining was performed with an antibody
to aquaporin-5, a plasma membrane marker of serous acinar
cells of the parotid gland and SMG, as well as mucous acinar
cells of the SLG (27). As shown in Fig. 3, the basolateral and
apical regions of the plasma membrane expressing aquaporin-5
were immunoreactive for NTPDase3.

Esophageal and Gastric Epithelia

Immunoreactivity for NTPDase3 was located in the mucosal
squamous stratified epithelium of the esophagus and forestom-
ach (Fig. 4, NTPDase3). While all cell layers of the esophagus
express NTPDase3, NTPDase3 localization in the forestomach
was limited to the basal cell layer. NTPDase2 was expressed
along with NTPDase3 in esophageal and forestomach epithe-
lia, in keeping with the ATPase activity data (Fig. 4, ATP).
Interestingly, ecto-5'-nucleotidase was also expressed in these
epithelia, but with some distinctions. In the esophagus, ecto-
5'-nucleotidase was seen in the epithelial cells expressing
NTPDase3 and -2, with slightly more staining in differentiated
cells than in basal cells (Fig. 44, ecto-5'-NT). In the forestom-
ach, there was a clear distinction between the expression of
ecto-5'-nucleotidase and the expression of either of the two
NTPDases, as the ecto-5'-nucleotidase was clearly located in
the upper differentiated epithelial cells (Fig. 4B, ecto-5'-NT).
AMPase activity correlated with the immunolocalization of
ecto-5'-nucleotidase (Fig. 4, AMP). In addition, immunoreac-
tivity for NTPDase2 and -3 and ecto-5'-nucleotidase was also
detected in the apical epithelial layer in contact with the lumen
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Fig. 2. NTPDase3 is expressed with NTPDase2 and ecto-5'-nucleotidase (ecto-5'-NT) in mouse salivary glands. Enzyme histochemistry and immunohisto-
chemical assays performed on serial tissue sections of parotid and submandibular and sublingual salivary glands (SMG and SLG) show ATPase activity and
ectonucleotidase immunoreactivity. ATPase activity [ATP (200 uM)] is detected in serous acinar cells of parotid glands and SMG, as well as in mucous acini
of SLG; connective tissues also display ATPase activity. Serous acini of parotid, SMG, and mucous acini of SLG display NTPDase3 immunoreactivity.
NTPDase2 and ecto-5"-nucleotidase are expressed with NTPDase3 on acini. NTPDase3 and ecto-5'-NT are detected in duct cells of the SLG, where no ATPase
activity is detected. Arrows indicate positively labeled plasma membranes of acini; arrowheads indicate positive duct cells. Nuclei were counterstained with
aqueous hematoxylin. Insets correspond to control without substrate and preimmune serum staining, respectively. Scale bar, 20 pm.

of the esophagus (Fig. 4A); however, neither ATPase nor
AMPase activity could be detected in that structure (Fig. 4A,
ATP and AMP).

NTPDase3 immunoreactivity was also present in the glan-
dular portion of the mouse gastric epithelia (Fig. 5A). This
staining was limited to a specific cell type in the antral region
of the stomach that was similar in abundance and distribution
to enteroendocrine cells. As gastrin-secreting G cells are the
major enteroendocrine cell type in that region of the stomach,
a double-immunofluorescence assay for NTPDase3 and gastrin
expression was performed. The data presented in Fig. 5B show
that some gastrin-expressing cells were NTPDase3-positive.
However, not all NTPDase3-expressing cells were positive for
gastrin (data not shown), suggesting that other types of en-
teroendocrine cells express NTPDase3. Lack of somatostatin
immunoreactivity would thereby appear to exclude D cells
(data not shown). In the lamina propria, in addition to nerve
terminals expressing NTPDase3, other cell types, such as blood
vessels and immune cells, exhibit ATPase activity, which
corresponds to the immunolocalization of NTPDasel and -2

(data not shown). Some enteroendocrine gastric cells, as well
as the luminal side of the gastric pits, expressed ecto-5'-
nucleotidase, as determined by immunohistochemistry and
AMPase activity (Fig. 5A).

Enteric Nervous System

The enteric nervous system innervates the digestive tract
from the esophagus to the anal sphincter. Enzyme histochem-
istry and immunohistochemistry experiments performed on
serial sections of the mouse gastrointestinal tract showed
ATPase activity throughout the entire length of the enteric
nervous system. Representative histochemical images of
ATPase activity in mouse stomach and colon are shown in
Fig. 6, A and B, respectively. In addition to the nervous
structures, smooth muscle cells and blood vessels also exhib-
ited ATPase activity. NTPDase3 and -2 were coexpressed
within the myenteric and submucosal plexuses, as well as in
the nerve terminals of the smooth muscle layer and mucosa
(Fig. 6). AMPase activity and ecto-5'-nucleotidase immunore-
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NTPDase3

Fig. 3. Confocal analysis of NTPDase3 and
aquaporin-5 (AQP-5) double staining in
mouse salivary glands. Aquaporin-5 (green) is
a plasma membrane marker of serous acinar
cells of parotid glands and SMG as well as of
mucous acini of SLG. NTPDase3 (red) is
present, together with aquaporin-5 (overlay)
in apical and basolateral membranes of these
cells. NTPDase3 is also expressed in duct
cells of the SLG (). Insets correspond to
preimmune serum. Scale bar, 20 pm.

activity were not detected in enteric nervous structures (data
not shown). ATPase activity unaccounted for by the detection
of NTPDase2 and -3 coincided with the immunolocalization
of NTPDasel (data not shown). Immunohistochemistry on
tissue sections demonstrated that NTPDase3 is expressed
within the enteric nervous system. However, tissue sections
did not allow identification of the cellular constituents of the
enteric nervous system expressing NTPDase3. Therefore,
we stained whole-mount preparations of mouse colonic
myenteric plexus to determine the cellular localization of
NTPDase3. Myenteric ganglia were highly immunoreactive
for NTPDase3, which outlined the cellular constituents of
the myenteric plexus, namely, the enteric neurons and glia
(Fig. 7A). NTPDase3 immunoreactivity was primarily local-
ized to the membranes of PGP9.5-immunoreactive enteric
neurons, with punctate NTPDase3 staining throughout the
cytoplasm in the vast majority (989 of 1,000) of enteric
neurons (Fig. 7A). Given the close proximity of enteric
neurons and glia, we could not completely rule out the
possibility that enteric glia also express NTPDase3, but we
found a lack of NTPDase3 staining in the cytoplasm of
enteric glia. Intense NTPDase2 immunoreactivity was also pre-
sent in the myenteric plexus. Dual labeling with NTPDase2 and
-3 demonstrated that NTPDase3 is primarily expressed by
enteric neurons, while enteric glia mainly express NTPDase2
(Fig. 7B).

NTPDase3 LOCALIZATION IN THE DIGESTIVE SYSTEM

AQP-5

overlay

Functional NTPDases Within the Enteric Nervous System

To determine whether NTPDases expressed within the my-
enteric plexus are functionally involved in controlling the
availability of P2 receptor agonists, we inhibited NTPDase
activity with POM1 (50 uM) and used Ca>* imaging to assay
the activation of P2 receptors in enteric glial cells. We chose to
perform Ca?* imaging experiments in the guinea pig because
of the ease of dissection, its well-characterized enteric physi-
ology, and our previous experience with P2 receptor activation
imaging in guinea pig enteric glial cells in the colon (21).
Before proceeding with such experiments, we used specific
markers for enteric glia (S100) and neurons to verify the
immunohistochemical localization of NTPDase2 and -3 in the
guinea pig myenteric plexus (PGP9.5; Fig. 8). In agreement
with our findings in the mouse (cf. Fig. 7), we found that
guinea pig myenteric glia express NTPDase2, whereas myen-
teric neurons express NTPDase3. Furthermore, additional ex-
periments showed that the cellular localization of NTPDase2
and -3 in the guinea pig submucosal plexus is similar to the
NTPDase?2 and -3 localization in the myenteric plexus (data not
shown).

Having confirmed that NTPDase2 and -3 are the primary
ecto-ATPases expressed within the myenteric plexus, we tested
the ability of ATP to activate P2 receptors in enteric glia under
control conditions or upon the attenuation of NTPDase activity
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Fig. 4. NTPDase3 is coexpressed with NTPDase2
and ecto-5'-nucleotidase in esophagus (A) and
forestomach (B). Sections of mouse esophagus
and forestomach show NTPDase3 immunoreac-
tivity in epithelial cells. In esophagus, NTPDase3
staining is detected in all cell layers; in fores-
tomach, NTPDase3 immunoreactivity is exclu-
sively detected in basal cell layer. Immunoreac-
tivity for NTPDase2 and -3 is confined to cells
within the same epithelial layer, and these cells
display ATPase activity (ATP, 1 mM). Ecto-5'-
nucleotidase expression is localized to a differ-
ent cell layer in both tissues. AMPase activity

(AMP, 200 pM) correlates with ecto-5'-
nucleotidase staining. In addition, NTPDase3
and -2 and ecto-5'-nucleotidase immunoreactiv-
ity are observed in the apical surface in contact
with the lumen of the esophagus. Nuclei were
counterstained with aqueous hematoxylin. In-
sets correspond to control without substrate and
preimmune serum staining, respectively. Scale
bar, 20 pm.

using POM1 (50 wM; Fig. 9) as an inhibitor. Under both
conditions, a 30-s application of 100 wM ATP elicited a robust
increase in free cytosolic Ca®" in enteric glial cells (Fig. 9A).
Under control conditions, glial Ca®>* levels typically returned
to baseline within 60 s. However, upon NTPDase inhibition,
glial Ca®" responses were significantly extended and persisted
beyond 60 s (Fig. 9, A and B). To quantitate the lengthening of
response, we analyzed the area under the curve (AUC) of
sequential responses to 100 wuM ATP and found that the mean
glial Ca®" response to ATP was significantly larger in the
presence of an NTPDase inhibitor [AUC(AF/F)s, where F is
fluorescence and s is time in seconds]: for the first ATP
response, AUC = 39 = 5 for control and 108 *= 18 for
POM 1 -treated cells (P < 0.001); for the second ATP response,

AUC = 30 = 6 for control and 84 = 13 for POM1-treated cells
(P < 0.01); for the third ATP response, AUC = 21 = 3 for
control and 71 = 10 for POM1-treated cells (P < 0.01); for the
fourth ATP response, AUC = 25 = 8 for control and 56 * 11
for POM1-treated cells [P > 0.05 (n = 6 ganglia for each
group), as determined by ANOVA], suggesting that NTPDases
limit the bioavailability of P2 ligands in the enteric nervous
system (Fig. 9C).

DISCUSSION

In this work, we used immunolabeling and in situ enzymatic
assays to present a detailed analysis of the expression and
specific localization of NTPDase3 along the digestive system.
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Fig. 5. Ectonucleotidase localization in enteroendocrine cells of mouse stom-
ach. A: NTPDase3 and ecto-5'-nucleotidase immunoreactivity in enteroendo-
crine cells of mouse stomach. Serial sections of perfused mouse stomach
demonstrate ATPase activity, as well as NTPDase3 and ecto-5'-nucleotidase
immunoreactivities, in antral glandular mucosa. ATPase activity [ATP (200
rM)] is localized to lamina propria, blood vessels, nerves, and epithelial cells.
Arrows indicate enteroendocrine cells, which present a higher ATPase activity
than other epithelial cells. NTPDase3 and ecto-5'-nucleotidase immunoreac-
tivity reveal that few enteroendocrine cells in the antrum region express these
enzymes (arrows). Ecto-5'-nucleotidase immunoreactivity is observed in the
apical membrane in the gastric pits (arrowheads). AMPase activity [AMP (200
wM)] corroborated ecto-5'-nucleotidase localization. Nuclei were counter-
stained with aqueous hematoxylin. Insets correspond to controls without
substrate and preimmune serum staining, respectively. Scale bar, 20 pm.
B: confocal images of a stomach gland showing a cell coexpressing gastrin
(green) and NTPDase3 (red) at the apical pole (arrows). DIC, differential
interference contrast image. Scale bar, 10 wm.

NTPDase3 LOCALIZATION IN THE DIGESTIVE SYSTEM

We demonstrate that enteric neurons and certain epithelial cells
indeed express NTPDase3. More specifically, NTPDase3 im-
munoreactivity was detected in the epithelia of salivary glands,
i.e., in serous acini of the parotid glands and SMG and in
mucous acini and ducts of the SLG. In addition, epithelial cells
of the esophagus and forestomach and some enteroendocrine
cells of the gastric antrum express NTPDase3. We also report
the localization of NTPDase2 and ecto-5'-nucleotidase in
NTPDase3-expressing structures. Our NTPDasel staining con-
firms its localization as reported in blood vessels (44), in
immune cells of the gastrointestinal lamina propria (39), and in
SMG mucous acini and myoepithelial cells (26). As no
NTPDasel immunoreactivity was detected in NTPDase3-ex-
pressing cells, no NTPDasel staining was shown in the present
work. Nevertheless, it is noteworthy that the residual ATPase
activity that cannot be attributed to NTPDase2 or -3 coincides
with the immunolocalization of NTPDasel (data not shown),
suggesting that NTPDasel, -2, and -3 are together responsible
for the major part of membrane-located ATPase activity de-
tected in the tissues analyzed here. Interestingly, on the basis of
previous observations (30; unpublished data), the ADPase,
UTPase, and UDPase activities of NTPDase3 were consis-
tently detected in the same cells in which ATPase activity was
detected, in agreement with the known biochemical properties
of NTPDase3 (29, 31). The ability to hydrolyze all these
nucleotides (i.e., ATP, ADP, UTP, and UDP) is obviously an
important action of NTPDase3, as there are various P2Y
receptors that respond to these ligands, which play important
functions in the digestive tract.

The NTPDase3-immunoreactive cells in the digestive sys-
tem were of the same types as those previously reported in
other systems. NTPDase3 was located in a subclass of neurons
in the rat brain (3) and in epithelial cells of the human
pulmonary (17) and murine reproductive systems (36). In the
reproductive system, NTPDase3 expression is limited to epi-
thelial cells of the seminal vesicle, epididymis (principal cells),
oviduct, and secretory epithelia of the prostate and Cowper’s
gland (36). NTPDase3 is also expressed in the islets of Lang-
erhans and appears to modulate endocrine pancreatic secretion
(30). The coexpression of NTPDase3 with NTPDase2 in the
epithelia lining the salivary gland, esophagus, and forestomach
is a rather singular observation, since examples of cells ex-
pressing multiple NTPDases are rare. Two such cell types are
Leydig cells (36) and myoepithelial cells of the SMG (26),
where NTPDasel and -2 expression was reported. Coexpres-
sion of NTPDases in the same cells raises the possibility of
physical-functional interactions between different NTPDases
at the cell surface. Indeed, since NTPDases form oligomers
(16, 19, 49), NTPDase2 and -3 might conceivably het-
erodimerize in the epithelial cells mentioned above. Further
studies are necessary to address this point.

Salivary Glands

ATPase, ADPase, and AMPase activities were first reported
in rat parotid acinar cells by Dowd et al. (14), but the enzymes
involved were not determined. The present immunohistochem-
ical data show the expression of two NTPDases, namely,
NTPDase3 and -2, as well as of the ecto-5'-nucleotidase, in
mouse parotid acini, and these enzymes are likely responsible
for the activity described in the rat by Dowd et al.
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Fig. 6. Expression of NTPDase2 and -3 in
mouse enteric nervous system. A: serial sec-
tions of mouse stomach ATPase activity and
NTPDase immunoreactivity. ATPase activity
was detected in smooth muscle layers and in
myenteric plexus, as well as in blood vessels
and connective tissue of mucosa and submu-
cosa. NTPDase3 is coexpressed with NTPDase2
in myenteric plexus and nerve terminals in
the smooth muscle layer. NTPDase2 is local-
ized to connective tissue areas of the submu-
cosa. *, Myenteric plexus; arrows, nerve ter-
minals of a smooth muscle layer. Nuclei were
counterstained with aqueous hematoxylin.

Insets correspond to control without substrate
and preimmune serum staining, respectively.
Scale bar, 25 wm. B: serial transverse sec-
tions of mouse colon. ATPase activity is
localized in enteric nervous system and in
muscle layers, as well as in blood vessels and
connective tissues of the lamina propria.
NTPDase3 immunoreactivity is detected in
myenteric and submucosal plexus, as well as
in nerve terminals of the muscle layers and
mucosa. NTPDase2 is expressed in enteric
nervous structures similar to those noted for
NTPDase3. NTPDase2 is localized to con-

nective tissue areas of the submucosa and the
mucosa. *, Myenteric plexus; filled arrow-
heads, submucosal plexus; arrows, terminals
in the smooth muscle layer; open arrow-
heads, nerve terminals in the mucosa. Nuclei
were counterstained with aqueous hematox-
ylin. Insets correspond to controls without
substrate and preimmune serum staining, re-
spectively. Scale bar, 25 pm.

A major role of NTPDases is the control of P2 receptor
activation. Acinar or duct epithelial salivary gland cells express
numerous P2 receptors, including P2X4 (46), P2X7 (33), P2Y;
(1), and P2Y, (47). P2X7 receptors have been the most
extensively characterized and play a role in saliva secretion by
acinar cells (38). Lévesque et al. (34) demonstrated that
NTPDasel can modulate macrophage P2X7 function. Simi-
larly, NTPDase3 and -2 may be involved in the modulation of
P2X7 receptor activation on serous acinar cells. NTPDasel
expressed by pancreatic acini is released within the pancreatic
juice (45). This may also occur in salivary glands as saliva, and
pancreatic secretions are similar processes. The results of
Ishibashi et al. (25) support this hypothesis by demonstrating
that the amount of ATP collected from rat SMG ducts follow-
ing pilocarpine stimulation is underestimated because of its
hydrolysis.

In agreement with previous findings, aquaporin-5 was local-
ized to the apical regions of parotid, submandibular, and
sublingual acinar epithelia (27). In addition, we detected ba-
solateral aquaporin-5 expression (cf. Fig. 3). C57BL/6 mice
were used in the present study, while Konttinen et al. (27)
performed localization on Balb/C mice. It is possible that strain
variations account for the differential subcellular localization.

The physiological significance of aquaporin-5 coexpression with
the ectonucleotidases NTPDase3 and -2 and ecto-5'-nucleotidase
is unknown, but since P2 receptor activation regulates aquaporin
expression, ectonucleotidases may indirectly participate in this
regulation (32, 51). Acinar P2 receptors are presumably regulated
by NTPDases, which may, in turn, modulate aquaporin-5 expres-
sion in salivary gland acinar cells.

NTPDase3 expression in SLG epithelial duct cells did not
correlate with enzymatic activity, as no ATPase activity was
detected in SLG duct cells under our experimental conditions.
Another ATP diphosphohydrolase has been immunolocalized
in pig parotid duct cells (43). Unfortunately, the identity of this
protein could not be clearly established, as the antibody used in
that study recognized the fourth apyrase-conserved region of
porcine NTPDasel. Therefore, any of the seven other members
of the E-NTPDase family could have contributed to the ob-
served immunoreactivity. The relevance of duct NTPDase
expression needs to be further explored.

Esophagus and Forestomach

The esophageal epithelium expresses NTPDase2 and -3 and
ecto-5'-nucleotidase, an expression profile that could lead to an
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PGP9.5 overlay
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Fig. 7. NTPDase3 immunoreactivity in mouse myenteric neurons. Single optical sections of myenteric ganglia from the distal colon of a transgenic mouse,
where green fluorescent protein (GFP) expression is driven by the S100 promoter (S100-GFP), making all glial cells green. A: intense NTPDase3
immunoreactivity (red) outlines S100-GFP-positive enteric glial cells (green) and protein gene product 9.5 (PGP9.5)-immunoreactive enteric neurons
(blue). Punctate NTPDase3 immunoreactivity is also present in the cytoplasm of neurons (). B: NTPDase3 immunoreactivity (red) is primarily localized
to neurons, while NTPDase2 immunoreactivity (blue) is mainly glial (green). *, Punctate NTPDase3 immunoreactivity in neuronal cytoplasm. Scale bars,

20 pm.

in vivo accumulation of adenosine in this region. NTPDase3
and -2 expression are more pronounced in the cells in the
vicinity of the basal portion of these stratified epithelia, while
ecto-5'-nucleotidase is mainly localized in the luminal section
of the epithelia. This segmented expression is more pro-
nounced in the forestomach epithelium, where no NTPDase
immunoreactivity was detected in the luminal portion, and no
ecto-5'-nucleotidase was present in the basal region. Extracel-
lular ATP regulates the ciliary beat frequency of human nasal
epithelial cells (37) and frog esophagus epithelial cells (35, 50).
As NTPDase2 and -3 and ecto-5'-nucleotidase regulate the
availability of extracellular ATP (and adenosine), the expres-
sion of these enzymes in the mouse esophagus could regulate
ciliary beat frequency.

Enteroendocrine Cells

NTPDase3 is expressed by dispersed enteroendocrine
cells of the gastric glandular epithelium. These cells are
located in the antral region of the stomach, near the pylorus.
Our experiments suggest that a subpopulation of G cells
express NTPDase3. However, at least one additional en-
teroendocrine cell type appears to express NTPDase3, as not
all NTPDase3-positive cells were positive for gastrin. Fur-

ther analysis is necessary to determine the other cell types
expressing NTPDase3. In addition, ATP is further hydro-
lyzed to adenosine by the ecto-5'-nucleotidase expressed
by the same, or adjacent, cells, as shown in Fig. 5A. A
functional consequence of adenosine formation at the sur-
face of these cells might be the modulation of gastrin
secretion by the activation of A; receptors (55).

Enteric Nervous System

NTPDase3 is expressed by mouse and guinea pig enteric
neurons of myenteric and submucosal plexuses, in the muscu-
lar layer and mucosal nerve terminals (Figs. 6—8). Since
NTPDase3 was detected throughout the plexus, it is possible
that NTPDase3 is expressed by all enteric neuron subtypes.
Indeed, our data suggest that most, if not all, PGP9.5-immu-
noreactive myenteric neurons express NTPDase3. The expres-
sion of NTPDase2 in mouse and guinea pig enteric glial cells
(Figs. 7B and 8C) is in agreement with observations reported
by Braun et al. (6) in the rat colon. Purinergic signaling is an
important aspect of enteric neurotransmission in sensory and
motor neurons, as well as interneurons (4, 5, 11), and its
importance is emphasized here by the observation that two
members of the NTPDase enzyme family (NTPDase3 in neu-
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NTPDase2 overlay

NTPDase2

Fig. 8. NTPDase2 and -3 immunoreactivity in guinea pig myenteric plexus. Images are single optical sections through myenteric ganglia from the distal colon.
A: NTPDase3 immunoreactivity (red) is primarily confined to enteric neurons and poorly correlates with glia immunoreactive for S100 (green). * are placed
within the nuclei of several NTPDase3-immunoreactive neurons. B: neuronal localization is confirmed by colocalization of NTPDase3 (red) with the
pan-neuronal marker PGP9.5 (green). *, PGP9.5-immunoreactive neurons colabeled with NTPDase3. C: NTPDase2 immunoreactivity (red) colocalizes with the
glial marker S100 (green). Arrows, several areas of colocalization. D: NTPDase2 immunoreactivity (red, arro surrounds PGP9.5-immunoreactive neurons
(green, *). Scale bars, 20 wm.
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Fig. 9. NTPDase activity within the myenteric plexus of guinea pig distal colon controls ATP bioavailability and Ca?>* responses in glial cells. A: single frames
from Ca®" imaging experiments, where myenteric ganglia were challenged with 100 wuM ATP under control conditions or in the presence of 50 uM sodium
metatungstate (POM1), an NTPDase inhibitor. B: averaged glial intracellular Ca®>* concentration ([Ca>*];) responses for the 2 ganglia presented in A. Arrows
indicate times where single frames presented in A were taken. Basal fluo 4 fluorescence (F) in enteric glia (baseline, 1st arrow) in either condition is low,

increasing dramatically on application of ATP (100 wM, 30-s application; peak, 2nd arrow). Under control conditions, [Ca

2*]; levels return to baseline within

60 s. However, in the presence of the NTPDase inhibitor POMI1, glial [Ca®"]; responses are significantly prolonged. C: area under the curve analysis of ATP
responses in ganglia under control conditions (n = 6) or in the presence of POM1 (n = 6) indicates that glial responses to ATP are significantly prolonged when

NTPDase activity is inhibited. ***P < 0.001; **P < 0.01 (by 2-way ANOVA).

rons and NTPDase2 in glia) are expressed in cells intimately
contacting one another. ATP released by neurons can therefore
be rapidly broken down to ADP by NTPDase2 and -3. ADP is
the agonist of P2Y, P2Y, and P2Y 3, and the expression and
functional implication of P2Y, in the enteric nervous system
are well documented (52). P2Y activation should be under the
control of the NTPDases expressed by the enteric nervous
system. In addition, nucleotides released by neurons activate
P2Y, receptors expressed by glial cells (22), and this paracrine
communication between neurons and glia would also be under
the control of NTPDase2 and -3. In support of this hypothesis,
we show that inhibition of NTPDase activity extends nucleo-
tide activation of glial P2 receptors (Fig. 9). Interestingly,
neither ecto-5'-nucleotidase expression nor AMPase activity
was detected in the enteric nervous system (data not shown).

These results are in accordance with the fact that the main
source of extracellular adenosine acting on the presynaptic
region of neurons is provided via an equilibrative adenosine
transporter (12), and not via ATP hydrolysis.

Summary

NTPDase3 is expressed by neurons in the enteric nervous
system and by certain epithelial cells of the digestive sys-
tem. In salivary glands, secretory epithelia of serous and
mucous acini (SLG only) express NTPDase3. NTPDase3 is
also expressed by the epithelial cells of the upper digestive
tract and by some G cells and other yet unidentified subtypes
of gastric enteroendocrine cells. In addition, NTPDase3 is
often expressed with NTPDase2 and/or ecto-5'-nucleotidase
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in the tissues analyzed. Future studies will aim to address the
significance of NTPDase3, in association with NTPDase2 and ecto-
5'-nucleotidase, in the functions of the digestive system.
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Abstract Schizophrenia (SZ) is a major chronic neuropsychi-
atric disorder characterized by a hyperdopaminergic state. The
hypoadenosinergic hypothesis proposes that reduced extracel-
lular adenosine levels contribute to dopamine D, receptor
hyperactivity. ATP, through the action of ecto-nucleotidases,
constitutes a main source of extracellular adenosine. In the
present study, we examined the activity of ecto-nucleotidases
(NTPDases, ecto-5"-nucleotidase, and alkaline phosphatase) in
the postmortem putamen of SZ patients (n=13) compared with
aged-matched controls (n=10). We firstly demonstrated, by
means of artificial postmortem delay experiments, that ecto-
nucleotidase activity in human brains was stable up to 24 h,
indicating the reliability of this tissue for these enzyme
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determinations. Remarkably, NTPDase-attributable activity
(both ATPase and ADPase) was found to be reduced in SZ
patients, while ecto-5-nucleotidase and alkaline phosphatase
activity remained unchanged. In the present study, we also
describe the localization of these ecto-enzymes in human
putamen control samples, showing differential expression in
blood vessels, neurons, and glial cells. In conclusion, reduced
striatal NTPDase activity may contribute to the pathophysiol-
ogy of SZ, and it represents a potential mechanism of adeno-
sine signalling impairment in this illness.
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Introduction

Schizophrenia (SZ) is a mental disorder with a global prev-
alence of 1 %. It is characterized by positive, negative, and
cognitive symptoms. Its origin is unknown, although pos-
itive symptoms are related to hyperdopaminergic activity of
the dopamine D, receptor (D,R) [1]. Negative and cogni-
tive symptoms are attributed to reduced glutamatergic ac-
tivity via N-methyl-D-aspartate receptor (NMDAR), which
in turn potentiates dopamine release. Indeed, the activation
of D,Rs with amphetamines, as well as the use of NMDAR
blockers, promotes pschycotic-like behavior in healthy
people [2, 3]. Therefore, the normalization of the dopami-
nergic and glutamatergic systems is a pharmacological goal
for the outcome of this neurological disorder. Regarding
this, adenosine modulates dopaminergic and glutamatergic
signalling pathways and is, therefore, a candidate target in
the treatment of SZ [4].

Adenosine is a nucleoside widely distributed in the or-
ganism with neuromodulative and neuroprotective activity
in the central nervous system. It presents four specific G-
protein-coupled receptors (A1, A, Asp, and Az) [5]. AjRs
and A, AR are the most expressed receptors in the brain. The
modulation of A;Rs inhibits presynaptic glutamate release,
while postsynaptic A, AR activation can promote dopamine
D, receptor signalling inhibition through the heterodimer
A>AR-D,R formation [6, 7]. Interestingly, a hypoadeno-
sinergic state has been proposed in SZ [8]. Therefore it is
conceivable that the mechanisms regulating extracellular
adenosine levels are impaired. In line with this, increased
serum adenosine deaminase (ADA) activity, which con-
verts extracellular adenosine into inosine, as well as low
frequency of the low activity ADA allelic variant, has been
reported in SZ patients [9, 10]. Moreover, transgenic mice
overexpressing adenosine kinase, a cytosolic ribokinase
that phosphorylates the re-uptaken adenosine into 5’-aden-
osine monophosphate (AMP), show attention impairments
linked to SZ, while adenosine augmentation exerts
antipsychotic-like activity in mice [11]. In fact, several
clinical trials have shown the beneficial effects of drugs
that modulate adenosine signalling such as allopurinol and
dipyridamole, which increase extracellular adenosine levels
by inhibiting its degradation and reuptake, respectively
[12—17]. Interestingly, caffeine (a non-selective adenosine
receptor antagonist) consumption exacerbates psychotic
symptoms in SZ patients [18]. All these data support the
“adenosine hypothesis” in SZ, and it has been proposed the
use of A;AR agonists in combination with antipsychotics,
in order to potentiate their inhibitory role over D,Rs [19].

Although adenosine can be directly released via special-
ized nucleoside transporters [20], the main source of extra-
cellular adenosine is the hydrolysis of 5’-adenosine triphos-
phate (ATP) through ecto-nucleotidases [21]. This includes

@ Springer

different families of nucleotide-hydrolyzing enzymes
expressed at the cell surface that, alone or acting sequentially,
generate adenosine from adenine nucleotides (i.e., ATP, ADP,
or AMP): (a) the ecto-nucleoside triphosphate diphospho-
hydrolase (E-NTPDase) family includes four plasma
membrane-bound members: NTPDasel (CD39), NTPDase2,
NTPDase3, and NTPDase8; these enzymes are differentially
expressed and hydrolyze nucleoside triphosphates and diphos-
phates to their monophosphate derivatives; (b) the ecto-
nucleotide pyrophosphatase/phosphodiesterase (E-NPP) fami-
ly has three members (NPP1-3) capable of hydrolyzing nucle-
oside triphosphates to monophosphates and PPi, such as ATP
to AMP and PPj; (c) the 5'-nucleotidase family has several
intracellular members but only one member is attached to
the plasma membrane with an extracellularly located ac-
tive site, the ecto-5'-nucleotidase (CD73), a glycosyl
phosphatidylinositol-linked membrane-bound glycopro-
tein that efficiently hydrolyzes AMP to adenosine; and
(d) the alkaline phosphatase (AP) family includes ubiqui-
tous enzymes, such as the tissue nonspecific AP (TNAP),
with broad substrate specificity, including adenine nucle-
otides and pyrophosphate, releasing inorganic phosphate.
The distribution of ecto-nucleotidases in brain has been
studied in rodents [22], but little is known of their distri-
bution in humans. The main goal of this study was to
characterize ecto-nucleotidase activity in brains of SZ
patients and controls, in order to determine whether these
enzymes may also be considered as potential contributors
to the hypoadenosinergia reported in SZ.

Materials and methods
Human brain samples

The putamen samples from SZ patients used in this study
were provided by the Sant Joan de Déu Brain Bank (Sant Boi
de Llobregat, Barcelona, Spain), and the control samples
were obtained from the Brain Bank of the Institute of Neu-
ropathology (HUB-ICO-IDIBELL Brain Bank, L’Hospitalet
de Llobregat, Barcelona, Spain). The donation and obtaining
of samples were regulated by the ethics committee of both
institutions. The sample processing followed the rules of the
European Consortium of Nervous Tissues: BrainNet Europe
II (BNEII). All the samples were protected in terms of
individual donor identification following the BNEII laws.
Clinical diagnosis of SZ in donor subjects was confirmed
premortem with DMS-IV (Diagnostic and Statistical Manual
of Mental Disorders-4th edition) and ICD-10 (International
Statistical Classification of Diseases and Related Health
Problems) criteria by clinical examiners. Most donors were
hospitalized for more than 40 years and were re-evaluated
every 2 years to monitor and update their clinical
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Table 1 Summary of the main clinical and neuropathological features of the human samples studied, and drug treatment administrated to each SZ

patient

Sample Clinical Postmortem analysis Gender Age Postmortem TAPs AAPs BZD Others

ID no. manifestation (AD Braak stages) (years) delay

1 Control /A M 65 5 h 15 min

2 Control 1/0 M 56 7 h 10 min

3 Control VA F 64 2 h 15 min

4 Control A M 71 5 h 15 min

5 Control /A F 86 4 h 15 min

6 Control II/A F 77 11 h 30 min

7 Control 11/B M 85 4 h 45 min

8 Control 1I/A F 71 6 h 45 min

9 Control v/C F 69 8 h 10 min

10 Control v/C F 81 5h

11 Residual SZ /A M 74 7h N v Antidepressants and anticholinergics
12 Paranoid SZ 11/0 M 69 8h N Y v Anticholinergics

13 Residual SZ 11/0 M 87 3h V V J

14 Residual SZ /B M 76 5h15min V

15 Residual SZ VA M 89 lh

16 Residual SZ WA M 75 6h V V

17 Residual SZ /A M 80 6h \ \

18 Disorganized SZ 1II/0 M 78 7h v v

19 Residual SZ /A M 90 3h \

20 Residual SZ V/C M 80 4h50 min V V

21 Paranoid SZ v/0 M 81 5h V V V

22 Residual SZ 1II/A M 76 8h \ Y v Anticholinergic and antiepileptic
23 Residual SZ r/c M 92 2h \/ \ Antidepressant and antiepileptic

AD Braak stages indicates the stage of neurofibrillary tangles (Roman numerals) and senile plaques (letters) according to Braak and Braak [23]

M male, F female, AD Alzheimer’s disease, 74 Ps typical antipsychotics, A4 Ps atypical antipsychotics, BZD benzodiazepines

progression. Anatomic pathology exploration of all SZ sam-
ples was performed at the Hospital of Bellvitge to identify
the degree of certain histopathological alterations, as de-
scribed (Table 1). The neuropathological diagnoses were
made according to well-established criteria for Alzheimer’s
disease (AD) [23]. None of the SZ cases showed sustantia
nigra neurodegeneration.

The left cerebral and cerebellar hemispheres and alternate
sections of the brain stem were fixed in 4 % buffered formalin
for 3 weeks. Selected samples were embedded in paraffin and
processed for neuropathological study. The other half of the
cerebrum and cerebellum was cut on coronal slices and,
together with remaining alternate sections of the brain stem,
was immediately frozen and stored at —80 °C. For histological
studies, brain samples were fixed with 4 % buffered formalin,
cryopreserved with 30 % sucrose, and stored at —80 °C.

Immunohistochemistry experiments

Immunohistochemistry experiments were performed as de-
scribed previously [24] except for the use of 30-pum-thick

free-floating slices. Slices were incubated overnight at 4 °C
with the following anti-human-monoclonal antibodies:
CD39 (1:500; Ancell, Minnesota, USA), hN3-B3g for
NTPDase3 (1:500; http://ectonucleotidases-ab.com/) and
CD73 (1:50; Hycult biotechnology, Uden, The Nether-
lands). Tissue sections were then incubated with horseradish
peroxidase-conjugated goat anti-mouse (EnVisionTM + sys-
tem, DAKO, Carpinteria, CA, USA) as secondary antibody
for 1 h at RT. Secondary antibody alone was routinely
included as control for the immunohistochemistry experi-
ments. Samples were counterstained with hematoxylin and
mounted with Fluoromount aqueous mounting medium
(Sigma-Aldrich). Samples were observed and photographed
under a light Leica DMD 108 microscope.

In situ activity experiments
Histochemical localization of ATPase, ADPase, and
AMPase activity was carried out using the Wachstein/Meisel

lead phosphate method [24-26] in cryostat-obtained (30-pm
thick) free-floating slices. Enzymatic reaction was measured
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for 30 min (ATPase assay) or for | h (ADPase and AMPase
assays) at 37 °C in the presence of 2.5 mM levamisole, as an
inhibitor of AP activity, and with 200 uM ATP, 1 mM ADP,
or 1| mM AMP as a substrate. For NTPDase inhibition
experiments, ATPase and ADPase reactions were carried
out in the presence of 1 mM suramin (Sigma-Aldrich) or
1 mM NF279 (Tocris Bioscience, Bristol, UK) [27]. For
ecto-5'-nucleotidase inhibition experiments, AMPase reac-
tions were performed in the presence of 1 mM «,[3-methy-
lene-ADP («,3-meADP). The substrates were omitted in
control experiments. The reactions were revealed by incuba-
tion with 1 % (NHy),S v/v for exactly 1 min. Samples were
mounted, observed, and photographed as described above.

In situ alkaline phosphatase activity experiments

The histochemical localization of AP was addressed by using
the method of Gossrau with some modifications [24, 28].
Briefly, cryostat-obtained (30-pum thick) free-floating slices
were washed twice in 0.1 M Tris—HCI buffer pH 7.4, con-
taining 5 mM MgCl,, and then pre-incubated with the same
buffer at pH 9.4 for 15 min at RT. Enzymatic reaction was
started by adding 200 ul of revealing reagent BCIP®/NBT
liquid substrate system (Sigma-Aldrich) for 7 min at RT, and
stopped with 0.1 M Tris—HCI buffer, pH 7.4. For AP inhibi-
tion experiments, 5 mM levamisole was added to both pre-
incubation and enzymatic reaction buffers. In control exper-
iments, the revealing reagent BCIP was omitted. Samples
were mounted, observed, and photographed as described
above.

Artificial postmortem delay

For this experiment, all the samples were obtained between
3.45 and 4.55 h after death (considered time 0 for the present
purpose) and the brains were processed as previously indi-
cated, except for a fresh fragment of the frontal cortex (area
8 of Brodmann) that was cut into small pieces, one of them
immediately frozen (time 0) and the rest maintained at room
temperature (20 °C) for 3, 6, 12, 24, and 48 h, and then
frozen and stored at —80 °C. The cases analyzed are listed in
Table 2.

Plasma membranes isolation

Human brain putamen samples (50-100 mg) were used to
isolate plasma membranes, as previously described [29].

NTPDase and ecto-5'-nucleotidase activity assays
NTPDase (ATPase, ADPase) and ecto-5'-nucleotidase

(AMPase) activity was determined by measuring the amount
of liberated inorganic phosphate (Pi) using a colorimetric
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Table 2 Summary of the main clinical and neuropathological features
of the samples used for the artificial postmortem delay

Sample ID Postmortem Gender Age Postmortem
no. analysis (years) delay

A0767 Control M 47 4 h 55 min
A0563 AD V/B M 68 4 h 45 min
A0816 AD IIVA M 85 3 h 45 min

M male, AD Alzheimer’s disease, indicating the Braak and Braak stages
[23]

assay. The incubation mixture contained 160 mM (Tris)—
HCI (pH 7.5), 10 mM CaCl,, 5 mM levamisole, as alkaline
phosphatase inhibitor, and 1 mM ATP, ADP, or AMP as
substrates in a final volume of 150 pl. The assay was initi-
ated by adding the membrane-enriched samples (1 pg for
ATPase and ADPase assay and 10 pg for AMPase assay).
After an incubation of 20 min at 37 °C, the reaction was
stopped by the addition of 22.5 ul of 34 % trichloroacetic
acid (TCA). Incubation times and protein concentrations
were chosen to ensure the linearity of the enzymatic reaction.
The release of inorganic Pi was measured with the malachite
green method [30]. KH,PO, was used as a Pi standard.
Controls to determine nonenzymatic Pi accumulation were
performed by incubating either the membrane-enriched sam-
ples in the absence of the substrate, or the substrate alone. All
samples were analyzed in triplicate. Enzyme activity was
expressed as OD arbitrary units at 620 nm.

Alkaline phosphatase (AP) activity assay

AP activity in membrane-enriched samples was determined
as described previously [31]. Briefly, 20 ug of sample was
assayed at room temperature in the following reaction mix-
ture: 0.2 M diethanolamine buffer pH 9.8, (Sigma-Aldrich,
St Louis, Missouri, USA), 1 mM MgCl,, and 5 mM p-
nitrophenyl phosphate disodium salt hexahydrate as sub-
strate (pNPP) (Sigma-Aldrich) in the presence or absence
of 5 mM levamisole. Reactions were stopped after 30 min
with 0.1 M NaOH. AP activity was determined as the liber-
ated p-nitrophenol and was measured at 405 nm. Controls in
the presence of levamisole and in the absence of the substrate
were performed. All samples were assayed in triplicate.

Statistical analysis

Data are represented as mean =+ standard deviation, and the
number of experiments and samples are indicated for each
experiment. Statistical analysis was performed using Stu-
dent’s ¢ test to compare group means since data fit to a
normal distribution, with a p value <0.05.
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Results

Localization of ecto-nucleotidase activity in control human
brain samples

In situ histochemistry experiments in brain control sam-
ples revealed substantial ATPase and ADPase catalytic
activity (Fig. la, c¢). ADPase activity was clearly local-
ized to endothelial cells and microglia, largely coincid-
ing with the NTPDasel (CD39) distribution detected by

Fig. 1 In situ enzyme activity
(a, ¢, e, g h)and
immunolabeling (b, d, f) of
ecto-nucleotidases in the
putamen control samples.
Activity shown is: ATPase (a),
ADPase (c), AMPase (e), and
alkaline phosphatase (g, h in the
presence of the inhibitor
levamisole). Inset in ¢ shows the
ADPase activity in the presence
of the inhibitor suramin, and
inset in e the AMPase activity in
the presence of the inhibitor
«3MeADP. Immunolabeling
was performed for NTPDase3
(b), NTPDasel/CD39 (d), and
ecto-5'-nucleotidase/CD73 (f).
IC internal capsule, STR
striatum. Arrows point to blood
vessels, and black arrowheads
to glial cells. Scale

bars=100 umin a, b, e, f, g, h,
and insets, and 50 pm in ¢ and d

immunohistochemistry (Fig. 1d). ATPase activity coincid-
ed with ADPase localization and was also present in the gray
matter of striatum, matching with the anti-NTPDase3 staining
(Fig. 1b). ATPase and ADPase activity was inhibited by
suramin (Fig. 1c) and NF279 (not shown), suggesting that
the in situ activity detected was due to the action of
NTPDases.

AMPase activity was present in the brain (Fig. le). The
activity pattern obtained was, however, diffuse, and the
precise localization of the ecto-enzyme was difficult to
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establish. The activity was attributable to ecto-5'-nucleotid-
ase (CD73) since the specific inhibitor o,3-meADP abro-
gated the signal. Using an anti-CD73 antibody, the enzyme
was localized to glial cells and also to neuropil (Fig. 1f).

Alkaline phosphatase activity was intense in blood ves-
sels (Fig. 1g). The activity was abrogated in the presence of
the alkaline phosphatase inhibitor levamisole, confirming
the specificity of the activity detected (Fig. 1h).

Ecto-nucleotidase activity in human brain along an artificial
postmortem delay experiment

In order to characterize the behavior of ecto-nucleotidase
activity in human postmortem brain homogenates, a progres-
sive artificial postmortem delay was performed, since it is
well known that some enzymatic activity is more vulnerable
to postmortem delay than other. Our results, compiled in
Fig. 2, showed that NTPDase activity (ADPase and ATPase)
was very stable throughout the postmortem delay, and that

0,8
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Enzyme activity (AU)
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0,0 T T T T T T 1
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Enzyme activity (AU)
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Fig. 2 Enzyme activity in artificial postmortem delay. Three different
samples (A0767, black circles; A0563, white circles; A0816, black trian-
gle) from the frontal cortex (area 8 of Brodmann) were analyzed (see the
“Material and methods” section). Experiments were performed in triplicate
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ecto-5'-nucleotidase activity (AMPase) was more variable
from the time point of 12 h with a tendency to decrease.
AP activity was invariable until the time point of 12 h and
then started to decrease and displayed more heterogeneity
between samples.

Ecto-nucleotidase activity in human brains from SZ patients

Ecto-nucleotidase activity in putamen homogenates of SZ
patients was compared with age-matched controls (Table 1).
All SZ samples were from patients suffering this neurolog-
ical disorder, although postmortem analysis also revealed the
presence of several hallmarks ((3-amyloid plaques and neu-
rofibrillary tangles) typical of Alzheimer’s disease (AD) at
different Braak and Braak stages. For this reason, the control
group used was from human cases with AD I-IV stages of
Braak and Braak. However, as the activity of the four ecto-
nucleotidases measured showed no significant differences
among control samples (samples 1-10, Table 1; data not

C

12 AMP
1,0 1
0,8 1

0,6

04 1

Enzyme activity (AU)

0,2 1

0,0 T T T T T T 1
0 3 6 12 24 48

Time (hours)

12 AP

1,0 1
0,8 1
0,6 1

0,4 4

Enzyme activity (AU)

0,2

0,0 T T T T T T
0 3 6 12 24 48

Time (hours)

—v— A0816

and the graphs correspond to one representative experiment for each
sample (n=3). Means and standard deviations of ATPase (a), ADPase
(b), AMPase (c), and alkaline phosphatase (d) activity are represented.
Values are normalized and activity is represented in arbitrary units (AU)
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shown), we carried out the analysis comparing SZ cases
(samples 11-23, Table 1) with respect to all control samples.
Results obtained are shown in Fig. 3. A significant decrease
in ATP and ADP hydrolysis (15 % and 12 %, respectively)
was recorded in SZ samples (p=0.012 and p<0.001, respec-
tively). No significant differences were found for ecto-5'-
nucleotidase activity or alkaline phosphatase.

Discussion

Several lines of evidence indicate that hypofunction of aden-
osine signalling, linked to dopaminergic impairment, may
contribute to the pathophysiology of SZ. It has recently been
reported in mice that augmentation of adenosine ameliorates
psychotic and cognitive symptoms linked to SZ [11]. In
consequence, a detailed understanding of metabolic path-
ways involved in the control of extracellular adenosine levels
in brain is needed to promote future therapies. The ATP
released from brain cells is the main source of extracellular
adenosine through the action of sequentially acting ecto-
nucleotidases. The focus of our study was to determine
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Fig. 3 Enzyme activity in the putamen of schizophrenia (SZ) versus
control samples. ATPase (a), ADPase (b), AMPase (c¢), and alkaline
phosphatase (d) activity were determined. Experiments were performed

ecto-nucleotidase activity in human brain samples of patients
with SZ compared with age-matched controls.

Here we studied the expression of three different families of
ecto-nucleotidases in the postmortem putamen of human control
brains. We analyzed this cerebral region as some evidence points
to the existence of striatal hyperdopaminergic activity secondary
to hypofunction of the prefrontal dopamine system [32, 33],
whereas D,R and AR are expressed mainly in medium-sized
GABAergic spiny neurons [6]. Interestingly, a recent study
showed that, in rodent, ecto-5-nucleotidase is specifically
expressed in this neuronal population, being responsible for
most of the extracellular adenosine produced in the striatum
[34]. Although the distribution of ecto-nucleotidases in the
rodent brain has been deeply examined [22], little information
was available on humans.

ATPase and ADPase activity was identified in striatal
samples. The activity was attributable to NTPDases since
they were abolished by the use of inhibitors. NTPDasel
(CD39) was immunodetected in microglia and blood vessels,
coinciding with the localization of ATPase and ADPase
activity and in agreement with the previous characterization
of this enzyme in mice [35]. Another member of the
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in triplicate for each sample. Data are represented with boxplots in

arbitrary units (AU). n=13 for SZ and n=10 for controls. Significant
differences at ***p<0.001 and at *p<0.05
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NTPDase family, NTPDase3, was detected in striatal gray
matter, where ATPase activity was also localized. Less
ADPase activity was detected in this structure, reinforcing
the idea that the above-mentioned ATPase activity in gray
matter is attributable to NTPDase3, with a hydrolysis ratio of
ATP:ADP of 5:1. The presence of NTPDase3 was already
confirmed in rat brain by western blot [36]. In the present
study we did not look at the other two membrane-associated
members of the NTPDase family, NTPDase2, and
NTPDase8. It is known that in rodents, NTPDase2 is
expressed in neural stem cells in the subventricular zone of
the lateral ventricles [37], and no ntpdase8 mRNA could be
detected by PCR in mouse brain [38].

Ecto-5"-nucleotidase (CD73) was expressed and notably
active in the putamen samples studied. Although the activity
pattern was diffuse and difficult to assign to a particular
structure, as already reported in other mammalian brains
[22], the specificity of the reaction was proven by the use
of «,[3-meADP.

As expected, alkaline phosphatase activity was detected
in blood vessels. This activity was intense and completely
abrogated with the AP inhibitor levamisole. Previous reports
have demonstrated that AP activity in human brain is attrib-
utable to TNAP expression [39, 40].

In summary, our results indicate that NTPDases and ecto-
5'-nucleotidase are, in physiological extracellular pH, the
dominant ecto-nucleotidases, as already reported in brains
of other mammals [22]. These results support the role of both
neurons and glial cells in the extracellular adenosine metab-
olism in brain.

The human postmortem brain is a very useful tissue to
unravel the molecular pathways that play a role in human
neurological diseases [41]. However, special care must be
taken as there are several technical limitations for molecular
studies, such as time after death and storage temperature
[42]. For these reasons, we aimed to assess the effect of
postmortem delay on ecto-nucleotidase activity. We demon-
strated that ATPase and ADPase activity is stable throughout
the artificial postmortem delay (i.e. for 48 h). A similar result
was found for AMPase (CD73) activity, although in this case
there is more variability at longer times and we suggest not
exceeding 24 h postmortem in performing experiments in-
volving this enzyme. In the case of AP activity, fluctuations
were recorded after 12 h postmortem, pointing up the impor-
tance of studying samples obtained before this time after
death. SZ and control samples used in this study were taken
between 2 and 11.5 h after death (most of them before 8 h), at
which time point activity was well preserved. In fact, these
findings are not exclusive to ecto-nucleotidases, as the pres-
ervation of other enzymatic activity has been reported in this
type of tissue [43—47]. The data presented here are of rele-
vance for this and future study of ecto-nucleotidases in
human brains.

@ Springer

In the present report, most of the samples, both SZ and
control cases, showed an AD-related pathology, which was
asymptomatic. This postmortem finding is consistent with
previously reported postmortem analyses showing that 70—
80 % of individuals over 65 years of age present AD-related
pathology at the neuropathological level, but most of them
have not developed AD [48]. Therefore, we performed a
comparative study at the neuropathological level, but the
final results may be considered as control vs SZ patients
from a clinical point of view.

Although ecto-nucleotidases, and TNAP in particular,
have been studied in Alzheimer disease [31, 49], no data
were available on human ecto-nucleotidase expression in
mental disorders such as SZ. By analyzing brain membranes,
we have shown that NTPDase activity (both ATPase and
ADPase) is significantly reduced in the putamen of SZ
patients when compared with control samples. Although no
significant changes were detected for either ecto-5"-nucleo-
tidase or AP activity, a decrease in their available substrate,
AMP, might contribute to the hypothesized adenosine reduc-
tion in SZ brains. Involvement of ecto-5"-nucleotidase activ-
ity in the adenosine levels of striatum has already been
described in rats [50].

It is important to note the conditions of the tissues
presented in this study. SZ patients underwent long-term
drug treatment. Seibt et al. [51] have studied the effect of
the antipsychotic drugs haloperidol, olanzapine and
sulpiride, prescribed for SZ, on the nucleotide hydrolysis in
brain membranes of zebrafish. They found decreased
ADPase activity in the presence of haloperidol and sulpiride
but only at the highest concentration tested (250 uM). No
changes in ADPase activity were reported for olanzapine.
Although we cannot rule out a putative effect of sustained
drug treatment on enzyme activity in the cohort studied
(except for patient #15, see Table 1), the effective drug
concentration in the study of Seibt et al. exceeded the con-
centration of the drug in the blood of our SZ patients by over
3 log of magnitude. Considering the advisability of drug
prescription in most of the diagnosed SZ patients,
performing the present study in drug-naive patients would
hardly be feasible. Another aspect to be considered is that all
patients included in the present study were male since the
postmortem brain collection of the Brain Bank belongs to a
hospital formerly devoted to the care of male mental patients.
Therefore, the study of a larger cohort should be considered.

In summary, in the present report we describe: (a) the
distribution of ecto-nucleotidases in the putamen of human
brains, (b) the preservation of the activity of four ecto-
nucleotidases in human postmortem brains, and (c) the reduc-
tion in ecto-nucleotidase activity in the putamen of SZ pa-
tients. These findings reinforce the “adenosine hypothesis” in
SZ and point to the modulation of ecto-nucleotidases as new
potential targets in the treatment of this neurological disorder.
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