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RESUME 

L�AICAR (5-Aminoimidazole-4-carboxamide!ribonucleotide)!est!un! interm#diaire!de! la!voie!de!

biosynth$se!des!purines.!A!des!concentrations!importantes,!ce!m#tabolite!a!un!effet!cytotoxique!sur!

les cellules canc!reuses aneuplo%des, c�est-&-dire!contenant!un!nombre!anormal!de!chromosome.!Or,!

90<!des!tumeurs!solides!sont!aneuplo'des.!Les!m#canismes!responsables!de!cette!cytotoxicit#!doivent!

donc!=tre!mieux!#tudi#s!pour!une!utilisation!#ventuelle!en!th#rapie!anti-canc#reuse.!!

Dans la litt!rature, l�effet de l�AICAR est expliqu! par son r&le mim!tique de l�AMP sur l�AMPK.!

Cependant, certaines donn!es de la litt!rature et du laboratoire laissent penser que l�inhibition de la 

croissance par l�AICAR peut impliquer plusieurs types de m!canismes dont certains sont d!pendants 

de l�AMPK et d�autres ind!pendants. L�identification des cibles de l�AICAR alternatives " l�AMPK est 

donc!n#cessaire!pour!une!meilleure!compr#hension!de!ses!effets.!!

Dans ce projet, j�ai pu confirmer la pr!sence d�autres cibles de l�AICAR ind!pendantes de l�AMPK 

et!responsables!de!son!effet!cytotoxique.!Gr*ce " une approche transcriptomique, j�ai montr! un effet 

de l�AICAR sur l�expression et l�activation de!LATS1!et!LATS2! *large!tumor!suppressor!1!and!2).!Ces!

prot#ines!kinases!fond!partie!du!core!enzymatique!de!la!voie!HIPPO,!dont!le!r(le!en!canc#rologie!est!

fondamental.!Les!effecteurs!finaux!de!cette!voie!sont!YAP!et!TAZ,!deux!cofacteurs!de!transcription,!

aussi!r#gul#s!par!l�AICAR.!J�ai pu montrer que la cytotoxicit! de l�AICAR est due en partie " l�activation 

de!cette!voie.!Depuis!la!d#couverte!r#cente!de!la!voie!HIPPO,!de!nombreuses!#tudes!visent!&!identifier!

des mol!cules permettant l�inhibition directe de cette voie. L�AICAR s�av$re 'tre une! mol#cule!

puissante!dans le cadre d�une!th#rapie!anticanc#reuse!ciblant!la!voie!HIPPO.!!!

!  
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Figure 1 : Un sch#ma repr#sentant le m#tabolisme cellulaire.   
Les points repr!sentent les m!tabolites et les lignes, les r!actions chimiques. Les lignes et points en gras au centre 

repr!sentent les voies cataboliques centrales de la glycolyse et du cycle de Krebs. Les diff!rentes voies m!taboliques sont 

repr!sent!es en couleurs. Un point connect! " une ligne peut #tre un nutriment, une mol!cule de stockage ou un produit final. 

Certains m!tabolites sont des interm!diaires de plusieurs voies m!taboliques distinctes. Illustration issue du site web suivant : 

http://www.genome.jp/kegg/ 

!  
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I. Partie 1 � Le ZMP, métabolite aux multiples 

effets 

Le!mot!m#tabolisme!vient!du!grec!«!metabole!»!qui!signifie!le!changement,!la!transformation.!

Le! m#tabolisme! repr#sente! dans! une! cellule! donn#e! plus d�un millier de r!actions! chimiques!

permettant!la!conversion!des!nutriments!en!#nergie!ou!en!biomol#cules.!Cet!ensemble!de!r#actions!

est! compos#!de! voies!m#taboliques!au! sein!desquelles! les! substrats! sont! transform#s!en!produits,!

g#n#rant!ainsi!de!nombreux!interm#diaires!mol#culaires!appel#s!m#tabolites.!!

Le!m#tabolisme!sert!deux!buts!fondamentaux!: d+une part la g!n!ration d�!nergie pour assurer 

le!fonctionnement!des!fonctions!vitales,!et!d;autre!part!la!synth$se!des!mol#cules!biologiques!pour!

produire!les!divers!constituants!cellulaires.!Pour!r#pondre!&!ces!besoins!cellulaires,!le!m#tabolisme!est!

divis#!en!deux!processus!s;opposant!:!le!catabolisme!consistant!en!une!d#gradation!des!mol#cules!et!

l�anabolisme repr!sentant la biosynth$se de!constituants!cellulaire.!Le!catabolisme!lib$re!de l�!nergie 

alors!que!l�anabolisme utilise de l�#nergie!pour!la!biosynth$se!de!constituants!cellulaire.!!

Les! flux!m#taboliques!doivent!=tre! finement! r#gul#s!afin!de! r#pondre!au!mieux!aux!besoins!

cellulaires! en! #nergie! et! en! constituants.! La! r#gulation! d;enzymes! catalysant! des! #tapes! clefs! du!

m#tabolisme! contribue " maintenir l�hom!ostasie cellulaire.! Deux! niveaux!de! r#gulation! majeurs!

existent:!

· Les!produits!finaux!des!voies!m#taboliques!peuvent!r#guler!la!vitesse!des!flux!selon!le!

principe! du! r#trocontr(le.! Lors! de! cette! r#gulation! intrins$que! au!m#tabolisme,! des!

enzymes!peuvent!fixer!les!produits!finaux!et!=tre!ainsi!r#gul#es.!Certains!interm#diaires!

r#actionnels! contribuent! #galement! &! la! r#gulation! du! m#tabolisme.! Ainsi,! les!

interm#diaires!m#tabolites!ne sont pas de simples maillons d�un ensemble de cha-nes!

mais ont aussi un r&le dans l�hom!ostasie cellulaire. !

· Des! voies! extrins$ques! au!m#tabolisme! tel! que! la! r#gulation! hormonale! r#gulent! la!

vitesse!des!flux!m#taboliques.!Les!enzymes!peuvent!=tre!r#gul#es!par!fixation!direct!ou!

alors!par!modulation!de!leur!expression.!!!

!

Lors!de!ce!travail,!je!me!suis!int#ress#e!&!un!m#tabolite!en!particulier,!le!ZMP!*5-aminoimidazole-

4-carboxamide!ribonucleotide).!Le!ZMP!est!un!interm#diaire!du!m#tabolisme!des!bases!puriques!tr$s!

conserv#!au cours de l�!volution et poss!dant de!nombreuses!propri#t#s!!1,2.!
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Figure 2 : Formules topologiques de quelques m#tabolites clefs des. Voie de biosynth$se de novo des purines, ses 
voies attenantes.  

A) Les cycles puriques et pyrimidiques, structures communes aux bases puriques et pyrimidiques. B) Le R5P (Ribose-5-

Phosphate), substrat des voies de biosynth$se des purines et pyrimidines, est fourni par la voie des pentoses phosphates. Les 

voies de biosynth$se de!novo des purines et des pyrimidines aboutissent aux nucl!otides triphosphates puriques (ATP, GTP) et 

pyrimidiques (UTP, CTP). Les nucl!otides puriques sont !galement synth!tis!s par une voie dite de recyclage utilisant l�ad!nine 

et la guanine pr!sents dans l�environnement intra- ou extracellulaire. C) Structure chimique de l�AICAR, de l�AMP et de ses 

d!riv!s ribosides.  
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1. Description des voies de biosynthèse de novo des purines 

et pyrimidiques 

Afin! de! dupliquer! son! ADN,! la! cellule! n#cessite! un! approvisionnement! important! en! bases!

azot#es!puriques!*ad#nine!et!guanine)!et!pyrimidiques!*thymine!et!cytosine).!Les!bases!pyrimidiques!

sont!compos#es!d�un!cycle!de!6!atomes!de!carbone!et d�azote. Les bases puriques sont la combinaison 

d+un cycle pyrimidique et d+un cycle de 5 atomes de carbones et d�azote *Fig.!2!A).!!

Deux! voies! de! biosynth$se! de novo! intimement! li#es! par! des! cor#gulations! r#ciproques!

permettent!de!synth#tiser!les!bases!azot#es!*Fig.!2!B!et!C).!Leur!substrat!commun!est!le!R5P!*Ribose-

5-Phosphate)!fourni!par!la!voie!des!pentoses!phosphates.!Cette!voie!est!approvisionn#e!par!le!premier!

interm#diaire!de!la!glycolyse,!le!G6P!*Glucose-6-Phosphate).!!Le!R5P!est!alors!m#tabolis#!en!PRPP!*5-

phosphoribosyl-)-1-pyrophosphate).!!

A!partir!du!PRPP,!les!bases!puriques!sont!form#es!gr>ce!&!un!ensemble d�#tapes!successives!*Fig.!

2C).!Une!des!derni$res!#tapes!de!la!voie!permet!le!clivage!du!m#tabolite!sZMP!*Succinylo!ZMP)!par!

l�enzyme ADSL!*ADenyloSuccinate!Lyase)!en!ZMP!et!fumarate!*Fig.!2!C).!Le!ZMP!est!ensuite!m#tabolis#!

par l�ATIC *5-Aminoimidazole-4-Carboxamide! Ribonucleotide! Formyltransferase)! en! IMP! *Inosine!

MonoPhosphate).!Deux!voies!distinctes!utilisent!l�IMP pour synth!tiser l�AMP!et!le!GMP!*Ad#nosine!et!

Guanosine! MonoPhosphates,! respectivement)! qui! seront! ensuite! convertis! en! formes! di-! et!

triphosphates!*ADP,!ATP,!GDP!et!GTP)!*Fig.!2!B!et!C).!Une!voie!de!recyclage!participe!aussi!&!cette!

synth$se!en!r#activant!les!bases!azot#es!qui!proviennent!de!la!digestion!des!acides!nucl#iques.!

En!ce!qui!concerne!la!biosynth$se!des!pyrimidines,!la structure primaire des bases, l�orotate, est 

form#e!avant!sa r!action avec l�PRPP!*Fig.!2!B). L�orotate est synth!tis! en quatre !tapes &!partir!des!

deux!!acides!amin#s, l�aspartate et le gutamine. Le PRPP et l�orotate conduisent " la formation d�UMP!

(Uridine MonoPhosphate/ suivi par les formations successives d�UTP et de CTP (Uridine et Cytosine 

monophosphates,!respectivement).! 

2. Régulations des voies de biosynthèse de novo des purines 

et des pyrimidines 

Les! besoins! cellulaires! en! bases! azot#es! sont! tr$s! variables! au! cours! du! cycle! cellulaire.! Les!

concentrations! en! purines! et! pyrimidines! doivent! donc! =tre! finement! r#gul#es.! G#n#ralement,! les!

produits! finaux! des! voies! de! biosynth$se! #tablissent! un! r#trocontr(le! n#gatif! sur! leur! propre!

production.!Pour!la!voie!de!biosynth$se!de novo!des!purines,!l�ad#nosine!et!la!guanosine!Mono-,!di-!et!

TriPhosphates,!respectivement,!inhibent!les!deux!premi$res!enzymes!m#tabolisant!le!R5P!et!le!PRPP!

*R5P!pyrophosphokinase!et!glutamine!PRPP!amidotransf#rase)!*Fig.!3!A).!La m!tabolisation de l�IMP!

est!directement!inhib#e!par!les!produits!AMP!et!le!GMP!*Fig.!3!A).!Un!r#trocontr(le!n#gatif!est!aussi!
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pr#sent!pour! la!voie!de!biosynth$se!de novo!des!pyrimidines!: l�UDP et l�UMP inhibent la premi$re 

enzyme!de!la!voie!*Carbamoyl!phosphate!synthetase)!*Fig.!3!B).!!

Afin d�assurer l�!quilibre!entre le GMP et l�AMP, les!flux!de!transformation!de!l;IMP!vers!l;AMP!ou!

le GMP sont contr&l!s respectivement par le GTP ou l�ATP *Fig.!3!A).!L�ATP est aussi un substrat de la 

premi$re!#tape!de!la!voie!de!biosynth$se!des!pyrimidines!*Fig.!3!B).!Ainsi,!la!synth$se!des!pyrimidines!

est!r#gul#e!par!les!produits!finaux!de!la!voie!des!purines.!Le!PRPP,!m#tabolite!commun!aux!deux!voies,!

r#gule! positivement! les! premi$res! #tapes! des! voies! de! biosynth$se! de novo! des! purines! et! des!

pyrimidines!*Fig.!3).!Ainsi,!ces!cor#gulations!permettent!d�obtenir un !quilibre entre les diff#rentes!

bases!azot#es!n#cessaire!au!bon!fonctionnement!cellulaire!tel!que!pour!la synth$se d�ADN. !

!

Figure 3 : M#canismes de r#gulation de la voie de biosynth$se des purines et des pyrimidines.  
A) La voie de biosynth$se de! novo des purines. Les fl$ches bleues en pointill!s correspondent aux r!trocontr%les 

n!gatifs exerc!s par les quatre produits (GMP, GDP, AMP, ADP) sur quatre enzymes distinctes (R5P pyrophosphokinase, 

glutamine PRPP amidotransf!rase, IMP deshyrdog!nase et ad!nylosuccinate synth!tase) de la voie. B) La voie de biosynth$se 

de!novo des pyrimidines. Les fl$ches rouges correspondent aux r!trocontr%les n!gatifs exerc!s par les produits UDP et UTP 

sur l'enzyme Carbamoyl phosphate synthetase. Les fl$ches vertes correspondent " l�activation de cette enzyme " la fois par 

par l�ATP et le PRPP. Ces diff!rentes r!gulations permettent d�!quilibrer " tout moment la balance existant entre les purines 

et les pyrimidines et de r!pondre ainsi aux besoins cellulaires.  

3. Les métabolites ZMP et sZMP comme régulateurs 

En plus de leur simple r&le d�interm#diaires!m#taboliques,!le!ZMP!et!le!sZMP!sont!des!mol#cules!

r#gulatrices!chez!la!bact#rie,!la!levure!et!les!mammif$res.!!

Chez!la!bact#rie!Thermosinus carboxydivorans, le ZMP r!gule l�expression!d;enzymes!de!la!voie!

de!biosynth$se!de!novo!des!purines!!1.!Ce!m#tabolite!peut!se!fixer!sur!un!motif!de!structure!secondaire!
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d�ARNm. La structure est ensuite modifi!e lors d�un m!canisme nomm! «!riboswitch!»,!ce!qui!permet!

l�activation de la transcription. Cette r!gulation de la transcription fait du ZMP un r!gulateur majeur 

du!m#tabolisme!du!carbone!et!des!purines!!1.!

Chez! la! levure! S. cerevisiae! (Saccharomyces cerevisiae),! un! autre! niveau! de! r#gulation! des!

enzymes! du! m#tabolisme! a! #t#! mis! en! #vidence! et! implique! l�utilisation des! interm#diaires!

m#taboliques!de!la!voie!de novo!des!purines!sZMP!et!ZMP!!2.!Ces!deux mol!cules stimulent l�interaction 

des!facteurs!de!transcription!Pho2,!Pho!4!et!Bas1!impliqu#s!dans!la!r#gulation!des!voies!de!biosynth$se!

de novo!des!purines!et!d�utilisation du phosphate.!La!cor#gulation!des!deux!voies!permet!de!r#pondre!

aux!besoins!cellulaires!en!bases!puriques.!!

Ainsi,!le!ZMP!et!le!sZMP!sont!des!mol#cules!r#gulatrices!chez!les!procaryotes!et!les!eucaryotes!

unicellulaires.! L�effet du ZMP " des concentrations endog$nes n�a pas !t! d!montr! chez les!

mammif$res.!Cependant,!plusieurs!#l#ments!laissent!penser!que!des!r(les!r#gulateurs!du!ZMP!et!de!

son!pr#curseur!imm#diat!sZMP!existent!#galement!:!!

· Le!sZMP!interagit!avec!la!PKM!*Pyruvate!Kinase!d;isoforme!M)!et!module!son!activit#!!3,4.!

Cependant,! certaines! des! conclusions! de! ces! auteurs! concernant! l;activit#! prot#ine!

kinase!de!la!PKM!ont!#t#!r#cemment!remises!en!question!!5.!!

· L�accumulation de! ZMP! aboutit! &! la! r#gulation! de! certaines! enzyme! telles! que! la!

glucokinase!et!la!glycog$ne!phosphorylase!!6,7.!Dans!certains!cas,!une!interaction!directe!

avec l�AICAR!a!#t#!document#e. C�est le cas pour la phosphofructokinase (PFK/ et la 

fructose-1,6-biphosphatase!*F1,6-BPase)!qui!sont!inhib#!in vitro!par l�AICAR!!6,8.!!!

· Le!ZMP!fixe!la!prot#ine!UBA1!*Ubiquitin!Like!Modifier!Activating!Enzyme!1),!conduisant!

ainsi!&!une!modulation!de! la!prot#ostasie!cellulaire! *Puyo!et al.,!en!cours!de!publication).!Comme!

UBA1,! plusieurs! prot#ines!de! levures! et! leurs!orthologues! chez! la! souris!et! l;homme!

fixent!le!ZMP!coupl#!sur!colonne!d;affinit#!*donn#es!du!laboratoire!non!publi#es).!Ces!

#l#ments!nous!sugg$rent!que!le!ZMP!pourrait!se!fixer!#galement!in vivo!&!des!prot#ines!

et!modulerait!ainsi!leurs!activit#s.!!

· Les!taux!cellulaires!de!ZMP!changent!suite!&!un!stress!hypoglyc#mique!sur!des!cellules!

humaines!en!culture! *Michel!MOENNER! @!communications!personnelles).!De!mani$re!

int#ressante,!un!pic!de! ZMP!apparait! durant! le!d#veloppement!du!X#nope! *Xenopus 

laevis)!sans!que!la!cause!ne!soit!encore!connue!*Maelle!DUPERRAY!@!communications!

personnelles).!

L�hom!ostasie du m!tabolisme est donc permise par! des! r#gulations! intra! ou! inter-voies!

m#taboliques!telle!que!le!r#trocontr(le!n#gatif!et!la!r#gulation!des!voies!purique,!pyrimidique!et!du!

phosphate! par! le! sZMP! et! le! ZMP.! Cette! h#t#rog#n#it#! de! r#gulations! montre! que,! au! cours! de!

l�!volution, la cellule a su assimiler tous les signaux utiles afin de maintenir!son!hom#ostasie.!!

Ainsi, le ZMP s�inscrit comme mol!cule r!gulatrice centrale!du!m#tabolisme!chez!la!levure!et!

la!bact#rie!!2.!Bien!que!ce!r(le!endog$ne!soit!peu!connu!chez!les!mammif$res, l�accumulation de ZMP 

a!de!nombreux!effets!d#taill#s!dans!le!paragraphe!suivant.!!
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Les! effets! du! ZMP! &! concentrations! physiologiques! sont! encore! peu! #tudi#s! chez! les!

mammif$res.!Par!contre, l�accumulation de ce m!tabolite a de nombreuses!propri#t#s!dont!certaines!

sont!d#taill#es!dans!ce!paragraphe.!

Afin!d�accumuler le ZMP! intracellulaire,! le!m#tabolite!est!ajout#!de!mani$re!exog$ne!sous!sa!

forme!non!phosphoryl#e!AICAR!*AICA!riboside)!*Fig.!2!B).!Nous!avons!pu !tablir que l�AICAR entrait 

dans! la! cellule! via! diff#rents! transporteurs! de! nucl#osides! 9*article! 1! de! ce! manuscrit)! puis! #tait!

phosphoryl#!par! l;ad#nosine!kinase! *ADK)!en!ZMP! 1! *Fig.!4).!Le!ZMP!ainsi!accumul#!a!de!nombreux!

effets!dont!leur!#tude!fait!l�objet!de!ma!th$se.!!

!

Figure 4 : Transport et m"tabolisation de l�AICAR exog#ne.  
L�AICA riboside est ajout! dans le milieu de culture cellulaire. Son entr!e est permise gr&ce aux transporteurs de 

nucl!osides et sa m!tabolisation en ZMP par l�ad!noside kinase. 

 

1. Le ZMP est une molécule anti tumorale aux effets multiples. 

L;AICAR!pr#sente!des!propri#t#s!antitumorales!d#crites!par!de!nombreuses!approches!report#es!

ci-dessous.!
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a. La culture de lignées cellulaires 

Le!traitement!&!l�AICAR alt$re la viabilit! de!cellule!en!culture.!Les sensibilit!s " l�AICAR varient 

d�un facteur 1000 selon le type de cellule canc!reuse (IC50 de l�ordre du µM jusqu�au mM/ *source:!

http://www.cancerrxgene.org/translation/Drug/1001).!Nous!avons!montr#!au!laboratoire!que!les!IC50!

sont!effectivement!diff#rents!sur!une!quinzaine!de! lign#es!cellulaires!humaines!et!murines! incluant!

des!cellules!de!carcinomes!*A431,!A549,!HCT116,!HT29,!Hela,!MCF.7/ des lign!es d�h#patome!*EpG2,!

Huh7),!des!lign#es!tumorales!de!glioblastomes!*SF188,!SF126,!U87,!NHA/TS),!les!lign#es!#pith#liales!

non!transform#es!*MDCK,!RPE-1)!et!enfin!des!lign#es!fibroblastiques!embryonaires!*MEFs).!Une!origine!

possible de la diff!rence d�IC50 pourrait =tre!expliqu#e!par!la diff!rence d�efficacit! d�entr#e!d�AICAR 

et!de!sa!conversion!en!ZMP!!9*article!1!de!ce!manuscrit).!!

L�origine de cette! baisse! de! viabilit#! cellulaire! n�est pas enti$rement connue.! Au! niveau!

cellulaire,!il est observ! que l�AICAR entra-ne!le!ralentissement!du!cycle!cellulaire!et!une!induction!de!

la!mort!cellulaire.!!

L�effet!de l�AICAR!sur!le!cycle!cellulaire!est!variable!selon!le!type!de!lign#e!#tudi#e.!Le!traitement!

" l�AICAR de diff!rents types cellulaire!conduit!un!arr=t!en!phase!G1!!10�12. D�autres auteurs rapportent!

un!arr=t!en!phase!S!!13�17.!!

En!#tudiant! ainsi! le! cycle!cellulaire,! certains! auteurs!ont!mis!en!#vidence! l�accumulation!des!

cellules!en!phase!pr#!G1!correspondant!&!la!mort!cellulaire! !13,16.!Plus!pr#cis#ment,!la!cytotoxicit#!de!

l�AICAR passe par l�apoptose dans certains! mod$les! cellulaires! ! 15�19.! Cependant,! certains! auteurs!

montrent que l�apoptose n�est pas " l�origine de la cytotoxicit! de l�AICAR! ! 20,21.! En! effet,! dans! un!

mod$le!de!LMC!*Leuc#mie!My#lo'de!Chronique), l�AICAR induit la mort!des!cellules!par!autophagie!!21.!

Ainsi, chaque lign!e cellulaire r!pond diff!remment au traitement " l�AICAR! ce!qui!expliquerait! les!

!carts  d�IC50.!Dans!une!perspective!de!th#rapie!anti-canc#reuse,!le!type!de!cancer!devra!=tre!pris!en!

compte pour l�utilisation de l�AICAR ou d�une mol!cule d!riv!e.!!

Sur un mod$le de carcinome cervical les cellules Hela, l�AICAR provoque " de faibles!

concentrations!un!ralentissement!du!cycle!cellulaire!en!phase!S!sans!effet!sur!la!mort!cellulaire!et!&!

forte concentration, l�apoptose sans cons!quence sur le cycle cellulaire! !16.!Ce!cas!illustre!clairement!

les!diff#rents!effets!cellulaires en fonction de la concentration d�AICAR entrainant sa cytotoxicit!.!!

L�entr#e! dans! la! cellule! de l�AICAR conduit " sa! phosphorylation! en! ZMP.! Cependant,!

l�accumulation de cet!interm#diaire!m#tabolique!entraQne!une!mauvaise!r#gulation!du!flux!des!voies!

de!biosynth$se!des!purines!et!des!pyrimidines!!17,22.!Le!ratio!entre!les!bases!azot#es!est!d#stabilis#!avec!

une!augmentation!des!bases!puriques!et!une!diminution!des!bases!pyrimidiques!!22.!Certains!auteurs!

montrent! une! corr#lation! entre la cytotoxicit! de l�AICAR et la! d#r#gulation! de! la! balance! en!

nucl#otides! cellulaire! 17,22,23.! Plus! pr#cis#ment,! Bardeleben! et al.! montrent que l�induction de 

l�apoptose par l�AICAR!est!la!cons#quence!de!la!d#stabilisation!des!concentrations!en!bases!puriques!

et!pyrimidiques.!!

L�effet cytotoxique de l�AICAR peut 'tre! donc! m#di#! par! diff#rents! m#canismes! selon! la!

concentration d�AICAR et la lign!e cellulaire utilis!e. !
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b. L�aneuploïdie, caractéristique tumorale ciblée par le ZMP  

L�aneuplo%de caract!rise une cellule dont le! nombre! de! chromosome! n�est pas un!multiple!

exacte!du!nombre!haplo'de!de!chromosome!*Fig.!5).!

!

Figure 5 : 
L�aneuplo$de caract#rise une 
cellule dont nombre de 
chromosome n�est pas un 
multiple exacte du nombre 
haplo%de de chromosome.  

A!gauche, le caryotype 

d�une cellule humaine 

euplo*die. A! droite, le 

caryotype d�une cellule 

humaine euplo*die.  

Il!existe!une!multitude!de!cancers!pouvant!se!d#velopper!&!partir!de!presque!tous! les!tissus.!

Chacun!poss$de!ses!propres!caract#ristiques.!Au!sein!m=me!d�un cancer, plusieurs types de cellules 

tumorales! peuvent! exister.! Cette! grande! variabilit#! tumorale! est! observ#e! au! niveau! g#n#tique,!

!pig!n!tique, cellulaire. Ceci explique l�h!t!rog!n!it! de r!ponse aux traitements anti-tumoraux.!!

Au!regard!de!cette!complexit#,!les!m#canismes!modul#es!dans!la!majorit#!des!cellules!tumorales!

sans!=tre!affect#es!chez!les!cellules!normales!pourraient!repr#senter!la!cible!de!strat#gie!antitumorale!

efficace.! Dans! ce! sens,! 90<! des! tumeurs! solides! et! 75<! des! cancers! h#matopo'#tiques! sont!

aneuplo'des!alors!que!cette!caract#ristique!est!rare!dans!les!tissus!normaux!!24.!!

Ainsi,! A.! Amon! et! ses! co-auteurs! ! 25! ont! cherch#! en! 2011! &! identifier! des! compos#s! ciblant!

sp!cifiquement les cellules aneuplo%des tout en ayant peu d�effet sur les cellules euplo%des. Ils ont ainsi 

identifi#!deux!compos#s!comme!#tant!des!mol#cules!antitumorales!ayant!un!effet!plus!important!sur!

les!cellules!aneuplo'des:!le!17-AAG, inhibiteur du repliement des prot!ines, et l�AICAR. Cet effet a !t! 

valid#!en!culture!cellulaire!mais!aussi!chez!la!souris!gr>ce!&!des!x#nogreffes!de!cellules!euplo'des!et!

aneuplo'des!24.!!

Le!laboratoire!a!confirm#!cet!effet!pour!l�AICAR!*Puyo!et al.,!en!cours!de!publication).!Pour!ce!faire,!quatre!

lign#es!cellulaires!ont!#t#!utilis#es!:!des! lign#es! issues!de!cellules!de! r#tine!pigmentaires!humaines!

euplo'de!*RPE-1)!et!trisomique!pour!le!chromosome!21!*RPE-1!21/3),!ainsi!que!les!lign#es!issues!d�un 

carcinome!de!colon!euplo'de! *HCT116)!et! trisomique!pour! le! chromosome!5! *HCT116! !5/3)! !26.! Les!

lign#es!trisomiques!ont!#t#!g#n#r#es!par!la!micro!fusion!de!noyau!&!partir!de!leur!parent!euplo'de.!De!

par leur fond g!n!tique identique, ces lign!es tumorales sont de bons mod$les d�!tudes! de!

l�aneuplo%die puisque la lign!e trisomique peut 'tre compar!e " la lign!e euplo%de. Le laboratoire a 

confirm#!l;effet!cytotoxique!de!l;AICAR!plus!important!sur!les!deux!lign#es!aneuplo'des!par!rapport!&!

leur! lign#e! contr(le! euplo'de.! Or,! la! surexpression d�UBA1, ubiquitine ligase, abolit cette 

hypersensibilit! " l�AICAR et cette enzyme!fixe l�AICAR sur colonne d�affinit!. On peut donc sugg!rer 

que l�AICAR serait plus cytotoxique sur les cellules aneuplo%des en fixant et inhibant UBA1. !
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L�hypoth$se actuelle!est!que!le!ZMP!en!se!fixant!&!UBA1!amplifierait!la!saturation!des!voies!de!

repliement!prot#ique!d#j&!importante!pour!les!cellules!aneuplo'des.!En!effet,!les!cellules!aneuplo'des!

sont!en!permanence!en!#tat!de!stress!prot#otoxique,!du!au!d#s#quilibre!prot#ique!provoqu#!par!les!

chromosomes! surnum#raires! *Fig.! 6).! La! surexpression!d�UBA1 permettrait ainsi de pallier " cette 

saturation.!De!plus,!l�!tude pr!c!demment cit!e de Ly et al.!montre!que l�effet!antitumoral!de l�AICAR 

est!plus!important!pour!un!lign#e!trisomique!par!rapport!au!contr(le!euplo'de! !27.!Cette!cytotoxicit#!

passerait par l�internalisation du r!cepteur " l�EGF puis son adressage au prot!asome par 

l�ubiquitination.!!

!

!

Figure 6 : Stress 
prot#otoxique des cellules 
aneuplo%des.  

Le d!s!quilibre prot!ique 

produit par l�aneuplo#die conduit " 

une saturation des chaperonnes et 

du prot!asome. Les voies de 

repliement et de d!gradation des 

prot!ines n�assurent plus 

enti$rement leur r%le de « contr%le 

qualit! » des prot!ines ce qui 

entra$ne l�apparition de prot!ines 

mal repli!es et d�agr!gations 

prot!iques. On parle de stress 

prot!otoxique ou prot!otoxicit!.  

!
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Actuellement, l�effet antitumoral!de l�AICAR plus important sur les cellules aneuplo%des serait 

donc!expliqu#!par!son!action!sur!la!voie!de!d#gradation!des!prot#ines,!et!plus!pr#cis#ment!sur!la!voie!

de l�ubiquitine,! ce qui n�exclut que l�AICAR touche! d�autres voies caract!ristiques des cellules 

aneuplo'des.!

c. L�utilisation de biopsie de patient. 

Campas! et al.! ont!men#! une! #tude! sur! des! cellules! de! patient! atteints! de! LLC-B! *leuc#mie!

lympho'de!chronique!de!type!B).!Ce!type!de!cancer!est!caract#ris#!par!un!d#faut!de!la!mort!cellulaire!

programm#e!entrainant l�accumulation de lymphocyte B. Le traitement " l�AICAR engendre l�apoptose !

des!lymphocytes!B!tumoraux!alors que ce n�est pas!le!cas!pour!les!lymphocytes!T!normales!des!m=mes!

patients.!Ces!r#sultats!sont!prometteurs!dans le cadre d�une th!rapie cibl!e pour la LLC-B.!
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Le! LCM! *Lymphome! &! Cellules! du!Manteau)! est! une! tumeur!particuli$rement! insensible! aux!

th#rapies! classiques.! La combinaison de l�AICAR et de rituximab! *anticorps!monoclonal! chim#rique!

dirig#!contre!la!mol#cule!de!surface!CD20)!a!#t#!test#e!sur!des!#chantillons!de!sang!de!patients!atteints!

de!ce!type!de!lymphome. L�association des effets de ces deux drogues montre une!augmentation!de!

l�inflammation, du d#s#quilibre!du!m#tabolisme, de l�apoptose et de la prolif!ration entrainant une 

cytotoxicit#!importante!!28.!!

Ces!#tudes!montrent!le potentiel cytotoxique de l�AICAR sur les cellules tumorales!des!LLC-B!par!

rapport! aux! lymphocytes! T! normaux!mais! aussi! sur! les! cellules! tumorales! du! LCM,! insensibles! aux!

th!rapies classique. Bien qu�aucune !tude sur!des!cellules!issues!de!biopsies!de!patients!atteints!de!

tumeurs solides, l�AICAR parait efficace sur les tumeurs liquides et plus particuli$rement les 

lymphomes.!

d. L�expérimentation animale 

Afin de valider ces effets sur l�organisme entier, Montraveta et al.! ont! inject#s! les! lign#es!

primaires!issues!de!LCM!&!des!souris!immunod#prim#es!!28.!Ces!x#nogreffes!ont!#t#!effectu#es!en!sous!

cutan!es afin de comparer visuellement l�!volution de la tumeur sans traitement versus! avec!

traitement " l�AICAR. Les r!sultats montrent que le traitement " l�AICAR entraQne! une! diminution!

significative de l�!volution de la tumeur. L�utilisation du rituximab!a! le!m=me!effet! antitumoral.! La!

combinaison! des! deux! mol#cules! potentialise! cet! effet! antitumoral! conduisant! &! une! inhibition!

presque totale de l�apparition de tumeur!!28.!!

D�autres #quipes! ont! effectu#! des! injections! sous! cutan#es! de! cellules! tumorales! chez! les!

rongeurs.!Apr$s l�injection de cellules!C6!gliales,!Rattan!et al.!ont!montr#!que!la!taille!de!la!tumeur!est!

diminu#e!de!50<!avec un traitement " l�AICAR! 14.!De!plus,! l�!quipe de!Guo!et al.! a!montr#!que! le!

traitement " l�AICAR diminue de 402 la croissance de tumeur sous cutan!e suite " une!x#nogreffe!de!

U87/EGFRvIII! *U87! exprimant! la! mutation! EGFRvIII, forme constitutivement active de l�EGFR ou 

Epidermal!Growth!Factor!Receptor)!!29.!La!mutation!de!ce!r#cepteur!est!fortement!oncog#nique!dans!

de! nombreux! cas! de! cancer! tel! que! le! glioblastome.! Par! contre,! aucun! effet! anti-prolif!ratif n�est 

observ#! sur! les! x#nogreffes! issues! de! U87! sauvages.! L�!quipe dirig!e par A. Amon a montr!! un!

potentiel!antitumoral!de l�AICAR!sur!les!x#nogreffes!de!2!types!cellulaires!pour!6!utilis#s!au!total.!Cet!

effet est potentialis! avec l�utilisation du compos! 17-AAG!*inhibiteur!du!repliement!des!prot#ines).!!

Ces! #tudes!montrent!que! l�AICAR est antitumoral!" l�!chelle de l�organisme et!que! cet! effet!

d#pend!du!type!cellulaire.!!

e. L�essai clinique 

Une!#tude!en!phase!clinique!I/II!a!#t#!men#e!sur!des!patients!atteints!de!leuc#mies!lympho'des!

chroniques r!sistants aux th!rapies courantes. L�acad!sine (nom pharmacologique!de l�AICAR),!utilis#e!

&!des!concentrations!s#cures!et!tol#r#es,!permet!la!diminution!de!la!taille!des!ganglions!lymphatiques!

et!de!la!quantit#!des!cellules!de!leuc#mies!lympho'des!chroniques!p#riph#riques!!30.!Au!vu!des!r#sultats!
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variables entre les diff!rents types tumoraux, des essais cliniques doivent 'tre men!s sur d�autres 

types!de!tumeur!dont!les!donn#es!en!culture!cellulaire!et!in vivo!montrent!un!effet!anti-prolif#ratif.!

!

L�ensemble de ces r!sultats montre que l�AICAR a un haut potentiel anti tumoral. La 

compr!hension de ces m!canismes d�action est n!cessaire pour mieux appr!hender cette mol!cule 

avant une !ventuelle utilisation chez l�Homme.!

2. Le ZMP active l�AMPK en mimant l�AMP.  

Le ZMP poss$de une structure chimique tr$s similaire " l�AMP (Fig.!2!B).!De!ce!fait,!beaucoup!

des! effets! imput#s! au! ZMP! sont! consid#r#s! comme! #tant! directement! li#s! &! un! effet! «!AMP-

mim#tique!»!du!ZMP.!Par!exemple!que!le!ZMP!est capable de mimer l�effet activateur de l�AMP sur 

une! enzyme! essentielle! du! m#tabolisme, l�AMPK! 31.! Ainsi,! le! ZMP! est! utilis#! depuis! une! vingtaine!

d�ann!es en tant qu�activateur exog$ne de l�AMPK afin d�!tudier les processus r!gul!s par cette 

enzyme.!!

L�AMPK!est une enzyme fondamentale " l�!chelle cellulaire comme " l�!chelle de l�organisme. !

a. A l�échelle cellulaire 

L�AMPK!est!une!enzyme!h#t#rotrim#rique!tr$s!conserv#e!chez!les!eucaryotes.!Elle!est!constitu#e!

d�une sous unit! catalytique ) et de deux sous unit!s r!gulatrice 3 et 6 ayant chacune de multiples 

isoformes! ()1, )8, 31,!38, 61, 68 et 69/.!L�expression des diff!rentes combinaisons d!pend du tissu 

d�origine.!Cette!enzyme!allost#rique!est!un!senseur de l�!nergie cellulaire permettant!de!maintenir!

l�hom!ostasie #nerg#tique.!Pour!ce!faire,!l;AMPK!stimule!les!voies!cataboliques!productrices!d;ATP!et!

inhibe!les!voies!anaboliques!qui!en!consomment.!

Une d!stabilisation de l�!nergie cellulaire!!g#n#r#e!par!diff#rents!stress!comme!le!d#s#quilibre!

m#tabolique!ou!un!composant!x#nobiotique!augmente!les!ratios!AMP/ATP!et!ADP/ATP.!La!fixation!de!

l�AMP ou!du!ZMP!sur la sous unit! 6 entraQnent!une activation allost!rique de l�AMPK. L�AMP et l�ADP 

peuvent! aussi! se! fixer! sur! un! autre! site! de! la! sous-unit! 6! et! ainsi! prot$gent! l�enzyme de la 

d#phosphorylation! 32.! S�en suit une modification de la structure de l�AMPK permettant! sa!

phosphorylation! sur! la! Thr#onine-172! par! 3! kinases!:! liver! kinase! B1! *LKB1),! calcium-/calmodulin-

dependent!kinase!kinase!2!*CaMKK2)@!TGF3-activated!kinase!1!*TAK1)!!33,34.!A contrario,!quand!la!cellule!

est riche en !nergie, l�ATP se fixe sur la sous-unit! 6 de l�AMPK emp'chant sa phosphorylation! !32.!

Depuis une dizaine d�ann!e, certains auteurs mettent en !vidence l�existence!de!kinases!telles!qu�AKT,!

la!PKC!*prot#ine!kinase!C)!modulant l�activit! de l�AMPK via!d�autres sites de phosphorylation de la 

sous-unit! 6 ! 33,34.! Des! m#canismes! diff#rents! tels! que! l�ubiquitination, la sumoylation, 

l�oxydation;r!duction!peuvent aussi r!guler l�enzyme.!Ces!nombreux!facteurs!permettent!de!r#guler!

plus!finement!cette!enzyme!cellulaire!fondamentale.!!
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L�!quilibre de l�!nergie cellulaire #tant!essentiel!pour!toutes!les!fonctions,!cette!enzyme!s#rine!

thr#onine!kinase!a!de!nombreux!r(les.!En!effet,!l�AMPK!r#gule!le!m#tabolisme!des!lipides!en!inhibant!

la!synth$se!de novo!des!acides!gras,!du!cholesterol!et!des!triglyc#rides!et!en!activant!l�entr#e!des!acides!

gras!dans!la!cellule!et!leur!3 oxydation.!L�AMPK module aussi le m!tabolisme des glucides en activant 

la!glycolyse et l�entr#e!du glucose dans la cellule ainsi qu�en inhibant la synth$se du glycog$ne.!De!plus,!

la synth$se de prot!ine est diminu!e afin de conserver l�!nergie!n#cessaire!&!leur!fabrication.!Pour!

finir,!la!stimulation!de!la!biog#n$se!mitochondriale!permet,!&!long terme, d�augmenter la capacit! du 

catabolisme!oxydatif!du!glucose!et!des!acides!gras.!L�AMPK agit!ainsi!sur!ces!voies!m#taboliques!en!

r#gulant!directement!certaines!prot#ine!ou!alors!en!modifiant!la!transcription!ou/et!la!traduction!de!

ses!cibles.!Cette!r#gulation!du!m#tabolisme!permet de lib!rer de l�!nergie sous forme d�ATP.!!

!

Figure 7 : L�AMPK, une cible th"rapeutique pour les maladies du m"tabolisme. 
L�activation physiologique de l�AMPK (exercices physiques, signal hormonal) aboutit " la r!gulation de diff!rentes 

voies m!taboliques. L�AMPK a donc fait l�objet d�!tude afin de l�utiliser comme cible de traitements pour les maladies 

m!taboliques. L�activation de l�AMPK par des agents pharmacologiques (AICAR, metformin, thiazolidinediones) permet de 

pr!venir et de traiter les anomalies m!taboliques. L�AMPK a plusieurs effets important sur le m!tabolisme en mimant les effets 

b!n!fiques de l�exercice physique, incluant la modulation du m!tabolisme des lipides, l�augmentation de l�assimilation du 

glucose par les muscles, l�augmentation de biog!n%se de la mitochondrie, l�augmentation de la sensibilit! " l�insuline et la 

r!duction de la concentration du glucose sanguin. L�AICAR est reconnu comme agent dopant par l�AMA. Illustration issue du 

laboratoire INSERM U567 de B. Viollet.  

b. A l�échelle de l�organisme 

Chez! les!mammif$res,! le! r(le! de! l;AMPK!ne! se! limite! pas! &!une r!gulation de l�hom!ostasie 

#nerg#tique!cellulaire mais r!gule aussi l�hom!ostasie de l�organisme entier!*Fig.!7).!
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Figure 8 : L�AMPK r"gule le comportement alimentaire au niveau de l�hypothalamus.  
R!gulation du comportement alimentaire par la modulation des neurones NPY/AgRP (neurones exprimant le 

NeuroPeptide Y et l�Agouti!Related!Protein) et POMC (neurones Pro-OpioM!lanoCortine) gr&ce " l�AMPK. a) Dans les stades 

pr!coce, la ghr!line, « hormone de la faim » synth!tis!e par l�estomac, active l�AMPK dans les neurones pr!synaptiques en 

agissant en amont des neurones via la voie CaMKK2. Cette voie entra+ne un relargage de Ca20  des r!serves intracellulaires ce 

qui permet d�obtenir une boucle de r!trocontr'le positif activant continuellement le relargage du neurotransmetteur dans les 

neurones NPY/AgRP m#me si la stimulation de la ghr!line cesse. Les neurones NPY/AgRP entra+nent alors la sensation de faim 

et inhibent les neurones POMC. b) La faim continue jusqu�" ce que les neurones POMC soient stimul!s par l�«hormone de 

sati!t!», la leptine. L�activit! de ces neurones inhibe la faim et entra$ne le relargage de opioides qui inhibe l�AMPK dans les 

neurones pr!synaptique en amont des neurones NPY/AgRP. Ces neurones pr!synaptiques sont alors inactiv!s. Illustration issue 

de Hardi et al.  34 

L�AMPK est!impliqu#e!dans!le!contr(le!de!la!sati#t#!et!de!la!faim!au niveau de l�hypothalamus!

*Fig.!8).!Cette!r#gion!du!cerveau!joue!un!r(le!central dans l�hom!ostasie !nerg!tique de l�organisme!

en!r#gulant!la!prise!alimentaire!et!la!d#pense!#nerg#tique.!Ainsi,!l�activit! de!l�AMPK hypothalamique 

varie! avec! le! statut! nutritionnel,! l�AMPK !tant activ#e! &! jeun! et! inhib#e! en! p#riode! de! sati#t#! ! 35.!

Diff#rentes!hormones!connues!pour!=tre!modul#es par l�!tat nutritionnel r!gulent l�activit! de l�AMPK. 

Ainsi,!la!ghr!line, hormone produite par l�estomac,!active!l�AMPK et induit!la!prise!alimentaire!alors!

que!la!leptine!produite!par!le!tissu!adipeux!agit!de!mani$re!oppos#e!!35,36.!De!m=me,!la!surexpression!

hypothalamique d�une forme constitutivement! active de l�AMPK chez la souris conduit " une 

augmentation!sensible!de sa prise alimentaire. A l�inverse, l�expression d�une!forme inactive de l�AMPK 

ou l�injection intra-hypothalamique!de compos! C, un inhibiteur de l�AMPK, entraQnent l�effet!inverse!!

35,37.!Ces!r#sultats!montrent!que l�AMPK hypothalamique constitue une cible!commune!&!de!nombreux!

facteurs!affectant!le!comportement!alimentaire.!!
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N#anmoins, l�AMPK est r!gul!e de fa<on diff!rente dans l�hypothalamus et les tissus 

p!riph!riques. Par exemple, la leptine active l�AMPK dans le muscle squelettique et l�inhibe dans 

l�hypothalamus, ce qui sugg$re que les m!canismes de r!gulation impliqu!s!sont!diff#rents.!!

Au!niveau!du!muscle!squelettique,!l�AMPK orchestre la reprogrammation m!tabolique afin que 

le!muscle!produise!l�!nergie n!cessaire " l�organisme lors d�exercices physiques!!38�40!*Fig.!7).!En!effet,!

la! r#ponse!m#tabolique!" l�AICAR, activateur de l�AMPK,! est! tr$s! similaire! &! celle! produit! par! une!

contraction! musculaire! ! 41.! Une! #tude! publi#e! en! 2008! montre! que! l�administration quotidienne!

d�AICAR durant! 4! semaines! &! des! souris! s#dentaires! induit,! via! l�activation de l�AMPK, une!

reprogrammation!g#n#tique!modifiant!les!flux!m#taboliques! !39.!Ceci!aboutit!&!une!augmentation!de!

la!masse!musculaire!et!une!diminution!de!la!masse!adipeuse.!L�endurance!augmente!alors!de!44<!sans!

exercice!physique.!Cette !tude conduit " l�utilisation de l�AICAR comme!produit!dopant!dans!le!monde!

du!sport,!particuli$rement!du!cyclisme,!ce!qui!aboutit!&! l�interdiction!de!ce!m#tabolite!par! l�Agence 

Mondiale!Antidopage!*AMA).!!

3. Le ZMP ne cible pas seulement l�AMPK 

Les!effets!anti-tumoraux de l�AICAR sont expliqu!s par le r&le mim!tique du ZMP sur l�AMPK. 

Cette!enzyme!ainsi!activ#e!ralentit!la!croissance!tumorale!par!le!blocage!des!voies!anaboliques!*acide!

gras,!cholesterol,!triglyc#rides,!ARNs!et!prot#ines)!n#cessaires!&!la!prolif#ration. En effet, l�activation 

de l�AMPK par le traitement " l�AICAR inhibe la lipog!n$se et la synth$se de prot!ine!par l�inhibition 

des!enzymes!ACC!*Ac#tyl!CoA!Carboxylase)!et!HMG-CoA!*3-hydroxy-3methylglutaryl-CoA!r#ductase)!!

dans!un!mod$le!de!glioblastome!les!U87! !29.!En!dehors!de!son!r(le!sur!le!m#tabolisme,! l�AMPK agit!

aussi sur d�autres fonctions telles!que!le!cycle!cellulaire.!Ainsi,!cette!enzyme!permet!un!ralentissement!

du cycle avec l+augmentation de l�expression de p81, p87 !12!et!p53,!l;inhibition!la!voie!de!signalisation!

PI3K-Akt!!14, la phosphorylation de Rb (retinoblastoma proteine/ ainsi que la diminution de l�expression 

de!la!cyclin!A!!10.!De!plus,!la!stabilisation!de!p27!induit!l�autophagie.!!

La majorit! des !tudes men!es sur l+effet antitumoral de l+AMPK utilisent l�AICAR comme 

activateur!exog$ne!de!cette!enzyme!et!assimilent!h>tivement!l�effet antitumoral!de l�AICAR " celui de!

l�activation de l�AMPK. Cependant, plusieurs !l!ments sugg$rent!que l�effet antitumoral!de l�AICAR est!

associ#!&!des!m#canismes!cellulaires!ind#pendants.!Ces!#l#ments!sont!comme!suit!:!

a. Effet anti-prolifératif chez la levure S. cerevisiae 

L�orthologue de l�AMPK,!Snf1,!serait!activ#!non pas par l�AMP mais par l�ADP.!De!plus,!Snf1!ne!

semble pas 'tre affect! par l�accumulation de ZMP!2.!Or,!le!ZMP!#tant!toxique!aussi!pour!cet!organisme,!

nous!pouvons!penser!que!la!toxicit#!de!ce!m#tabolite!ne!serait!pas!due!" l�activation de l�AMPK mais 

" la modulation d�autres m!canismes!ind#pendants.!!

!

!
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b.  Rôle discuté de l�AMPK dans l�effet cytotoxique de l�AICAR 

Depuis!moins!de!10!ans,!un!nombre!croissant!de!publications!d#crit!les m!canismes de l�AICAR!

comme partiellement ou enti$rement ind!pendant de l�AMPK. Sur!des!lign#es!cellulaires!de!leuc#mies!

lympho'des!chroniques, l�effet cytotoxique de l�AICAR ne varie pas avec un!knock down *kd) par!shARN!

*small interfering!ARN/ de l�AMPK! !21.!Pour!le!m=me!type!de!cancer,!une!autre!#quipe!a!montr#!que!

l�AICAR induit l�apoptose ind!pendamment de p59 et de l�AMPK gr*ce " l�utilisation de MEFs (mouse!

embryonic! fibroblasts)! invalid#es! g#n#tiquement! pour! ces! prot#ines! 18. L�utilisation des MEFs ainsi 

mut!s s�av$re 'tre un syst$me robuste pour !tudier les diff!rents effets induits par l�AICAR.!Aussi,!le!

stress!oxidatif,!facteur!de!risque!important!dans!carcinome!h#pato-cellulaire,!est!r#gul#!n#gativement!

par!le!facteur!de!transcription!Nrf2!*Nuclear!factor!erythroid!2!related!factor).!Dans!ce!type!de!cancer,!

l�AICAR est un puissant modulateur du stress oxidatif. Cette!mol#cule!module l�!tat oxydatif via! le!

facteur!de!transcription!Nrf2!entrainant un effet cytotoxique et ce ind!pendamment de l�AMPK.!Dans!

un!mod$le! de! glioblastome,! les!U87,! l�AICAR diminue la croissance cellulaire ind#pendamment! de!

l�AMPK gr>ce!" l�augmentation de l�activit! du prot!asome d!gradant ainsi CDC85c, prot!ine r!gulant 

l�entr#e!en!mitose! !42.!Ces!deux!derni$res!#tudes!sont!men#es!gr>ce!" l�utilisation de shARN dirig!s 

contre l�AMPK.! Toutes! ces! #tudes! montrent! que! l�accumulation de l�AICAR entraine son effet 

cytotoxique ind!pendamment de l�AMPK. !

c. Modulation directe de l�AICAR sur certaines enzymes 

Plusieurs auteurs ont montr! que l�AICAR module via!une!interaction!direct!deux!enzymes!du!

m#tabolisme!:!la!PFK!et!la!F1,6-BPase!!6,8.!En pr!sence d�AICAR in vitro,!l�AICAR interagit avec Hsp=0 et 

de!nombreuses!prot#ines!cibles!de!Hsp90!sont!d#stabilis#es!!43.!Les!deux!enzymes!PFK!et!Hsp90!sont!

impliqu!s lors d�!tapes importantes!de! la!croissance! tumorale.!Ainsi,! les!effets!anti-prolif#ratifs!de!

l�AICAR pourraient =tre!dus!&!la!modulation!de!ces!enzymes.!Cette!notion!a!#t#!valid#e!pour!certains!

types!cellulaires!!14.!!

d. Chromotagraphie d�affinité sur colonne d�AICAR et d�AMP 

Au!laboratoire,!des!lysats!prot#iques!issus!de!glioblastomes!humains!U87!ont!#t#!pass#s!sur!des!

colonnes! d�affinit!! au! ZMP.! Le! nombre! prot#ines! retenues! sur! les! colonnes! et! identifi#es! par!

spectrom#trie! de!masse! s�!l$ve " environ 1=0! *donn#es! non! publi#es).! En! parall$le,! des! colonnes!

d�AMP! ont! #t#! effectu#es! avec! les!m=mes! lysats! prot#iques! et! 71! prot#ines! ont! #t#! retenues.! Le!

croisement! des! r#sultats! donne! seulement! 24! prot#ines! communes! aux! deux! types! de! colonnes.!

Malgr#! les! similitudes! structurales!AMP! versus! ZMP,! les! prot#ines! retenues! sur! ces! deux! types! de!

colonne!sont!majoritairement!diff#rentes!appuyant! le!fait!que!ces!deux!mol#cules!ont!des!affinit#s!

distinctes.!!

L�affinit! au ZMP ainsi!que!les!liens!fonctionnels!avec!la!toxicit! de l�AICAR ont!#t#!valid#s!au!

laboratoire!pour!certaines!prot#ines.!Kap189, homologue de l�ImPOrtine 4 (IPO4/ chez la levure, est 

un!binder! sp#cifique!du!ZMP.!Sa!surexpression!permet de supprimer les effets de l�AICAR dans cet 

organisme!*donn#es!non!publi#es).!Il!en!est!de!m=me!pour!UBA1,!binder!sp#cifique!du!ZMP,!dont!la!
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sous!expression augmente l�effet cytotoxique de l�AICAR pour deux mod$les de cellules de mammif$re 

mais!aussi!pour!la!levure!*Puyo!et al.,!en!cours!de!publication).!Des!lysats!prot#iques!issus!de!levures!ont!#t#!pass#s!

sur des colonnes d�affinit! au ZMP de la m'me mani$re que les cellules de mammif$re.!La!conservation!

des!binders!du!ZMP!chez!la!levure!et!les!mammif$res!est un argument important qu�en!&!l�existence!in 

vivo!de!cette!fixation!binder/ZMP!ainsi que son r&le dans la toxicit! de l�AICAR.!En!effet,!les!deux!cibles!

#tudi#es! au! laboratoire,! Kap123! et! UBA1,! sont! pr#sentes! sur! les! colonnes! de! levures! et! de!

mammif$res.!!

Ces r!sultats renforcent l�hypoth$se selon laquelle l�effet antitumoral! de l�AICAR peut! =tre!

m#di#!par!des!cibles!AMPK-ind#pendantes.!!

 

Des! effets! anti-prolif#ratifs! sont observ!s suite " l�accumulation d�AICAR (5-amino-1-3-D-

ribofuranosyl-imidazole-4-carboxamide!monophosphate),! interm#diaire!m#tabolique! de! la! voie! de!

biosynth$se des purines. Dans la litt!rature, ces effets sont principalement attribu!s " l�AMPK, cible!

directe de l�AICAR. Or, plusieurs !l!ments nous permettent d�affirmer que les effets cytotoxiques 

induits par l�ajout d�AICAR ne peuvent!pas!=tre!attribu#!exclusivement " l�activation de l�AMPK!*Fig.!9).!

D�autres cibles seraient !galement impliqu!es dans!ce!ph#nom$ne.!!

Le premier objectif de ma th$se a !t! de confirmer que l�effet antitumoral!de l�AICAR n�est pas 

seulement!expliqu#!par l�activation de l�AMPK mais par l�existance d�une (autres/ cible(s/!!9!*article!1).!

Le!deuxi$me!objectif!a!#t#!de!mettre!en!#vidence!une*des)!fonction*s)!modul!e(s/ par l�AICAR. !

!!

Figure 9 : L�effet cytotoxique de l�AICAR est t-il d"pendant de l�AMPK ?   
Les effets de l�ajout d�AICAR sont majoritairement attribu!s " l�activation de l�AMPK. Or, plusieurs !l!ments confirment 

l�existence d�autres cibles responsables de l�effet cytotoxique de l�AICAR. 
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Figure 10 : La voie HIPPO est une « boite » centralisant et envoyant des signaux.  
Les signaux r!gulant la voie HIPPO convergent vers le centre fonctionnel de la voie HIPPO comprenant le module 

prot!ine kinase et le module transcriptionnel. Le module prot!ine kinase r!gule le module transcriptionnel, responsable de la 

transcription d�un grand nombre d�ARN impliqu!s dans la survie cellulaire, la prolif!ration, la diff!renciation, la migration et 

l�invasion cellulaire. Ces r!ponses cellulaires sont fondamentales pour le d!veloppement embryonnaire et l�hom!ostasie 

tissulaire.  

!
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II. Partie 2 � La voie HIPPO   

Les!biologistes!du!d#veloppement!se!demandent!comment!se!limite!la!prolif#ration!cellulaire.!

Le! terme! «!limit#!»! plut(t! que! «!prolif#r#!»! est! volontairement! utilis#.! Il! est! d#j&! #tabli! que! les!

organismes! unicellulaires! doivent! =tre! stimul#s! !pour! prolif#rer.! Cette! prolif#ration! est! seulement!

limit!e par la quantit! d�!l!ments nutritifs. Avec l�arriv!e des organismes multicellulaires, les cellules 

acqui$rent! la! capacit#! &! freiner! leur! croissance! et! leur! division! en! r#ponse! &! des! signaux! venant!

d�autres cellules et " mourir quand leur pr!sence est dispensable. Ces propri!t!s permettent le 

d!veloppement normal de l�embryon et le maintien de l�hom!ostasie tissulaire chez l�adulte. Ainsi, 

certains!m#canismes!ont!su!#voluer!pour!permettre aux cellules d�!valuer leur nombre et leur densit!. 

Ces! informations! sont! utilis#es! pour! r#guler! des! processus! intrins$ques! incluant! la! croissance,! la!

division et la survie cellulaires. L�!tude de ces m!canismes est fondamentale afin de comprendre!le!

d#veloppement!embryonnaire!et!le!processus!tumoral.!!

Une!voie!de!signalisation!nomm#e!«!la!voie!HIPPO!»!existe!chez!certain!organisme!unicellulaire!

tel!que!S. Pombe!*Schizosaccharomyces Pombe).!Son!r(le!se!limite!&!la!r#gulation!du!cycle!cellulaire!

par le cytosquette d�actine. Au fil de l�!volution, cette voie a su accroitre ses comp!tences. En effet, 

chez! la! drosophile! (Drosophila melanogaste) et! les! mammif$res,! un! grand! nombre! de! signaux!

extracellulaires! converge! vers! la! voie! HIPPO.! Cette! voie! orchestre! ensuite! la! r#gulation!

transcriptionnelle d�un large panel de g$ne aboutissant " des r!ponses cellulaires vari!es. !

Nous!abordons!ici!sa!description!car,!comme!nous!le!verrons!dans!cet!expos#,!la!voie!HIPPO!est!

activ#e!dans!divers!types!cellulaires!en!r#ponse!&!l;AICAR.!

 

1. La convergence des signaux extracellulaires 

Chez! les! organismes! multicellulaires,! chaque! cellule! doit! tirer! des! informations! sur! son!

microenvironnement.!Pour!ce!faire,!les!contacts!cellulaires,!la!tension!m#canique!de!la!MEC!*Matrice!

Extracellulaire),! les! mol#cules! signales! extracellulaires! telles! que! les! hormones! et! les! cytokines!

informent!la!cellule!de!son!environnement ext!rieur. Ce r!seau d�information passe entre!autre!par!la!

modulation!de!la!voie!HIPPO!*Fig.!10).!!

Ainsi,!cette!voie n�apparait pas comme une interaction extracellulaire unique d�un ligand avec 

son!r#cepteur.!Un!grand!nombre!de!stimuli venant!de!l�environnement!cellulaire!sont!r#colt#s!par!la!

cellule!et!convergent!vers!le!centre!fonctionnel!HIPPO!*Fig.!10).!Ces!principaux!stimuli!sont!d#taill#s!

dans!la!partie!II.!B.!!!
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Figure 11 : Description du centre fonctionnel de la voie HIPPO.  
Ce centre comprend un module S!rine-Thr!onine Prot!ine Kinase (partie haute du sch!ma) et un module 

transcriptionnel (partie basse du sh!ma). Lorsque la voie HIPPO est activ!e (ON), MST1 et MST2 phosphoryl!s vont recruter 

et activer SAV1, MOB1A et MOB1B par phosphorylation. Ces prot!ines vont assister MST1 et MST2 pour l�activation de LATS1 

et LATS2 par phosphorylation. In!fine, LATS1 et LATS2 vont inactiver YAP et TAZ par phosphorylation, seule phosphorylation 

inhibitrice de la voie. Ces deux cofacteurs de transcription sont soit d!grad!s, soit s!questr!s dans le cytoplasme par la 

prot!ine 14-3-3. L�activation de la voie HIPPO est donc permise par une cascade de phosphorylations activatrices puis 

inhibitrice. Lorsque la voie HIPPO est inactiv!e (OFF), le module Prot!ine Kinase n�est pas phosphoryl!. LATS1 et LATS2 ne sont 

donc pas activ!s. YAP et TAZ non phosphoryl!s sont activ!s et se d!localisent dans le noyau. Ils se fixent alors aux facteurs de 

transcription et activent alors la transcription. 
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2. Le centre fonctionnel HIPPO 

Ce!centre!fonctionnel!se!divise!en!deux!modules!: le module prot!ine kinase, constitu! d�une 

cascade! de! phosphorylation,! et! le! module! transcriptionnel,! constitu#! de! deux! cofacteurs! de!

transcription!*Fig.!10!et!11).!

a. Les deux modules du centre fonctionnel HIPPO 

Le!module!prot#ine!kinase!est!localis#!dans!le!cytoplasme!cellulaire.!Il!est!compos#!des!prot#ines!

MST1!et!MST2! *Mammalian!STE20-Like!Protein!Kinase!1!et!2),! SAV1! *Salvador!Family!WW!Domain!

Containing!Protein!1),!des!deux!prot#ines!MOB1A!et!MOB1B!*Mps!One!Binder!Kinase!Activator-Like!

1A!et!1B),!et!des!deux!prot#ines!kinases!paralogues!LATS1!et!LATS2!*LArge!Tumor!Suppressor!Kinase!1!

and!LArge!Tumor!Suppressor!Kinase!2)!*Fig.!11).!!

Le!module!est!compos#!de!deux!cofacteurs!de!transcription:!YAP1!*Yes!Associated!Protein!1)!et!

TAZ!*Transcriptionnal!co!Activator!with!pdZ!binding!motif).!Ces!facteurs!sont!cytoplasmiques!quand!la!

voie!HIPPO!est!activ#e!ou!nucl#aires!quand!elle!est!inhib#e!*Fig.!11).!!

b. La voie HIPPO activée 

Les!signaux!en!amont!du!centre!HIPPO!activent!MST1!et!MST2!qui!vont!phosphoryler!et!activer!

SAV1,!MOB1A!et!MOB1B.!Ces!trois!prot#ines!vont!assister!MST1!et!MST2!&!recruter!et!activer!LATS1/2!

par phosphorylation. Cela aboutit en aval " l�inhibition du module!transcriptionnel!compos#!de!YAP!et!

TAZ!gr>ce!&!leur!phosphorylation!par!LATS1!et!LATS2!44�47.!YAP!et!TAZ!sont!alors!s#questr#s!dans!le!

cytoplasme!par!fixation!&!certaines!des!prot#ines!14-3-3!et!d#grad#s!48,49!*Fig.!11). Ainsi, l�activation du 

module!de!prot#ine!kinase de la voie HIPPO conduit " l�inhibition du module transcriptionnel incluant 

YAP!et!TAZ.!!

c. La voie HIPPO inhibée 

A l�inverse, si le module de kinase n�est pas activ!, YAP et TAZ non phosphoryl!s se localisent 

alors!dans!le!noyau!o[!ils!peuvent!interagir!avec!des!facteurs!de!transcription.!Les!principaux!facteurs!

de! transcription! appartiennent! &! famille! des! facteurs! de! transcription! TEADs! *TEA! Domain!

Transcription!Factors)!!50!mais!aussi!avec!les!facteurs!p63,!RUNX,!PAX!et!la!famille!des!SMADs!!51,52.!Ces!

complexes!se!fixent!&!des!s#quences!sp#cifiques!modulant alors l�expression d�un grand nombre de 

g$ne.! Ainsi, l�inhibition du module de prot!ine kinase conclue " l�activation du module 

transcriptionnel.!!

!

Globalement,! les!signaux!en!amont!du!centre! fonctionnel!de! la!voie!HIPPO!r#gule! le!module!

prot#ine!kinase.!Ce!module!est!une!cascade de phosphorylation activatrice et d�amplification du signal. 

La! derni$re! phosphorylation! effectu#e! par! LATS1! et! LATS2, " l�inverse, inhibe le module 

transcriptionnel.!!
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3. La divergence des signaux 

La! voie! HIPPO! aboutit! &! la! r#gulation! transcriptionnelle! de! nombreux! g$ne.! Les! grands!

m#canismes! cellulaires! sont! alors! r#guler! par! la! transcription!:! la! prolif#ration,! la! survie,! la!

diff#renciation!et!la!migration/invasion!cellulaires!*Fig.!12).!!

Ainsi,!les!signaux!de!la!voie!HIPPO!sont!achemin#s!vers!deux!effecteurs!finaux,!YAP!et!TAZ.!Les!

effets! de! ces! deux! cofacteurs! de! transcription! divergent! ensuite! vers! les! m#canismes! cellulaires!

fondamentaux.!Ces!m#canismes!sont!d#taill#s!dans!la!partie!II.!C.!!!!

4. Les embranchements de la voie HIPPO 

En! plus! de! cette! complexit#! des! signaux!modulant! la! voie! HIPPO,! YAP! et! TAZ! peuvent! =tre!

directement!r#gul#s!ind#pendamment!du!module!prot#ine!kinase!53,54.!LATS1!et!LATS2!peuvent!r#guler!

d�autres prot!ines ind!pendamment de YAP et TAZ!!55�57.!!

Comme je montre que l�AICAR r!gule les prot!ines LATS1 et LATS8, certains! m#canismes!

sp#cifiques!&!ces!kinases!sont!d#crits!dans!la!partie!II.D.!!

 

La!voie!HIPPO!occupe!une!place!centrale!dans!la!physiologie!cellulaire!et!tissulaire.!Ceci!justifie!

le! fait! qu;elle! soit! soumise! &! de! nombreuses! r#gulations! pour! sa! meilleure! adaptation! dans! un!

microenvironnement!qui!n;est!pas! statique.! Les!#tudes!des!10!derni$res! ann#es! sur! la! voie!HIPPO!

mettent! en! #vidence! un! nombre! de! signaux! croissant! qui! informent! la! cellule! de! son!

microenvironnement!via!la!modulation!de!cette!voie.!!!

Afin de d!tailler l�ensemble de ces signaux, la!cellule!#pith#liale!est!prise!comme!exemple.!La!

complexit#!de!ce!type!cellulaire!permet d�imager l�ensemble des modulateurs!de! la!voie!HIPPO.!La!

cellule !pith!liale doit 'tre inform!e de son !tat d�adh!rence aux cellules voisines!ainsi que l�!tat de 

la!MEC!*Matrice!Extracellulaire/ afin d�adapter!une!r#ponse!appropri#e!&!toute!modification!de!son!

statut!au!sein!du!feuillet!#pith#lial.!En!cela,!la!voie!de!signalisation!HIPPO!sert!de!relai!en!transmettant!

des!signaux!issus!de!la!membrane!plasmique!vers!la!machinerie!de!transcription!pour!une!r#adaptation!

selon!les!nouvelles!contraintes!impos#es.!La!membrane!plasmique!est!un!compartiment!subcellulaire!

important!pour!la!transduction!du!signal!de!la!voie!HIPPO.!

!

!

!
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1. Polarité apico-basale  

Dans! un! #pith#lium! les! cellules! sont! solidaris#es! en! associant! entre! elles! des! complexes!

prot#iques!divers!appel#s! jonctions! intercellulaires.!Leur!r&le est d�assurer une coh!rence tissulaire 

pour! le! maintien! des! fonctions! physiologiques.! Les! cellules! du! tissu! #pith#lial! sont! #troitement!

juxtapos#es!*feuillet!#pith#lial)!gr>ce!&!diff#rentes!jonctions!d;ancrage!cellulaire!telles!que!les!jonctions!

adh#rentes!*JAs)!et!les!jonctions!serr#es!*JSs).!Les!JAs!permettent!de!lier!les!cellules!entre!elle!alors!

que! les! JSs!bloquent! la!circulation!des! fluides!entre! les!cellules!et!assurent l�!tanch!it! entre deux 

compartiments! tissulaires.! Ces! jonctions! aid#es! par! des! complexes! de! polarit#! divisent! donc! la!

membrane!plasmique!en!deux!domaines!:!le!domaine!apical!et!le!domaine!baso-lat#ral.!Une!polarit#!

apico-basale!est!alors!#tablie!58.!!

Beaucoup!de!r#gulateurs!en!amont!de!la!voie!HIPPO!sont!connus!comme!#tant!des!composants!

des!JAs,!des!JSs!et!des!complexes!de!la!polarit#!*Fig.!12!A).!La!d#stabilisation!des!JAs!et!JSs!de!cellules!

en!culture!d#localise!YAP!et!TAZ!dans! le!noyau! !59.!Certains!composants!des!complexes!de!polarit#!

cellulaires!r#gulent!aussi!la!voie!HIPPO.!Les!principales!prot#ines!de!la!polarit#!apico-basale!modulant!

la!voie!HIPPO!sont!list#es!ci-dessous!:!!

· Associ#e!aux!JAs,!la!prot#ine!AJUBA!s#questre!et!inhibe!LATS1/2.!YAP!et!TAZ!sont!alors!

activ#es!!60.!

· Associ#e!aux!JAs, l�%-catenine se!lie!&!LATS1/2!mais!aussi!aux!complexe!14-3-3/YAP!et!

14-3-3/TAZ!ce!qui!in fine!inhibe!la!localisation!nucl#aire!de!YAP!et!TAZ!!61,62.!

· Associ#e!aux!JSs,!AMOT!peut!lier!soit!&!la!F-actine!*actine!Filamenteuse)!soit!YAP.!Ces!

deux!prot#ines!entrent!alors!en!comp#tition!pour!la!liaison!!63.!De!mani$re!int#ressante,!

LATS1/2! phosphorylent!AMOT ce qui potentialise la liaison d�AMOT avec YAP! 61,64�66.!

Ainsi,!LATS1/2!peuvent!inhiber!la!localisation!nucl#aire!de!YAP!et!TAZ!de!mani$re!directe!

et!indirecte!!61,64�66.!Le r&le du cytosquelette d�actine dans la modulation de la voie HIPPO 

est!d#taill#!dans!la!partie!II.!B.!4. !

· La! prot#ine! SCRIB! *Scribble)! est! une! prot#ine! de! la! jonction! baso-lat#rale.! Cette!

localisation facilite l�activation du module prot!ine kinase.! Une! perte! de! la! polarit#!

cellulaire! entraQne! sa! d#localisation.! Lors! de! la! TEM! *Transition! Epith#lio-

M#senchymateuse),!la!d#localisation!de!SCRIB!induit l�activation de YAP!et!TAZ!!67.!!

· Lorsque!la!polarit#!apico-basale est pr!sente au sein d�une cellule, les prot!ines!Kibra!

*KIdney!and!BRain!Protein)!et!NF2!*NeuroFibromin!2)!sont!associ#es!au!p(le!apical!de!la!

cellule.! Ces! prot#ines! vont! former! un! complexe! avec! le!module! prot#ine! kinase! qui!

aboutit!&!l�activation de LATS1;8!!68.!

Ainsi,!diff#rents!points!de!contact!et!de!structuration!de!la!cellule!#pith#liale!sont!capables!de!

r#guler!les!modules!prot#ine!kinase!et!transcriptionnel.!

!

!
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Figure 12 : Les m#canismes r#gulant la voie HIPPO.  
La polarit! apico-basale (A), les signaux m!caniques et la signalisation par les GPCR (B) ainsi que le cytosquelette 

d�actine (C) r!gulent la voie HIPPO. Les carr!es gris repr!sentent les membranes plasmiques. Les fl$ches dirig!es et les fl$ches 

barr!es indiquent l�activation et l�inhibition, respectivement. Les lignes en pointill!es indiquent des m!canismes indirects ou 

inconnus. Les lignes rouges dans la figure (C) repr!sentent les F-actines.  
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2. La MEC 

Tout comme les contacts cellulaires, l�adh!rence " la MEC informe la cellule!#pith#liale!de!son!

microenvironnement.! En! culture! cellulaire,! cet! attachement! est! un! m#canisme! important! pour!

maintenir la survie cellulaire. Lorsqu�une cellule se d!tache de la MEC! ou! du! support! en! culture!

cellulaire,!une!mort!programm#!sp#cifique!se!d#clenche!: l�anoikis!!69. Le profil d�attachement " la MEC 

d�une cellule peut aussi r!guler la voie HIPPO!:!YAP!est!activ#!pour!les!cellules!attach#es!mais!inactiv#!

pour!les!cellules!d#tach#es!!70. L�expression constitutive de YAP active la survie des cellules d!tach!es. !

Au niveau mol!culaire, l�attachement " la MEC module l�activit! des Rho GTPase et du r!seau 

de 3-spectrin!*Fig.!12!B)!entrainant un remodelage du cytosquelette d�actine!*Fig.!12!C)!!70,71.!Le!r(le!du!

cytosquelette!d�actine dans la modulation de la voie HIPPO est d#taill#!dans!la!partie!II.!B.!4.!!

3. La signalisation hormonale et par les cytokines 

La!cellule!#pith#liale!est!donc!maintenue!au!sein!du!tissu!gr>ce!&! ses!diff#rentes!adh#rences!

cellulaires!et!matricielles.!En!plus!de!ce!r(le!de!charpente,!la!MEC!sert!de!support!pour!la!circulation!

de!mol#cules!signales.!En!effet,!les!hormones!et!les!cytokines!sont!synth#tis#es!par!diff#rents!types!

cellulaires! tels! que! les! cellules! des! glandes! endocrines,! les! cellules! du! syst$me! immunitaire.! Ces!

mol#cules! se! d#placent! ensuite! soit! par! la! MEC! pour! informer! les! cellules! voisines! *signalisation!

paracrine),! soit! par! la! circulation! sanguine!afin!de! transmettre!des!messages! &! travers! l�organisme!

*signalisation!paracrine).!Gr>ce!&!leur!vaste!champs!de!diffusion,!ces!mol#cules!signales!peuvent!agir!

sur l�hom!ostasie tissulaire mais aussi de l�organisme.!

Ainsi,! afin!de! transmettre!divers!messages!provenant!du!microenvironnement!cellulaires,! de!

nombreuses! hormone! et! cytokine! agissent! via! une! grande! famille! de! r#cepteurs! membranaire!

nomm#e!les!GPCRs!*G!Protein-Coupled!Receptor).!Ces!GPCRs!transmettent le signal par l�activation de 

la!prot#ine!G!au!quelle!le!r#cepteur!est!coupl#.!Puis,!diff#rents!effecteurs!peuvent!=tre!modul#s!par!

cette! prot#ine! G! entrainant! des! r#ponses! cellulaires! telles! que! la! prolif#ration,! la! survie,! la!

diff#rentiation!et!la!migration!cellulaire!!

Certains ligands des GPCRs coupl!s aux prot!ines G)12/13! !et G)q/11! inhibent! LATS1/2!et!donc!

activent! YAP! et! TAZ! *Fig.! 12! B). Ces ligands sont l�acide lysophophatidique, le! S1P! *Sphingosine-1-

Phosphate),! la! thrombine, l�angiotensine II et l�#strog$ne.! A contrario,! les! ligands! coupl#s! aux!

prot!ines G)s!!et G)i/o!tel que l�!pinephrine et le glucagon peuvent activer LATS1;8 et ensuite!inhiber!

YAP!et!TAZ! !72�76.!Ainsi,!l�activit! de YAP et TAZ peut 'tre activ!e ou r!prim!e par la signalisation des 

GPCRs.! La! transmission!du!signal par les prot!ines G) vers! la!voie!HIPPO!est!peu!connue.!Certains!

auteurs!ont!montr#s!que!les!Rho!GTPases!permettent!la!m#diation!du!signal!*Fig.!12!B)!!73,75,76.!En!effet,!

Y87>98, inhibiteur des Rho GTPases, bloque l�effet!du!S1P!sur l�activit! de YAP et TAZ!!73.!Il!a!aussi!#t#!

montr! que le cytosquelette d�actine est important dans cette transmission du signal!*Fig.!12!C).!Cette!

notion!est!d#taill#e!dans!la!partie!II.!B.!4.!
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D�autres!types!de!r#cepteurs!agissent!sur!la!localisation!de!YAP!et!TAZ. L�EGFR (EGF Receptor/, 

r#gul#!l�EGF,! inhibe!le!module!de!prot#ine!kinase!AJUBA!ce!qui!entraine!la!localisation!nucl#aire!de!

YAP!et!TAZ!!77.!Le!r#cepteur!Frizzled!au!ligand!Wnt!est!aussi!un!r#cepteur!de!GPCRs.!Sans!passer!par!les!

prot!ines G, l�activation par Wnt va inhiber la localisation cytoplasmique!de!YAP!et!TAZ!et!entraQner!sa!

localisation!nucl#aire!!78.!!

Ainsi,!un!large!#ventail!de!mol#cule!signale!extracellulaire!module!donc!la!voie!HIPPO!&!travers!

de!nombreux!r#cepteurs.!

4. Le cytosquelette centralise les signaux de polarité 

cellulaire et de molécules signales 

In vivo,! la! cellule! per\oit! les! signaux! g#n#r#s! par! les! contacts! m#caniques! avec! les! cellules!

voisines!et! la!MEC!ainsi!que! les!signaux!mol#culaires!environnants.!Elle!adapte!ensuite!ces!propres!

signaux! intracellulaires! ce! qui! permet! une! r#ponse! cellulaire! globale! par! la! prolif#ration,! la!

diff!renciation, l�apoptose et la migration!!79.!!

Le!cytosquelette!est!un!ensemble!organis#!de!polym$res!de!prot#ine!conf#rant!les!propri#t#s!

architecturales!et!m#caniques!d�une!cellule.!Ceci!est!permis!gr>ce!&!ces! liens!entre l�ensemble des 

constituants! cellulaires.! En! plus! de! ces! propri#t#s,! ce! cytosquelette! peut! int#grer! et! r#pondre! aux!

signaux!extracellulaires!d#crits!ci-dessus.!On!parle!alors!de!transduction!m#canique!du!signal.!Ainsi,!le!

cytosquelette d�actine! est! consid#rer! comme! #tant! un! r#gulateur! important! de! la! prolif#ration!

cellulaire! ! 80.! Cette! m#canotransduction! n�est pas seulement impliqu!e dans les processus 

physiologiques!normaux!mais!aussi!dans!la!tumorig#n$se!et!les!m#tastases!!81.!!

Trois!#tudes!r#centes!montrent!que!YAP!et!TAZ!sont!r#gul#s!par!la!transduction!m#canique!du!

cytosquelette d�actine!chez!les!cellules!de!mammif$re!70,82,83.!Dupont!et al.!et!Wada!et al.!ont!montr#!

que!YAP!et!TAZ!sont!r#gul#s!par!la!forme!de!la!cellule!:!YAP!et!TAZ!sont!cytoplasmiques!lorsque!les!

cellules! sont! #tal#es! et! nucl#aires! lorsqu�elles sont rondes. Dupont et al.! ont! aussi! montr#! que!

l�adh!sion de la cellule!" la surface d�encrage module l�activit! de YAP et TAZ. En effet, ces prot!ines 

sont! cytoplasmiques! lorsque! les! cellules! sont! peu! attach#es! &! la! matrice! et! nucl#aires! lorsque!

l�attachement " la matrice est plus solide.!Zhao!et al.!affirment!que!le!d#tachement!cellulaire!induit!

l�ano%kis via!l�inactivation de YAP et TAZ. Ces!trois!#tudes!mettent!en!#vidence!que!la!modulation!de!

l�activit! de YAP et TAZ est!permise!par!le!r!arrangement du cytosquelette d�actine en r!ponse aux 

signaux!m#caniques!extracellulaires! transmis!par! les!cellules!avoisinantes!ou! la!matrice! *Fig.!12!C).!

Certains!auteurs!sugg$rent!qu�une Rho!GTPase,!RhoA,!active!fortement!YAP!et!TAZ!!70,82.!Ces!r#sultats!

vont dans le sens d�un r&le g!n!ral des Rho GTPases dans la r!gulation du cytosquelette d�actine et 

dans!la!prolif#ration!cellulaire!!84.!!

Comme!d#crit!pr#c#demment,! les!GRCPs!transmettent! leur!signal!par! la!modulation!des!Rho!

GTPase! 73.! Or,! ces! prot#ines! sont! aussi! r#gul#es! par! les! signaux! m#caniques! et! les! ligands!

extracellulaires!modulant!ensuite!le!cytosquelette d�actine!79,84,85.!De!plus,!les!ligands!tels que l�acide 

lysophophatidique,!le!S1P,!la!thrombine!activent!la!formation!des!F-actines!alors!que!certains!ligands!
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coupl#s!aux!prot#ines!G)s!emp=chent!cette!formation! !73,75,76!86.!Bien que l�ensemble des donn!es de 

la!litt#rature!nous!permet!de!penser!que!la!modulation!de!la!voie!HIPPO!par!les!GRCPs!passe!par!le!

cytosquelette d�actine, ce!lien!n�est pas clairement !tablit. !

Dans!les cellules !pith!liales, la complexit! du cytosquelette d�actine est due " la polarisation 

cellulaire!et!aux!jonctions!cellules-cellules.!En!effet,!il!existe!diff#rents!r#seaux!de!F-actine!aux!niveaux!

apical!et!basal.!Certaines!F-actines!sont!li#es!aux!jonctions!apicales!gr>ce!&!des!adaptateurs!prot#iques!

tels! que! l�)-catenin,! NF2! et! AMOT.! Ces! connections! physiques! cr#ent! une! continuit#! entre! le!

cytosquelette d�actine! et! les! cellules! voisines! ! 87.! Ensuite,! les! cellules mut!es n�exprimant pas l�)-

catenin,!NF2!ou!AMOT!voient! l�activit#!de!YAP!et! TAZ!diminu#e!ainsi!que! la!prolif#ration! ! 59,62.! Les!

auteurs!ont!montr#!que!ce ph!notype est m!di! par le r!arrangement local du cytosquelette d�actine. 

Pour!des!k#ratinocytes!et!des!cellules!#pith#liales!du!sein,!la!chute!de!calcium,!ion!fondamental!pour!

la!dynamique!des!F-actines,!entraQnement!la!perturbation!des!jonctions!adh#rence et l�enrichissement 

nucl#aire!de!YAP!et!TAZ.!!

!

Les!donn#es!de!la!litt#rature!indiquent!les!complexes!de!contact!entre!les!cellules,!la!MEC!ainsi!

que!la!signalisation!GPCRs!transmettent!les!signaux!&!la!voie!HIPPO!via!le cytosquelette d�actine!*Fig.!

12!C).!Ce!cytosquelette!fonctionne!comme!une!plateforme!et!permet!de!transmettre!le!signal!entre!

les!r#gulateurs!en!amont!et!le!centre!fonctionnel!de!la!voie!HIPPO.!!

!

Tous!ces!#l#ments!sont!interconnect#s!afin d�obtenir une symbiose entre les cellules mais!aussi!

avec!la!MEC. En effet, les complexes d�adh!sion cellulaire, les !l!ments de la MEC, les prot!ines du 

cytosquelette d�actine et les prot!ines de la voie HIPPO agissent de concert pour maintenir!

hom#ostasie!tissulaire.!!

 

La voie HIPPO int$gre donc les signaux provenant d�un vaste r!seau de modulateurs. Ces signaux 

convergent!vers!YAP!et!TAZ,!deux!cofacteurs!de!transcription.!]uand!ces!derniers!sont!activ#s,! leur!

localisation! devient! nucl#aire! o[! la! transcription d�un grand nombre de g$nes est modul!e. Les 

processus!cellulaires!adjacents!sont!la!survie,!la!prolif#ration,!la!diff#renciation!et!la!migration/invasion!

cellulaires!*Fig.!13).!!

!

!

!
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1. Modulation transcriptionnelle par la voie HIPPO 

Lorsque!YAP!et!TAZ!sont!nucl#aires,!ces!cofacteurs!de!transcription!ne!se!lient!pas!directement!

" l�ADN, mais interagissent avec des! facteurs!de!transcription! *Fig.!13).!Les!TEADs!constituants!une!

grande famille de facteur de transcription sont les m!diateurs majeurs de l�activit#!nucl#aire!de!YAP!

et!TAZ!!50,88.!D�autres!facteurs!de!transcription!peuvent!interagir!avec!YAP!et!TAZ!et!entrainer!d�autres 

r#ponses!transcriptionelles:!p63,!RUNX,!PAX!et!la!famille!des!SMADs!!51,52.!La transcription d�un grand 

nombre! de! g$nes! est! activ#e! gr>ce! aux! complexes! facteurs! de! transcritpion-YAP! et/ou! TAZ.! Ces!

complexes!peuvent!aussi!aboutir!dans!certains!cas!&!la!r#pression!de!la!transcription!!89.!!

Les! diff#rentes! combinaisons! possibles! de! YAP! et! TAZ! avec! ces! facteurs! de! transcription!

conduisent!&!la!diversification!des!r#ponses!transcriptionnelles!&!la!voie!HIPPO.!La!liste!des!g$nes!dont!

la!transcription!est!modul#e!est!non!exhaustive.!!

!

!

Figure 13 : Programme de transcription de la voie HIPPO.  
YAP et TAZ se lient ensemble ou s!par!ment aux facteurs de transcription au niveau des promoteurs ce qui active la 

transcription. Les g$nes cibles sont impliqu!s dans une vari!t! de m!canismes physiologiques qui sont la survie cellulaire, la 

prolif!ration, la diff!rentiation, la migration et l�invasion. Ces processus sont fondamentaux pour le d!veloppement 

embryonnaire et l�hom!ostasie cellulaire. Illustration inspir!e de Meng et!al. !90!

Notons que YAP et TAZ r!gulent l�expression de ligands extracellulaires!de!certaines!voies!de!

signalisations!telles!que! les!voies!Wnt,!de! l�EGF. L�expression de ces ligands!extracellulaires!cr#e!un!

environnement!riche!en!diff#rents!facteurs.!En!plus!de!r#guler!les!m#canismes!cellulaires,!cette!voie!

HIPPO!agit!aussi!sur!les!cellules!voisines!&!travers!une!signalisation!paracrine.!!

Globalement,! la modulation de l�expression des!g$nes!par!YAP!et!TAZ!conduit!&! la! survie,! la!

prolif#ration,! la! diff#renciation! et! la! migration/invasion! cellulaires! 90.! Chacun! de! ces! processus!

cellulaires!peuvent!=tre!pr#pond#rant!en!fonction!du!type!cellulaire!et!du!type!de!signal!en!amont!de!

la!voie!HIPPO!*prolif#ration!dans!le!cadre!de!la!r#g#n#ration!tissulaire!@!diff#renciation!dans!le!cadre!

du!d#veloppement!embryonnaire).!!

!
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2. Rétrocontrôle négatif sur la voie HIPPO  

Un! syst$me! de! r#trocontr(le! n!gatif s�effectue sur la voie HIPPO. YAP et TAZ induit! la!

transcription!de! LATS2,!de!NF2!et!probablement!MST1! ! 65,91.! Cela! entraQne! l�activation de LATS1 et 

LATS2!suivie!de!l�inhibition de YAP et TAZ. Cette!boucle!de!r#gulation!est!critique!pour!maintenir!une!

activation! transitoire! de! YAP! et! TAZ! apr$s! leur! stimulation.! Par! ces! m#canismes,! YAP! et! TAZ!

tamponnent les fluctuations de la voie HIPPO et assurent l�hom!ostasie tissulaire.!]uand!cette!boucle!

est!d#r#gul#e,!la!suractivation!de!YAP!et!TAZ!peut!entraQner!la!tumorig#n$se.!!

!

Figure 14 : R#trocontr&le n#gatif transcriptionnel sur la voie HIPPO 
En r!ponse " l�activation de YAP et TAZ, ces cofacteurs de transcription complexes avec TEAD induisent directement 

l�expression de LATS2. YAP et TAZ stimule aussi l�activit! des kinases LATS1 et LATS2 par l�induction de NF2. Ainsi, l�activation 

de YAP et TAZ r!sulte " l�activation de leurs inhibiteurs, LATS1 et LATS2, et contribuent donc " un r!trocontrole positif sur la 

voie HIPPO. Mod$le et illustration propos!s par Moroishi et al.  91 

 

 

Toutes ces r!gulations cellulaires de la voie HIPPO permettent, " l�!chelle de l�organisme, de 

jouer!un!r(le!crucial lors du d!veloppement embryonnaire et dans la maintenance de l�hom!ostasie 

tissulaire!*Fig.!15).!Nous!passons!en!revue!certains!de!ces!aspects.!

!

!
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3. Rôle dans le développement embryonnaire, la taille des 

organes et l�homéostasie 

a. La voie HIPPO est fondamentale pour le développement embryonnaire 

précoce.  

Durant!les!stades!pr#coces!de!d#veloppement!embryonnaire,!les!localisations!sub-cellulaires!de!

YAP!et!TAZ!sont!diff#rentes!selon!le!devenir!de!la!cellule!93.!Ces!localisations!permettent!des!signatures!

transcriptionnelles!h#t#rog$nes!conduisant!&!la!premi$re!#tape!de!diff#renciation.!Cela!explique!que!

les!!embryons!de!souris!YAP/TAZ!dKO!*double-KnockOut),!les!embryons!KO!pour!YAP!et!KO!pour!TAZ!

meurent! rapidement! avant! la!premi$re!#tape!de!diff#renciation! 94,95.!Dans! ce! sens,! cette!#tape!de!

diff!renciation n�aboutit pas chez les embryons KO pour TEAD4 ainsi que les embryons dKO pour 

LATS1/2!93.!!

a. La voie HIPPO régule la taille des organes. 

La!mutation!des!kinases!de!la!voie!HIPPO!m$ne!&!une!croissance!trop!importante!de!certains!

organes.!Cela!est principalement d? " la prolif!ration et la survie cellulaire induites par l�activation de 

YAP.!Par!exemple, l�expression sp!cifique de YAP dans le foie entraQne!une!augmentation!importante!

de! cet! organe.! De! mani$re! int#ressante,! le! foie! retourne! &! sa! taille! normale! via! l�apoptose si 

l�expression normale de YAP est!restaur#e!!96.!La mutation d�autres prot!ines de la voie!HIPPO!entraQne!

aussi!une!augmentation de la taille d�organes!!97.!!

a. La voie HIPPO est garante de l�homéostasie tissulaire. 

L�activit! !lev!e de YAP et TAZ est observ!e au sein des cellules souches de!diff#rents!tissus,!

sugg#rant!que!YAP!et!TAZ!ont!un!r(le!dans!la!maintenance!des!cellules!souches.!Par!exemple,!YAP!est!

fortement! nucl#aire! chez! les! cellules! souches! intestinales! 96,98. L�activation de YAP, r!sulte " la!

prolif#ration!des!cellules!souches,!alt$re!la!diff#rentiation!et!entraQne!l�hyperplasie de certains tissus 

tels!que!le!tissu!intestinal!et!le!foie!!96,99,100.!!

Le! r(le! de! YAP! et! TAZ! dans! la! prolif#ration! cellulaire! et! la! croissance! des! cellules! souches!

sugg$rent!que YAP et TAZ ont une fonction essentielle dans l�hom!ostasie tissulaire.! L�intestin de 

souris! sauvages! peut! r#g#n#rer! certaines! cellules! du! colon! apr$s! leur! inflammation! induite! par! du!

Dextran!Sulfate!de!Sodium.!Cette!r#g#n#ration!est!s#v$rement!alt#r#e!par!un!KO!conditionnel!de!YAP!

chez!la!souris!!99.!De!mani$re!plus!g#n#rale,!la!d#l#tion!de!YAP!tissu-sp#cifique!entraQne!des!anomalies!

au niveau du c#ur,!de!la!peau!et!des!reins!!62,101,102.!
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Figure 15 : R&le potentiel de YAP et TAZ dans l�hom"ostasie tissulaire et le d"veloppement de maladies. 
Une fen#tre d�activit! normale de YAP et TAZ permet le d!veloppement normal et l�hom!ostasie tissulaire. La sous ou 

sur activit! de YAP et TAZ m$ne " des d!fauts de d!veloppement embryonnaire, de turn-over tissulaire et de tumeur. 

Illustration inspir!e de Yu et al.  92. 

Le d!veloppement embryonnaire, la taille des organes et l�hom!ostasie tissulaire demandent 

une haute perception du microenvironnement cellulaire afin d�obtenir une coop!ration entre les 

cellules.!La!tension!m#canique!et!la!propagation!de!facteurs!paracrines!ou/et!autocrines!informent!la!

cellule de l�!tat de ce microenvironnement!via!la!voie!HIPPO.!Ainsi,!cette!voie!transmet!ces!donn#es!&!

la machinerie de transcription. La r!ponse cellulaire permet d�obtenir une coop!ration entre les 

cellules! et! ainsi! une! hom#ostasie! tissulaire! gr>ce! &! la! r#gulation! de! la! prolif#ration,! la! survie,! la!

diff#renciation!et!la!migration/invasion!cellulaire.!Ces!m#canismes!cellulaires!permettent!de!mener!&!

bien!le!d#veloppement!embryonnaire,!la!taille!des!organes!et!l�hom!ostasie tissulaire.!

!

Des! dysfonctionnements! de! cette! voie! peuvent! subvenir! suite! &! des! mutations! ou! &! une!

mauvaise! activit#! de! certaines! prot#ines.! Cela! conduit! &! des! anomalies! de! d#veloppement,! de!

d#g#n#rescence!ou!de!r#g#n#ration!tissulaire,!mais!aussi!au!d#veloppement!tumoral!*Fig.!13).!!!

Dans!le!cadre!de!ma!th$se,!nous!nous!sommes!particuli$rement!int#ress#s!au!lien!entre!la!voie!

HIPPO! et! le! d#veloppement! tumoral! puisque! le! r(le! antitumoral! de l�AICAR passerait par une 

modulation!de!la!voie!HIPPO.!

!

!

!
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4. Dysfonction de la voie HIPPO : formation de tumeur 

La voie HIPPO a un r&le important dans l�initiation tumorale et la progression o@ g!n!ralement 

YAP!et!TAZ!sont!des!oncog$nes!et!les!composants!du!module!prot#ine!kinase!de!la!voie!HIPPO,!des!

suppresseurs!de!tumeurs.!Par!exemple,!l�activation de YAP, comme une expression!transg#nique!dans!

le!foie!murin,!entraQne!une!transformation!cellulaire!et!le!d#veloppement!de!tumeur!!48.!!

Le! d#veloppement! de! tumeur! induit! par! YAP! est! largement! m#di#! par! le! programme! de!

transcription de TEAD. En effet, l�induction de YAP dans le foie est compl#tement! bloqu#! par!

l�expression d�un dominant n!gatif de TEAD aussi capable de s!questr! YAP et TAZ!!103.!!

Au! niveau cellulaire, l�activation de YAP est importante pour la survie, la! prolif#ration,! la!

diff#renciation!et!la!migration/invasion!cellulaire!*Fig.!13).!Une!activit#!#lev#e!de!YAP!et!TAZ!emp=che!

l�inhibition de la prolif!ration cellulaire par contact et l�ano%kis et!permet! la!prolif#ration!cellulaire!

ind!pendamment de l�encrage!cellulaire!!70,104.!YAP induit l�expression ZEB1;8 et!stimule!la!transition!

#pith#lio-m#senchymateuse! *TEM)! 105,106.! Cette! transition! induit! la! diff#rentiation! des! cellules!

#pith#liales! en! cellules! m#senchymateuses! o[! les! cellules! perdent! leur! adh#sion! &! la! matrice! et!

acqui$rent! des! propri#t#s! nouvelles! vis-&-vis! de! la!MEC.! Ce! nouveau! caract$re! invasif! permet! aux!

cellules!tumorales!de!migrer!et!induit!ainsi!la!formation!de!m#tastase.!Dans!ce!sens, l�expression de 

LATS1/2!diminue!les!m#tastases!de!tumeurs!de!la!prostate!70.!De plus, YAP induit l�instabilit! g!n!tique,!

caract!ristique capable de causer l�apparition de tumeur! 107.! Pour! finir,! TAZ! stimule! la!division!des!

cellules!souches!et!la!capacit! d�induire la prolif!ration tumorale des cellules souches mammaires!!67.!!

Ainsi,!la!voie!HIPPO!est!d#r#gul#e!dans!de!nombreux!cancers.!L�augmentation de la quantit! de 

YAP et TAZ ou l�enrichissement!nucl#aire!de!ces!prot#ines!ont!#t#!observ#s!dans!un!grands!nombre!de!

cancers!tel!que!le!cancer!du foie, du poumon, du colon, de l�ovaire, du sein ainsi que d�autres cancers!

91,104,108.!Cependant,! la!majorit#!des!cancers!ayant!une activit! de YAP et TAZ importante n�est pas 

reli#e!&!des!mutations!g#n#tiques!de!la!voie!HIPPO.!Par!exemple,!la!connexion!entre!la!voie!HIPPO,!les!

forces! m#caniques! et! la! signalisation! des! GPCRs! donnent! une! nouvelle! vision! du! d#veloppement!

tumoral!*Fig.!16!A).!Apr$s!la!d#stabilisation!des!jonctions!cellules-cellules!et!de!la!polarit#!cellulaire,!

les cellules peuvent d�une part avoir leur activit! YAP et TAZ augment!e!et,!d�autre part, former de 

nouvelles!adh#sions!avec! la!MEC.!Cette!proximit#!avec! la!MEC!augmente! les!chances!de!rencontre!

entre!ces!cellules!et!les!ligands!aux!GPCRs!modulant!aussi!la!voie!HIPPO.!!

L�ensemble des alt!rations g!n!tiques touchant les g$nes de la!voie!HIPPO!est!assez!faible.!Un!

exemple! bien! caract#ris#! est! celui! de! la! mutation! de! la! voie! HIPPO! associ#! &! NF2! causant! des!

neurofibromatoses! de! type! 2! 109.! Les! auteurs! indiquent! que! le! m#canisme! majeur! permettant! le!

potentiel!oncog#nique!de!Nf2!mut!e est l�activation de YAP. De plus, des mutations de LATS1/2!ou!des!

fusions entrainant l�activation de YAP et TAZ ont !t! identifi!s dans diff!rents! cancers.! Pour! finir,!

quelques!amplifications,!mutations,!d#l#tions!ont!#t#!r#pertori#s!pour!les!g$nes!codant!pour!YAP!et!

TAZ!92.!!

!
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Figure 16 : Ph"nom#nes pouvant 'tre ( l�origine de la localisation nucl"aire de YAP et TAZ dans le cadre de la 
tumorig#n$se.  

A) Les cellules repr!sent!es ici sont des cellules !pith!liales. La d!sorganisation du cytosquelette d�actine modifie la 

structure de la cellule ce qui augmente la localisation nucl!aire de YAP et TAZ. Cette sur activation de YAP et TAZ alt$re 

l�adh!rence " la MEC (ECM) par les JSs et les JAs (TJ et AJ) ce qui contribue " la transition !pith!lio m!senchymateuse (ou EMT) 

et la migration cellulaire. Les cellules qui s�!chappent ainsi de l�!pith!lium peuvent alors rencontrer plus de ligands de GPCR. 

B) La surexpression des GPCR et la sur activation des prot!ines G conduisent " une augmentation de la localisation nucl!aire 

de YAP et TAZ. L�augmentation anormale de YAP et TAZ dans le noyau contribue aux d!veloppements de tumeur. La l!gende 

est la suivante. Trait rouge : F-actine ; forme ovo*de bleu membranaire : JSs (ou TJ), JAs (ou AJ) et complexes de polarit! apico-

basale ; surface bleu d!grad! : MEC (ou ECM) ; boules bleus extracellulaires : ligands de GPCR; forme carr!e bleu 

membranaire : GPCRs ; noyau vert : localisation nucl!aire importante de YAP et TAZ. Illustration issue de Yu et!al. 112. 

Bien qu�il existe des mutations oncog!niques de la voie HIPPO, son implication dans la 

tumorig#n$se!est majoritairement due " la variation de la quantit! ou de l�activit! des prot!ines de 

cette!voie.!

L�activit! de YAP et TAZ est aussi li!e " la r!sistance aux drogues antitumorales!et!la!rechute!

canc#reuse.! Des! cellules! canc#reuses! du! sein! en! culture! avec! une! activit#! #lev#e! de! YAP! et! TAZ!

r#sistent!&!un!certains!nombres!de!traitement!tel!que!le!Tamoxifen!!67,110.!Or,!cette!drogue!active!YAP!

et!TAZ!en!stimulant le GPER (r!cepteur membranaire " l�#strog$ne/, un GPCR. Ainsi, l�activation du 

GPER par le Tamoxifen ou l�#strog$ne peut contribuer " la croissance tumorale et " la r!sistance au 

drogue!111.!

Ainsi,!une!strat#gie!antitumorale!efficace!serait!de!toucher!le!core!kinase!de!la!voie!HIPPO!ou!

YAP!et!TAZ!afin!d�inhiber la!survie,!la!prolif#ration,!la!diff#renciation!et!la!migration/invasion!cellulaire.!

Dans!ce!contexte,!l�initiation et la progression tumorale seraient!inhib#es.!De plus, l�inhibition de YAP 

et!TAZ!pourrait!sensibiliser!les!tumeurs!aux!chimioth#rapies!et!pr#venir!la!rechute!de!cancer.!!
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LATS1!et!LATS2,!prot#ines!kinases!au!centre!de!la!voie!HIPPO,!sont!des!maillons!essentiels!pour!

la!modulation!de!YAP!et!TAZ.!Chez!la!levure!S. Cerevisie,!les!orthologues!de!LATS1/2!ont!un!domaine!

kinase! conserv#! *Fig.! 17! A).! Or,! la! communication! intercellulaire n�existe pas chez cet organisme 

unicellulaire.!Il!est!donc!#vident!que!ces!enzymes!ont!aussi!des!r(les!ind#pendants!de!la!voie!HIPPO!et!

de!YAP!et!TAZ.!Malgr#!que!certains!de ces r&les soient bien connus, beaucoup d�!tudes ne diff!rencient 

pas nettement l�implication de la voie HIPPO ou de YAP et TAZ dans la fonction de LATS1 et LATS8. !

1. LATS1 et LATS2 sont des suppresseurs de tumeurs 

!

Figure 17 : Les diff#rents domaines des prot#ines LATS  
A) LATS est une prot!ine conserv!e au cours de l�!volution. Quelques homologues de dlats (g$ne de la drosophile) sont 

repr!sent!s avec leurs pourcentages d�identit! et de similarit! du domaine kinase compar!es avec le g%ne de la drosophile. 

Les homologues pr!sent!s ici sont ceux de l�homme (LATS1 et LATS2), de la souris (Lats1, Lats2), du n!matode (C.!elegans : 
cLats) et la levure (S.!Cerevisie!: dbf2, cbk1 et Pombe: orb6). B) Chez l�homme, LATS1 et LATS2 partagent plusieurs domaines 

conserv!s incluant le domaine Ser/Thr kinase C-Terminal, le domaine PBD (protein binding domain), deux domaines LCD (LATS 

Conserved Domains), un domaine de liaison " l'ubiquitine nomm! UBA et le motif PPxY qui lie les domaines prot!iques WW 

comme YAP et TAZ. LATS1 poss$de un domaine distinct nomm! P-stretch riche en proline qui pourrait #tre un domaine de 

liaison aux prot!ines alors que LATS2 poss$de une r!p!tition PAPA poss!dant sept r!p!titions alternant proline/alanine qui 

pourrait #tre un domaine de liaison " diff!rentes prot!ines. Illustration issue de Vissier et al.  118 
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Dans! le! but! de! mettre! en! #vidence! des! suppresseurs! de! tumeurs,! des! animaux! mosa'ques!

*clone*s)! de! cellules! homozygotes! mut#es! au sein d�un animal h!t!rozygote/ sont! g#n#r#s! chez!

l�insecte Drosophila melanogaste.! Les! clones! mutants! homozygones! prolif#rant! de! mani$re! trop!

importante!sont!alors!g#notyp#s.!En!1995,!deux!#quipes!ont!ainsi!mis!en!#vidence!le!suppresseur!de!

tumeurs!LATS!*LArge!Tumor!Suppressor!Kinase)!!113,114.!!

Au! cours! du! d#veloppement,! la! migration! cellulaire! est! alt#r#e! pour! ces! clones! mut#s!

aboutissant!&!une!hypertrophie!au!niveau!des!disques!imaginaux!*amas!cellulaire!issu!du!blastod$me!

fondamental!pour!le!passage!du!stade!larvaire!au!stade!imagino!ou!adulte).!Tout!cela!explique!le!taux!

#lev#!de!mortalit#!avant!le!stade!adulte,!le!d#veloppement!de!tumeurs!et!les!anomalies!ph#notypiques!

des!animaux!adultes!tels que l�#il rugueux et!la!st#rilit#.!!

Au! niveau! cellulaire,! la! mutation! du! g$ne! n�entraQne! pas! seulement! une! prolif#ration!

anarchique,! comme! pour! la! majorit#! des! suppresseurs! de! tumeurs,! mais! aussi! des! anomalies! de!

morphologie!et d�adh!rence cellulaire.!En!effet,!la!taille!des!clones!homozygotes!mut#s!pour!lats/wts!

est! deux! fois! plus! importante! que! les! clones! sauvages.! Leur! forme! est! arrondie! et! r#guli$re!

contrairement! aux! clones! sauvages! pour! lesquels! la! forme! est! irr#guli$re! et! allong#e.! Ces! clones!

montrent!aussi!des!anomalies!aux!niveaux!des!jonctions!adh#rentes,!lesquelles!sont!fondamentales!

pour!certains!types!cellulaires!comme!les!cellules!#pith#liales.!!

L�expression de l�homologue humain LATS1 chez la drosophile restaure le ph!notype sauvage 

ce!qui!montre!la!conservation!fonctionnelle!de!ce!g$ne!!55,115.!De!mani$re!similaire!&!la!drosophile,!des!

souris! mut#es! pour! LATS1! meurent majoritairement avant l�*ge adulte, ont des probl$mes de 

d#veloppement!et!pr#sentent!des!tumeurs!!55.!Comme!il!est!connu!que,!de!mani$re!g#n#rale,!les!souris!

d#ficientes! pour! les! homologues! humains! suppresseurs! de! tumeur! d#veloppent! des! cancers,! ces!

donn#es! nous! laissent! penser! que! le! g$ne! LATS1! chez! les! mammif$res! pourrait! avoir! un! r(le!

suppresseur!de!tumeur.!

L�ensemble de ces !l!ments nous montrent le r&le fondamental de LATS1 dans! le!

d#veloppement!embryonnaire!et!dans!le!contr(le!de!la!prolif#ration!et!de!la!croissance!cellulaire.!!

Bien!que!LATS!ait!#t#!d!couvert chez la drosophile, sa conservation " travers l�!volution a !t! 

montr!e par l�existence d�homologues chez la souris (Lats1, Lats8/, la levure (S. Cerevisie :!dbf2,!cbk1!

et!S.!Pombe: orb6)!et!le!n#matode!*Caenorhabditis elegans!ou!C. elegans :!cLats)!!*Fig.!17!A)!16.!!

Chez l�homme,  deux homologues ont #t#!identifi#s!et!clon#s:!LATS1!55,115!et!LATS2!!116,117!*Fig.!17!

B).!Bien!que!les!deux!g$nes!se!situent!sur!deux!chromosomes!diff#rents,!les!structures!prot#iques!de!

LATS1! et! LATS2! sont! tr$s! similaires! dans! leurs! domaines! s#rine! thr#onine-kinase,! leurs! extr#mit#s!

amino-!et!carboxy-!terminales!et!leurs!Protein Binding Domain!*PBD).!LATS1!et!LATS2!poss$dent!aussi!

quelques! caract#ristiques! sp#cifiques! &! chacune! telles!que!des!domaines!diff#rents!de! liaisons!aux!

prot#ines.!Ces!l#g$res!diff#rences!refl$tent!vraisemblablement!des!fonctions!distinctes!entre!ces!deux!

prot#ines.! 

Les!#tudes!de!ces!20!derni$res!ann#es!ont permis d�attribuer " ces deux prot!ines!un!nombre!

exponentiel!de!fonctions.!!
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2. Le rôle de LATS1 et LATS2 lors du cycle cellulaire  

Comme!les!cellules!mut#es!pour!LATS prolif$rent!de!mani$re!anarchique,!les!premi$res!#tudes!

des!fonctions!de!LATS1!et!LATS2!chez!les!mammif$res!se!sont!port#es!sur!le!cycle!cellulaire.!!

Rappelons!que!le!cycle!cellulaire!est!compos#!de!4!phases!:!la!phase!G1!pour!Gap 1 phase,!la!

phase!S!pour!DNA Synthesis!durant laquelle l�ADN est r!pliqu!, la phase G8 pour Gap 2 phase!et!la!

phase!M!pour!Mitosis.!La!transition!entre!chacune!de!ces!phases!est!r#gul#e!par!les!prot#ines!cyclines!

et!les!CDKs!*Cyclin!Dependant!Kinases).!Les!cyclines!activent!les!CDKs!en!permettant!l�avanc#ee!dans!

le!cycle!cellulaire.!Par!exemple,!le!complexe!CDK1/CycB!r#gule!la!transition!G2àM.!!

Plusieurs!auteurs!ont!montr#!que!LATS1!bloque!cette!transition!en!se!liant!&!CDK1!emp=chant!

le!complexe!CDK1/CycB!de!se!former!55�57.!Dans!un!mod$le!de!cellule!de!cancer!du!sein!*MCF.7),! la!

suractivation! de! LATS1! conduit! &! une! suppression! du! potentiel! tumoral! des! cellules,! &! une!

accumulation!des!cellules!en!G2!et!&!une!diminution!de!la!quantit#!de!CycB!!56.!!!

Comme!LATS1,!LATS2!r#gule!aussi!cette!transition!G2àM!via!un!m#canisme!diff#rent.!Lorsque!

LATS2!est!surexprim#,!Cdc25c,!activateur!de!CDK1,!est!accumul#!sous!sa!forme!inactive!emp=chant!la!

formation!du!complexe!CDK1/CycB!119.!De!plus,!la!surexpression!de!LATS2!conduit!&!un!ralentissement!

de l�entr!e en phase S via! l�inhibition! du! complexe! de! r#gulation!majeur! de! la! transition! G1àS!:!

CDK2/CycE.!!

LATS1;8 agissent donc sur l�avanc#e! de! la! cellule! dans! le! cycle! cellulaire! via! leurs! effets! sur!

certains!complexes!r#gulateurs!des!transitions!entre!les!phases!du!cycle!G2àM!et!G1àS.!!!

3. Le rôle de LATS1 et LATS2 durant la division cellulaire 

Le!cycle!cellulaire!est!aussi!r#gul#!sur!certains!transitions!de!phases!*G1àS,!G2àM)!au!niveau!

de!points!de!contr(le!ou!checkpoints.!De!contr(les!mal!r#alis#s!peut!r#sulter!une!instabilit#!g#n#tique!

conduisant " des mutations de l�ADN et;ou " une mauvaise r!partition du mat!riel g!n!tique, deux 

caract#ristiques!tumorales!120.!!

1. Durant! la! mitose,! les! chromosomes! se! rassemblent! aux! niveaux! de! la! plaque!

m#taphasique!avant!de!se!diviser!en!deux!lots.!Un checkpoints!du!fuseau!mitotique!ou!

SAC! *Spindle Assembly Checkpoint)! intervient! &! ce! niveau! afin! de! contr(ler! le! bon!

rassemblement!des!chromosomes.!Un!grand!nombre!de!prot#ine!sont!essentielles!&!ce!

SAC!telles!que!LATS1!et!LATS2.!L�absence de ces deux prot!ines conduit " une mauvaise 

r#partition!des!chromosomes!pendant!la!mitose!121,122.!!

En!parall$le!de! la!mitose,! la!cellule!pr!pare sa paroi " se diviser lors d�un processus que l�on 

appelle!cytokin$se.!Un!anneau!va!alors!se!former!perpendiculairement!&!la!plaque!m#taphasique.!Ce!

processus!doit!=tre!pr#cis!pour!que! la!r#partition!du!mat#riel!g#n#tique!soit!#quitable!et!compl$te!

pour!les!deux!cellules!filles.!Il!a!#t#!montr#!que!LATS1!et!LATS2!colocalisent!avec!cet!anneau!contractile!
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et!sont!fondamentaux!pour!le!bon!d#roulement!de!la!cytokin$se. Ceci est permis par l�interaction!avec!

LIMK1,!r#gulateur!du!cytoskelette,!et par l�axe Aurora!A-Lats1/2-!Aurora!B!*ALB)!*Fig.!18)!122�124.!

Lorsque! la! mitose! ou! la! cytokin$se! sont! perturb#es,! la! division! cellulaire! peut! aboutir! &! la!

formation! de! micronoyaux,! de! cellules! aneuplo'des! ou! t#traplo'des.! Ces! erreurs! peuvent! =tre!

reconnues! par! le! G1 tetraploidy checkpoint! qui! d#clenche! un! arr=t! en! phase! G1.! Les! cellules!

endommag#e!sont!soit!r#par#e!ou!dirig!es vers l�apoptose.!LATS2!r#gule!ce!checkpoint!arr=t!gr>ce!&!

l�activation de p59!*Fig.!18)! !121,122,125.!Cette!kinase!est!donc!un!r#gulateur!essentiel!pour!de!maintien!

de!la!stabilit#!g#n#tique.!

!

Figure 18 : Un mod$le de la nouvelle voie pour la 
s#gr#gation des chromosomes et la cytokin$se via l�axe 
ALB.  

LATS2 joue un r%le important pour la s!gr!gation 

des chromosomes et la cytokin$se (voie ALB). Durant la 

mitose, l�activation de Aurora A par certains activateurs 

(Ajuba, HEF1, TPX2 et Bora) phosphoryle LATS2 " la serine 

38<. Cette prot!ine contribue " l�activation de la 

phosphorylation d�Aurora B via l�activit! kinase de LATS1. Si 

pour la s!gr!gation des chromosomes et la cytokin$se se 

d!roulent mal, LATS2 peut activer le!t#traplo'd!cherckpoint. 
Illustration issue de Yabuta et al. 122 
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Ainsi,!LATS1!et!LATS2!peuvent! jouer!un!r(le! suppresseur!de!tumeurs! ind#pendamment!de! la!

fonction!effectrice!YAP/TAZ,!d;une!part!en!r#gulant!les!transitions!G1àS!et!G2àM!du!cycle!cellulaire!

et!d;autre!part!en!contribuant!au!maintien!de!la!stabilit#!g#n#tique.!  
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I. Article 1 :  

« Identification des transporteurs membranaires 

de l�AICAR chez la levure et l�homme »  

 

L�AICAR a des propri!t!s antitumorales! *cf.! Introduction! -! Partie! I! -! §B.! 1.).! Ses!m#canismes!

d�action peu connus sont !tudi!s afin de maitriser!son!utilisation!pour!une!potentielle!utilisation!en!

th#rapie!anti-canc#reuse.!

Lors d�un traitement " l�AICAR, le premier m!canisme mis en jeu est son entr!e dans la cellule. 

Comme!le!ZMP!*Fig.!4/ n�est pas transport! " travers la membrane plasmique, son pr!curseur, l�AICA 

riboside, est ajout! en extracellulaire. Apr$s son entr!e dans la cellule, l�AICAR est alors m!tabolis!!en!

ZMP par l�Ad!nosine Kinase 1. L�utilisation d�inhibiteur de l�Ad!nosine Kinase tel que la 5-

iodotubercidine annule l�effet!cytotoxique du traitement " l�AICAR indiquant que le ZMP pourrait 'tre 

la!mol#cule!active.!!

Il a !t! propos! que l�AICAR traverse la membrane plasmique gr*ce aux transporteurs 

d�Ad!nosine. En effet, le dipyridamole, inhibiteur des transporteurs " l�ad!nosine,! r#verse! l�effet 

cytotoxique de l�AICAR 2. Cependant, au d!but de cette !tude, les transporteurs de l�AICAR n�avaient 

pas!encore!#t#!clairement!identifi#s!parmi!le!grand!nombre!existant!de!transporteurs!de!nucl#osides.!

Dans!ce!travail,!nous!avons!mis!en!#vidence!plusieurs transporteurs de l�AICAR.!

L�entr!e d�AICAR dans la cellule et sa m!tabolisation en ZMP doivent 'tre d!tect!s et mesur!s. 

Pour ce faire, nous disposons au laboratoire d�une!station!compl$te!CIHP!*Chromatographie!en!phase!

ionique! &! Haute! Performance)! coupl#e! &! un! injecteur! automatique.! Il! s;agit! d;un! outil! de! choix!

permettant! de! d#tecter! en! une! seule! chromatographie! un! grand! nombre! de!m#tabolites.! Par! des!

mesures!de!DO!*Densit#!Optique),!nous!estimons!qu;une!centaine!de!pics!identifiables!peuvent!=tre!

consid#r#s! pour! chaque! injection.! Parmi! ceux-ci, les pics d�int!r'ts correspondent aux 

nucl#osides/nucl#otides!des!voies!des!purines!et!pyrimidines!ainsi!que!leurs!produits!d#riv#s!incluant!

l;AICAR,!ZMP,!ZTP!etc.!*Fig.!21!A/. Ces pics d�int!r=ts!ont!#t#!identifi#s!et!calibr#s!gr>ce!&!des!standards!

inject#s!s#par#ment.!

Dans!un!premier!temps,!la!levure!S. cerevisiae!a!#t#!utilis#e!comme!mod$le!exp#rimental.!Cet!

eucaryote! unicellulaire! pr#sente! de! nombreux! avantages! :! il! se! cultive! facilement! avec! un! cycle!

cellulaire!court!*^!2h).! Il!se!pr=te!#galement!aux!approches!par!mutag#n$ses!al#atoires!et!dirig#es.!

Dans!cette!#tude,!nous!avons!utilis#!une!approche!par!mutag#n$se!al#atoire!*UV)!afin!de!g#n#rer!des!
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levures mutantes. Certaines d�entre elles ont!#t#!ensuite!s#lectionn#es!pour!leurs!caract#ristiques!de!

l!talit! synth!tique, c�est-&-dire une hypersensibilit! " l�AICAR associ!e " une mutation donn!e. Ces 

levures synth!tiques l!tales ont alors !t! s!quenc!es et le g$ne mut! provoquant l�hypersensibilit#!&!

l�AICAR identifi!. Trois des mutantions s!lectionn!es comme hypersensibles " l�AICAR conduisent " 

une! surexpression! des! transporteurs! de! thiamines,! sugg#rant! que! les! transporteurs! de! thiamine!

assurent!#galement!le!transport!de!l;AICAR.!Partant!de!cette!hypoth$se,!!nous!avons!ensuite!montr#!

que l�AICAR peut effectivement 'tre transport! par les transporteurs Thi7 et Thi78. Nous avons ensuite 

identifi! le transporteur principal de l�AICAR qui est le transporteur Nrt1 de thiamine et de NmR!

*nicotinamide!riboside),!pr#curseur!du!NADH.!L;approche!g#n#tique!appliqu#e!au!mod$le!de!la!levure!

s;est! donc! av#r#e! essentielle! pour! expliquer! l;origine! du! transport! membranaire! de! l;AICAR,!

fondamental!dans!son!effet!cytotoxique.!En!plus!de!ces!levures!mutantes,!des!inhibiteurs!de!prot#ines!

sont! utilis#s! tel! que! le! dipyridamole, un inhibiteur des transporteurs de l�ad!nosine. Les deux 

approches conjointes ont permis d�aborder notre probl!matique et de valider nos hypoth$ses de 

mani$re!plus!fiable.!!

Dans!un!deuxi$me!temps,!nous!avons!valid#!ces!r#sultats!in vitro!sur!des!cellules!humaines!avec!

une!perspective!ouverte!en!th#rapie!antitumorale. L�entr!e d�AICAR a !t! !tudi!e comparativement 

sur!plusieurs!lign#es!cellulaires!humaines!!*glioblastome!SF188,!U87,!SF126,!NHA/TS!@!h#patome!Huh7!

Q carcinome A54=/. L�utilisation de ces mod$les humains nous a permis d+une part de valider les 

donn#es!obtenues!chez!la!levure!et!d;autre!part!de!montrer!quelques!particularit#s!existant!entre!ces!

deux!mod$les.!Chez!l;homme!comme!chez!la!levure,!des!transporteurs!de!nucl#osides!permettent!le!

transport de l�AICAR.!Chez!l;homme!cependant,!en!absence!d�orthologues!humains!des!transporteurs!

de thiamine, l�AICAR utilise plusieurs transporteurs de nucl!osides et de l�Ad!nosine. Ces 

transporteurs! sont! les! prot#ines! ENT1,! ENT2! et! CNT3! *Equilibrative! Nucleoside! Transporter! 1,2!@!

Concentrative!Nucleoside!Transporter!3).!!!

Etudiant!les!effets!de!l;AICAR,!nous!avons!#galement!questionn#!dans!ce!travail!le!r(le!#ventuel!

de la pr!sence de l�AMPK sur les effets cytotoxiques de l�AICAR. Cette question est devenue r!currente 

dans!l;utilisation!de!ce!compos#!car!la!kinase!AMPK!#tait!alors!la!seule!cible!d#crite!de!l;AICAR.!Ainsi,!

de nombreux travaux justifiaient exclusivement l�effet cytotoxique de l�AICAR par!son!r(le!mim#tique!

de l�AMP sur l�AMPK. De fait, AICAR a !t! utilis! pharmacologiquement en mol!cule activatrice de 

l;AMPK,! sans! consid#ration! d;effets! pouvant! d#pendre! de! cibles! distinctes.! Cependant,! plusieurs!

arguments!vont!en faveur de l�existence d�autres cibles de l�AICAR et la question du r&le de l+AMPK 

dans!la!cytotoxicit#!de!l;AICAR!restait!en!suspens!*cf.!Introduction!-!Partie!I!-!§B.3.).!

Pour!tenter!de!r#pondre!&!cette!question,!nous!avons!utilis#!des!MEFs!de!type!sauvage!*MEF-

wt!@!wild!type)!ou invalid!es g!n!tiquement pour les deux isoformes AMPK)1 et AMPK)8 (MEF-double!

Know!Out!ou!MEF-dKO AMPK/. L�int!r't de ce mod$le est de soustraire l�AMPK de la cellule afin de 

d!terminer si la pr!sence de l�AMPK est d!terminante dans l�effet cytotoxique de l�AICAR.!!

L�utilisation de ces MEFs nous a permis de montrer que l�entr#e!d�AICAR et sa cytotoxicit! est 

bloqu#e!par!le!dipyridamole!dans!les!deux!mod$les!cellulaires!*Fig.!8!A,!C!et!D,!article!1).!Le!blocage!de!

l�entr#e!d�AICAR par les transporteurs de nucl!osides suffit " bloquer l�effet cytotoxique de l�AICAR et 

ce ind!pendamment de la pr!sence de l�AMPK. Ce!travail!a!permis!de!montrer!que!la!cytotoxicit#!de!
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l�AICAR est totalement! ind!pendante de la pr!sence de l�AMPK dans!ce!mod$le!cellulaire! *Fig.!8!B,!

article!1).!

Dans!ce!premier!travail,!nous!avons!d#termin#!que!des!transporteurs!de!nucl#osides!distincts!

sont responsables de l�entr!e de l�AICAR dans ces deux mod$les S. cerevisiae! et! cellules! de!

mammif$res).!De!plus,!nous!avons!d#montr#!dans!le!mod$le!mammif$re que le transport de l�AICAR 

et son effet cytotoxique sont ind!pendants de la pr!sence de l�AMPK. Ces r!sultats nous ont conduit 

&! nous! demander! quelles! #taient! les! cibles! de! l;AICAR,! ind#pendantes! de! l;activit#! AMPK,! et!

responsables!de!cet!effet!cytotoxique de l�AICAR. L+approche transcriptomique r!alis!e dans le second 

article!a!pour!objectif!de!r#pondre!&!cette!question!en!utilisant!le!mod$le!cellulaire!MEF-dKO!*article!
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Background: AICAr is a potent anti-proliferative compound, but its cellular effects are poorly characterized.

Results: Yeast and human AICAr transporters were identified and found to be critical for AICAr sensitivity.

Conclusion: AICAr uptake in yeast and mammalian cells occurs through nucleoside transport systems.

Significance: AICAr uptake occurs differently in yeast and mammalian cells.

5-Aminoimidazole-4-carboxamide-1-b-D-ribofuranoside (AICAr)

is the precursor of the active monophosphate form (AICAR), a

small molecule with potent anti-proliferative and low energy

mimetic properties. The molecular bases for AICAR toxicity at

the cellular level are poorly understood. Here, we report the

isolation and characterization of several yeast AICAr-hypersen-

sitive mutants. Identification of the cognate genes allowed us to

establish that thiamine transporters Thi7 and Thi72 can effi-

ciently take up AICAr under conditions where they are overex-

pressed. We establish that, under standard growth conditions,

Nrt1, the nicotinamide riboside carrier, is the major AICAr

transporter in yeast. A study of AICAR accumulation in human

cells revealed substantial disparities among cell lines and con-

firmed that AICAr enters cells via purine nucleoside transport-

ers. Together, our results point to significant differences

between yeast and human cells for both AICAr uptake and

AICAR accumulation.

Amino-imidazole carboxamide ribonucleotide monophos-
phate (AICAR)3 is a precursor of AMP in the purine de novo

biosynthesis pathway and as such is naturally present in cells at
low concentrations (micro molar range) (1). At higher concen-
trations, AICAR is a potent low energy mimetic that stimulates
AMP-activated protein kinase (AMPK) by mimicking activa-
tion by AMP (2, 3). In vivo, this AMPK activating effect was
shown to increase the endurance of sedentarymice (4). Because
of its spectacular metabolic effects, AICAR is suspected to be
used as a doping agent and since 2011 appears on the list of
prohibited substances of the World Anti-Doping Agency. At

high concentrations, AICAR induces cell cycle arrest and/or
apoptosis (5). Importantly, it was found that AICAR-induced
apoptosis was higher in trisomic mouse embryonic fibroblasts
than in their euploid counterpart (6). Becausemost solid tumor
cells are aneuploid, i.e. have an incorrect number of chromo-
somes, AICAR is a promising anti-tumor molecule.
AICAR is provided tomammalian cells in its riboside precur-

sor form, AICAr, which is internalized and metabolized to
AICAR monophosphate (7). AICAr was proposed to enter the
cell through adenosine transporter(s) because its effects are
reversed by dipyridamole, an adenosine transporter inhibitor
(8, 9). The cognate AICAr transporters have not yet been iden-
tified. Once it has been internalized, AICAr is converted to its
59-monophosphate form by adenosine kinase (1, 10). Impor-
tantly, the effects of AICAr on mammalian cells are generally
fully reversed by inhibition of adenosine kinase activity with
drugs such as 5-iodotubercidin, establishing that, inmost cases,
AICAr has to be metabolized to AICAR monophosphate to be
active (as expected for an AMP-mimetic). Similarly, in yeast,
the AICAr-induced transcriptional effects are abolished by a
mutation in the adenosine kinase gene (ADO1), and AICAr
toxicity is eliminated when it cannot be metabolized to the
monophosphate form (1).

Although many effects of AICAR are at least partially depen-
dent on AMPK, in many cases the effects of AICAR are AMPK-
independent (11–15), suggesting the existence of additional
AICAR targets. Interestingly, in yeast the AMPKhomolog named
Snf1 appearsunaffectedbyAICAR(16).This likely reflects the fact
that Snf1, contrary to its mammalian counterparts, is activated by
ADPandnotAMP (17). Yeast is therefore a very promisingmodel
to identify newAICAR targets and decipher themolecular mech-
anisms connecting AICAR monophosphate accumulation to its
toxic effects. Here, we used a genetic approach to explore the
molecular bases of AICAr sensitivity in this simple eukaryotic
model. Our results revealed a link between AICAr sensitivity and
thiaminemetabolism and allowed us to identify Nrt1 as themajor
AICAr transporter in yeast.

EXPERIMENTAL PROCEDURES

YeastMedia and Strains—SD is a syntheticminimalmedium
containing 5% ammonium sulfate, 0.67% yeast nitrogen base
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Grant SFI-2012-120-5915 (to B. D.-F.) and a grant from Ligue contre le Can-
cer du Périgord (to M. M.).
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formylase IMP-cyclohydrolase; NmR, nicotinamide riboside; MEF, mouse
embryonic fibroblast.
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(Difco), 2% glucose. SDcasaW is SD medium supplemented
with 0.2% casamino acids (Difco) and tryptophan (0.2 mM).
When indicated, adenine (0.3 mM) and/or uracil (0.3 mM) were
added in SDcasaW medium, resulting in a medium named
SDcasaWA (1 adenine), and SDcasaWAU (1 adenine 1 ura-
cil). SC medium was prepared as described by Sherman et al.

(18). SC complete medium is SC medium supplemented with
adenine (0.3 mM), uracil (0.3 mM), histidine (0.06 mM), leucine
(0.4 mM), lysine (0.06 mM), and tryptophan (0.2 mM). Yeast
strains (see Table 1) belong to, or are derived from, a set of
disrupted strains isogenic to BY4741 or BY4742 purchased
fromEuroscarf.Multimutant strainswere obtained by crossing,
sporulation, and micromanipulation of meiosis progeny.
Cell Culture and Proliferation Assay—U87 (HTB-14) and

A549 (CCL-185) cells were from ATCC. SF188 and SF126 cells
were a generous gift from M. Czabanka (Charité Universitäts-
medizin, Berlin, Germany). NHA/TS cells were kindly provided
by K. Sasai and S. Tanaka (Hokkaido University, Sapporo,
Japan). Huh7 cells were given by E. Chevet (University of Bor-
deaux, France). Wild-type or knock-out mouse embryonic
fibroblasts (MEFs) for both AMPKa1 and AMPKa2 subunits
(AMPKa1/a2 KO) were generously provided by B. Viollet
(Cochin Institute, INSERM, Paris, France). The cells were
grown at 37 °C, 5% CO2 in complete medium: DMEM contain-
ing 4.5 g/liter glucose and supplemented with 10% FBS, L-glu-
tamine, and antibiotics. TheWST-1 cell proliferation assay was
performed in 96-well plates according to the manufacturer’s
instructions (Roche). Briefly, the cells were plated at 5,000 cells/
cm2 in 100 ml of complete culture medium. After 24 h of incu-
bation, AICAr and/or inhibitors were added in freshmedium at
the indicated concentrations. WST-1 assay was performed
after 3 days.
Plasmids—The THI80 centromeric plasmid (p4878) was

obtained by PCR amplification of the THI80 gene using S288C
genomic DNA as template and oligonucleotides 3730 (59-
CGCGGATCCCAACAAATTAAAGCGGAGATC-39) and
3731 (59-CCGCTCGAGCCTTACTTTAGAATGATGACTT-
TAC-39). The PCR product was digested with BamHI andXhoI
and cloned in the pRS316 vector (19) digested with the same
restriction enzymes. Plasmids allowing expression of the THI7
or THI72 genes under the control of a tetracycline repressible
promoter were obtained by PCR amplification of the THI7 or
THI72 coding regions using S288C genomic DNA as template
and oligonucleotides 3176 (59-CGCGGATCCAATATGAGT-
TTCGGTAGTAAAG-39) and 3177 (59-CCAATGCATCTAA-
GCAGCTTTTTCACTGGC-39) for THI7 or oligonucleotides
3178 (59-CGCGGATCCATTATGAGTTTCGGTACGAGA-
ATC-39) and 3179 (59-CCAATGCATTTAGGCAATTTGTT-
TTTCACTGG-39) for THI72. PCR products were digested
with BamHI and NsiI and were cloned in the pCM189 vector
(tetProm, CEN, URA3) (20) digested with BamHI and PstI,
resulting in the tet-THI7 (p4678) and tet-THI72 (p4680) plas-
mids. The NRT1 overexpression plasmid p4926 (2m, URA3)
was constructed by PCR amplification of NRT1 using S288C
genomic DNA as template and oligonucleotides 3825 (59-
CGCGGATCCCAAGACGGTTGGCAATAGGAG-39) and
3826 (59-CCGGAATTCCCCCACCGGATTCTCTTGC-39). The
PCRproduct was digestedwith BamHI and EcoRI and cloned in

the YEpLac195 vector (21) digested with the same restriction

enzymes. The NRT1 centromeric plasmid p4980 (CEN,URA3)

was obtained by transferring the BamHI/EcoRI fragment con-

taining NRT1 gene into YCpLac33 centromeric plasmid (21)

opened with the same restriction enzymes. Finally, the

THI7prom-LacZ fusion used for bGAL experiments (p4884)

was obtained by PCR amplification of theTHI7 promoter using

S288C genomic DNA as template and oligonucleotides 3625

(59-CGCGGATCCTATGACCGTGTCAAGGCATCC-39) and

3626 (59-ACGTCTGCAGCATATTGATATAATGCAATTG-

GCTC-39). ThePCRproductwas digestedwithBamHI andPstI

and was cloned in the Yep367 vector (2m, LEU2) (22) digested

with the same restriction enzymes.

Isolation of AICAr Hypersensitive Mutants—To obtain AICAr-

hypersensitive mutants, two ade16 ade17 ade8 his1 strains

(Y6986 and Y7242) were plated on SD casa WAU medium,

mutagenized with UV light for 20 s, and then grown for 72 h at

30 °C. The resulting clones (64,000) were then transferred by

replica plating on the same medium containing various AICAr

concentrations (1 or 2 mM at 30 °C and 0.5 or 1 mM at 37 °C).

Thereby, 27 AICAr hypersensitive mutants were isolated from

the two yeast strains (17 fromY6986 and 10 fromY7242), and 3

of thesemutantswere further studied. Eachmutantwas crossed

with an ade16 ade17 ade8 his1 strain, and the meiotic progeny

of the cross was phenotypically characterized. Genomic DNA

extraction from pools of AICAr-resistant and -sensitive spores

(see text for details) was carried out on cells grown to a final

density of 5 3 107 cells/ml, as recommended by the genomic

tips 100G kit supplier (Qiagen). Yeast genome resequencing

and bioinformatics analyseswere done byGATCBiotech (Kon-

stanz, Germany). Once identified, mutations of interest in the

mutant pools were verified on individual spores by Sanger

sequencing (GATC Biotech).

Metabolite Extraction and Separation by Liquid Chro-

matography—Extraction of yeast metabolites was performed

by the rapid filtration and ethanol boiling method as described

(23). For mammalian cells, each extraction was done from one

78.5-cm2 Petri dish containing subconfluent cells (, 105 cells/

cm2) grown in the complete medium. The cells were rapidly

washed with 5 ml of ice-cold PBS, and then extraction was per-

formed by incubation of cells for 5min in 5ml of ethanol (80%).

The suspensionwas then transferred into a glass tube and incu-

bated for 3 min at 80 °C. Samples were evaporated using a

rotavapor device. The residue was suspended in sterile water

(100 ml/107cells), and insoluble particles were eliminated by

centrifugation (1 h, 4 °C, 21,000 3 g). For both yeast and mam-

malian cells, metabolite separation was performed on an

ICS3000 chromatography station (Dionex, Sunnyvale, CA)

using a CarboPac PA1 column (250 3 2 mm; Dionex) with the

50–800 mM acetate gradient in 50 mMNaOH described in Ref.

1. Peaks were identified by their retention time as well as by

co-injection with standards and/or their UV spectrum signa-

ture. Of note, intracellular AICAr concentration is hardly

measurable when adenosine kinase is present, and furthermore

it is often contaminated by external AICAr (especially true for

mammalian cells), so we routinely used AICAR accumulation

as readout of AICAr entry.

AICAr Uptake in Yeast and Human Cells
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AICAr Uptake—Yeast cells were exponentially grown (,2 3

107 cells/ml) for 24 h before being harvested by centrifugation
(3,200 3 g, 2 min, 30 °C). The cells were then suspended (4–5 3

107 cells/ml) in 1 ml of uptake buffer (50 mM sodium citrate, pH
4.5, containing 2% glucose) prewarmed at 30 °C and were kept
under agitation at this temperature. Uptake was started by the
addition of [3H]AICAr (100 mM final concentration; 925 MBq/
mmol; Hartmann analytic). As a function of time (up to 15 min),

aliquots (300 ml of cell suspension) were harvested by filtration
(nitrocellulose membranes, 0.8 mm; Millipore), filters were then
washed twice with 3 ml of cold water and dried, and the retained
radioactivity was determined by scintillation counting. AICAr
uptake (pmol/min/107 cells) was calculated by linear regression of
the [3H]AICAr incorporated as function of time.
MiscellaneousMethods—Yeast growth test and bGAL assays

were performed as described in Refs. 24 and 25, respectively.
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FIGURE 1.AICAR accumulation and toxicity in yeast. A, addition of extracellular AICAr does not result in amassive intracellular AICAR accumulation in yeast.
After an overnight preculture, wild-type cells (Y175) were diluted and kept in exponential phase for 24 h in SDcasaWAU medium. External AICAr (5 mM) was
then added (red line) or not (blue line) for 20min, andmetabolites were extracted and separated by liquid chromatography (only the 60–65-min elution time
region of the chromatogram is presented). AICAR intracellular concentration was determined by measuring yeast cell volume as described (1). The inset
corresponds to a zoom of the indicated region. Internal AICAR values correspond to three independent extractions, and standard deviation is indicated. B,
schematic representation of purine and histidine pathways in yeast. Ade, adenine; Hypox, hypoxanthine; PM, plasma membrane; PRPP, 5-phosphoribosyl-1-
pyrophosphate. Only the enzymesmentioned in the text are shown (in blue). C, intracellular AICAR accumulation is strongly increased in the ade16 ade17 ade8
his1mutant. The cells (Y6986)were grown in SDcasaWAUmedium, treated (green line) or not (orange line) with AICAr (5mM, 20min), and themetaboliteswere
extracted and separated as in Fig. 1A. Internal AICAR values correspond to three independent extractions, and standard deviation is indicated. N.D., not
detectable.D, effect of external AICAr on growth of the ade8 his1 (Y2660) or ade16 ade17 ade8 his1 (Quadruple; Y6986) strains. The cells were grownovernight,
serially diluted, and spottedon SDcasaWAUmediumcontaining external AICAr. Plateswere imaged after an incubation of 2 days at the indicated temperature.

TABLE 1

Yeast strains

Strain name Genotype

BY4741 MATa his3D1 leu2D0 met15D0 ura3D0
BY4742 MATa his3D1 leu2D0 lys2D0 ura3D0
Y175 MATa his3D1 leu2D0 ura3D0
Y2660 MATa ade8::kanMX4 his1::kanMX4 his3D1 leu2D0 ura3D0
Y2950 MATa ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1 leu2D0 ura3D0
Y3188 MATa ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 ado1::LEU2 his3D1 leu2D0 ura3D0
Y6986 MATa ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1::HIS3-LEU2 leu2D0 ura3D0
Y7242 MATa ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1::HIS3-URA3 leu2D0 ura3D0
Y7314 MATa pdc2 (L634S) ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1::HIS3-LEU2 leu2D0 ura3D0
Y7321 MATa thi3 (S402F) ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1::HIS3-LEU2 leu2D0 ura3D0
Y7506 MATa thi80 (L90P) ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1::HIS3-URA3 leu2D0 ura3D0
Y8750 MATa thi7::KanMX4 ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1 leu2D0 ura3D0
Y8755 MATa thi72::KanMX4 ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1 leu2D0 ura3D0
Y8843 MATa pdc2 (L634S) ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1::HIS3-URA3 leu2D0 ura3D0
Y8845 MATa thi80 (L90P) ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1::HIS3-URA3 leu2D0 ura3D0
Y8848 MATa thi3 (S402F) ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1::HIS3-URA3 leu2D0 ura3D0
Y9116 MATa nrt1::KanMX4 ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1 leu2D0 ura3D0 lys2D0
Y9188 MATa nrt1::KanMX4 thi7::KanMX4 thi72::KanMX4 ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1 leu2D0 ura3D0
Y9437 MATa thi80 (L90P) nrt1::KanMX4 ade16::kanMX4 ade17::kanMX4 ade8::kanMX4 his1::kanMX4 his3D1::HIS3-URA3 leu2D0 ura3D0
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Nicotinamide riboside (NmR) was prepared by dephosphory-
lation of nicotinamide mononucleotide (Sigma-Aldrich) as
described (26).

RESULTS

Accumulation of Intracellular AICAR in Yeast—We first
aimed at identifying experimental conditions allowing AICAR
accumulation in yeast. Clearly, addition of AICAr (the riboside
form) to the growth medium did not result in massive intracel-
lular AICAR (the monophosphate form) accumulation in a
wild-type yeast strain (Fig. 1A). This could be due to poor

uptake of AICAr, inefficient metabolization to the monophos-

phate form by Ado1 and/or to highly active metabolization of

AICAR to IMP by ATIC (AICAR transformylase IMP cyclohy-

drolase) (Fig. 1B). The latter possibility was evaluated by mon-

itoring AICAR accumulation in a quadruple ade16 ade17 ade8

his1mutant unable to synthesize AICAR and to further metab-

olize it to IMP, because it is blocked upstream and downstream

in the pathway (Fig. 1B). By contrast to the wild-type strain, in

the quadruple ade16 ade17 ade8 his1 mutant AICAr feeding

led to robust AICAR accumulation (Fig. 1C). This result shows

that yeast cells can take up external AICAr and accumulate

FIGURE 2. The S90P recessive mutation in the THI80 gene is responsible for AICAr hypersensitivity of the Y7506 mutant strain. A, the thi80mutation is
genetically linked toAICAr sensitivity. The cellsweregrownovernight, serially diluted, and spottedonSDcasaWAUmediumcontainingexternalAICAr. Parental
strains ade16 ade17 ade8 his1 eithermutated (Y7506) or not (control, Y7242) in the THI80 gene, and six derived spores are shown. The plateswere imaged after
3 days at 37 °C.WT andmut, respectively, stand for wild-type (THI80) andmutated (thi80) versions of thiamine pyrophosphate kinase gene, as determined by
sequencing.B, the thi80 (S90P)mutation leading toAICAr sensitivity is recessive.Diploidade16ade17ade8his1 strainsmutated (thi80) or not (THI80) in thiamine
pyrophosphate kinase genewere grown, diluted, and spotted on SDcasaWAUmediumas in Fig. 2A.C, complementation by thewild-type THI80gene. Haploid
ade16 ade17 ade8 his1 strains (WT, Y7242; or thi80, Y7506) were transformedwith a centromeric plasmid expressing (THI80) or not (vector) a wild-type copy of
THI80. Transformants were grown, diluted, and spotted on SDcasaWAmedium as in Fig. 2A. In A–C, the plates were imaged after 3 days at 37 °C. D, schematic
representation of thiamine metabolism and resulting regulation of THI gene expression.

FIGURE3.Mutations in THI3 and PDC2 lead to AICAr sensitivity.AandB,mutations inTHI3 (A) andPDC2 (B) are linked toAICArhypersensitivity. Thecellswere
grown overnight, serially diluted, and spotted on SDcasaWAUmedium containing external AICAr. Strains correspond to ade16 ade17 ade8 his1 parental cells
mutated (thi3, Y7321; orpdc2, Y7314)ornot (control, Y6986) and toderived spores. Theplateswere imagedafter 3days at 30 °C.WTandmut, respectively, stand
for wild-type and mutated versions of either THI3 or PDC2 gene as determined by sequencing of the corresponding gene. C and D, mutations in THI3 (C) and
PDC2 (D) are haploinsufficient or semidominant. Diploid ade16 ade17 ade8 his1 strains each carrying the indicated combination of mutated (thi3 or pdc2) and
wild-type (THI3 or PDC2) alleles were grown, diluted, and spotted on SDcasaWAUmedium. The plates were imaged after 48 h at 30 °C.
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AICAR in strains lacking ATIC activity. Accordingly, AICAr
was toxic at high concentration in the ade16 ade17 ade8 his1

mutant but not in the ade8 his1 mutant that has wild-type
ATIC activity (Fig. 1D). Of note, for an unknown reason, AICAr
was significantly and reproducibly more toxic at 37 °C than at
30 °C (Fig. 1D). At low concentrations (up to 2 mM at 30 °C and
1 mM at 37 °C), the quadruple ade16 ade17 ade8 his1 mutant
was resistant to AICAr (Fig. 1D). These subtoxic concentra-
tions were hereafter used to isolate and characterize yeast
mutants that are hypersensitive to AICAr. The ade16 ade17

ade8 his1 yeast strain, which can accumulate AICAR, was
mutagenized, and several AICAr hypersensitive mutants that
grew poorly in the presence of low concentrations of AICAr
were isolated (see “Experimental Procedures” for details).
Three of thesemutants, corresponding to strainsY7314, Y7321,
and Y7506 (Table 1), were further studied and are presented
below.
AICAr-hypersensitive Mutants Are Affected in Thiamine

Metabolism—The Y7506 mutant strain, presenting a severe
growth defect in the presence of AICAr (Fig. 2A) was back-
crossed to an ade16 ade17 ade8 his1 strain. Among the spores
resulting from meiosis, AICAr hypersensitivity segregated 2:2
in nine tetrads, indicating that AICAr sensitivity of this mutant
is a monogenic character. Genomic DNA extracted from 10
AICAR hypersensitive spores was mixed and sequenced. In
parallel, the genomes of a mix of 7 spores showing wild-type
AICAr sensitivity were sequenced. Comparison of these
genome sequences to the S288c reference genome allowed us to
identify one single-nucleotide polymorphism only found in the
genome mix from AICAr sensitive spores. This single-nucleo-
tide polymorphism corresponded to a T269C mutation in the
THI80 gene, resulting in a leucine to proline substitution at
position 90 in the Thi80 protein. Sequencing of theTHI80 gene
in the parental strain and in the AICAr-sensitive mutant con-
firmed that thismutationwas indeed present in themutant and
absent in the control and was the only mutation in this open
reading frame. This L90P substitution was found in all 10
hypersensitive AICAr segregants and in none of the 7 spores
showing wild-type resistance to AICAr (see examples spores
1–6 in Fig. 2A). The mutation was clearly recessive (Fig. 2B),
and AICAr hypersensitivity could be complemented by the
wild-type THI80 gene carried on a centromeric plasmid (Fig.
2C).We conclude that the L90P substitution in Thi80 results in
hypersensitivity to AICAr in yeast cells. THI80 is an essential
gene encoding thiamine pyrophosphokinase the enzyme syn-
thesizing thiamine pyrophosphate from thiamine (Fig. 2D).
Because THI80 is essential for viability and because the muta-
tion is recessive, the L90P substitutionmost probably results in
a partial loss of function that confers hypersensitivity to AICAr.

Two additional AICAr hypersensitive mutants were charac-
terized by analogous methods. Genome sequencing revealed
that the Y7321 mutant strain carried a C1205T mutation
located in the THI3 gene that co-segregated perfectly with
AICAr hypersensitivity in 14 spores and in none of the 13
AICAr-insensitive spores (Fig. 3A). This mutation resulted in a
S402F substitution in Thi3, a regulatory protein that binds and
activates the Pdc2p and Thi2p transcription factors (Fig. 2D).
Finally, the Y7314 mutant strain was found to carry a T1901C

mutation in the PDC2 gene co-segregating with AICAr hyper-
sensitivity in 7 spores and in none of the 7 AICAr-insensitive
spores (Fig. 3B). Thismutation resulted in a L634S replacement
in Pdc2, a transcriptional factor activating the thiaminemetab-
olism regulon when thiamine pyrophosphate (the product of
Thi80) is scarce (Fig. 2D). Importantly the thi3 and pdc2

heterozygote strains were still partially sensitive to AICAr, sug-
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FIGURE4. Intracellular concentration of thiamine and AICAR are higher in
the AICAr-hypersensitive mutants. A, metabolic analysis of AICAR and thi-
amine derivatives in the AICAr-sensitive mutants. After an overnight precul-
ture, cells were diluted and kept in exponential phase for 24 h in SDcasaWAU
medium containing AICAr (0.5 mM). Metabolites were then extracted and
separated by liquid chromatography. TPP, thiamine pyrophosphate. The
question mark corresponds to an unidentified peak. B, relative intracellular
content of thiamine and AICAR derivatives. Quantifications were determined
from at least three independent metabolite extractions and separations for
each strain (control, Y6986; thi80, Y7506; thi3, Y7321; pdc2, Y7314), and error
bars indicate variations to the mean. For each metabolite, content of the
control strain (blue bar)was set at 1.C, chemical structure of adenosine, AICAr,
NmR, and thiamine.D, AICAr uptake is strongly enhanced in the AICAr-hyper-
sensitivemutants. the cells were exponentially grown for 24 h in SDcasaWAU
medium, and [3H]AICAr uptake was determined from at least two indepen-
dent kinetics, as described under “Experimental Procedures.” The error bars
indicate variations to the mean. Control, Y6986; thi80, Y8845; thi3, Y7321;
pdc2, Y7314.
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gesting haploinsufficiency or semidominance (Fig. 3, C andD).
Identification of these three mutations thus revealed a
strong connection between thiaminemetabolism and AICAr
sensitivity.
Accumulation of AICAR and Thiamine in the AICAr-hyper-

sensitive Mutants—To get a better understanding of the mech-
anisms leading to AICAr hypersensitivity in these mutants, the
effects of AICAr on the thi80, thi3, and pdc2 mutant strains
were further examined by analytical chromatography. Mutant
and control strains showed similarmetabolic profiles except for
intracellular content of AICAR and thiamine derivatives (Fig. 4,
A and B). The major effect associated with AICAr addition in
the mutants compared with the control strain was accumula-
tion of AICAR monophosphate (Fig. 4, A and B). This result
indicates that the hypersensitivity of the three mutants to
AICAr is likely to be due to increased accumulation of the
monophosphate derivative, which is likely to be the toxic form,
as previously suggested by the absence of toxicity of AICAr in
an adenosine kinasemutant (1). Remarkably, the threemutants
accumulated thiamine (Fig. 4, A and B), whereas the thiamine
pyrophosphate level was reduced in the thi80 mutant in good
consistence with the role of Thi80 in thiaminemetabolism (Fig.
2D). Together, these results indicated that both thiamine and
AICAr uptake could be enhanced in thesemutants. Thiamine is
known to strongly interferewith adenosine uptake in yeast (27),
and AICAr is structurally close to adenosine (Fig. 4C) and is
metabolized by adenosine kinase (1). Hence, AICAr-hypersen-
sitive mutations could somehow increase AICAr uptake,
thereby exacerbating sensitivity to AICAr. Indeed, AICAr
uptake was strongly enhanced in the three mutant strains (Fig.
4D).We thus further examined howmutations affecting Thi80,
Thi3, and Pdc2 could impact on this process.
Overexpression of Thiamine Transporters Results in AICAr

Hypersensitivity—It should be stressed that thiamine pyro-
phosphate (the product of Thi80), Thi3, and Pdc2 play a major
regulating role on the transcriptional expression of the thia-
mine regulon (Fig. 2D), including the THI7 gene encoding the
major thiamine transporter (28). Mutations isolated in our
AICAr-hypersensitive mutant screen could therefore affect
expression of the thiamine regulon. Indeed, a lacZ fusion driven
by theTHI7promoterwas foundup-regulated in all three thi80,
thi3, and pdc2 AICAr-hypersensitive mutants (Fig. 5A).
Together our results showing stimulation of Thi7 expression
and concomitant accumulation of AICAR and thiamine in the
mutant cells pointed to a connection between thiamine and
AICAr uptake by Thi7. Accordingly, constitutive overexpres-
sion of the thiamine transporter Thi7 enhanced AICAr sensi-
tivity of the ade16 ade17 ade8 his1 yeast strain (Fig. 5B) and
AICARmonophosphate accumulation (Fig. 5C). Similar results
were obtained, although to a lesser extent, by overexpressing
Thi72, a paralog of Thi7 (Fig. 5, B and C). Finally, AICAR accu-
mulation was severely reduced in yeast cells treated with thia-

FIGURE 5. AICAR accumulation and toxicity correlates with thiamine
transporter expression and activity. A, THI7 expression is increased in
AICAr-sensitive mutants. The ade16 ade17 ade8 his1 cells (control, Y7242;
thi80, Y8845; thi3, Y8848; pdc2, Y8843) transformed with a THI7-LacZ fusion
plasmid (p4884) were grown in SC-U-Lmedium to A600 nm 5 1. Relativeb-Gal
activities were measured as described under experimental procedures and
aregivenusing theY7242 strain as reference (set upat 1).B, overexpressionof
thiamine transporter genes leads to AICAr hypersensitivity. The ade16 ade17
ade8 his1 (Y6986) strainwas transformedwith a plasmid allowing or not (vec-
tor) the overexpression of either THI7 (p4678) or THI72 (p4680) gene. Trans-
formants were diluted and spotted on SDcasaWAmedium containing or not
AICAr. The plates were imaged after 2 days at 30 °C. C, intracellular AICAR
accumulation is enhanced by overexpression of thiamine carriers. Transfor-
mants from Fig. 5Bwere grown and treatedwith AICAr (5mM) for 20min, and
metabolites were extracted and separated as in Fig. 1A. Internal AICAR values
correspond to three independent determinations, and error bars indicate
variations to the mean. AICAR content in the strain containing the empty
vector was set up at 1. D, treatment with inhibitors of thiamine transporters
severely affects AICAR accumulation. Intracellular AICAR content was deter-
mined on metabolites extracts from ade16 ade17 ade8 his1 cells (Y6986)
grown in SDcasaWAUmedium and incubated for 20min with external AICAr
(5mM) as in Fig. 1A. Chloroquine (CQ, 2mM) or amodiaquine (AQ, 100mM)were
added 1 min before AICAr addition. The results correspond to at least four

independent metabolite extractions, and error bars indicate variations to the
mean. AICAR content found in absence of inhibitor was set up at 1. E, chloro-
quine abolishes AICAr sensitivity of thi80 and pdc2 mutants. The cells were
grown overnight, serially diluted, and spotted on SDcasaWAU medium con-
taining external AICAr (5 mM) and supplemented or not with chloroquine (2
mM). The plates were imaged after 2 days at 30 °C.
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mine uptake inhibitors (chloroquine and amodiaquine) (29)
(Fig. 5D), and AICAR toxicity in vivo was abolished by chloro-
quine (Fig. 5E). Together, our data show that increased expres-
sion of the thiamine transporters Thi7 and its paralog Thi72
results in robust stimulation of AICAr uptake in yeast cells. In
addition, our results establish that AICAr uptake is limiting for
AICAR toxicity in yeast cells and that the thiamine carriers are
involved in AICAr uptake in the AICAr-hypersensitive
mutants.
The Nicotinamide Riboside Transporter Nrt1 Is the Major

AICAr Transporter in Yeast—Because our results indicated
that AICAr sensitivity of the thi80, pdc2, and thi3mutants was
linked to enhanced AICAr uptake through Thi7 and Thi72, we
evaluated the effect on AICAr toxicity of mutations in the thi-
amine transporter genes. Surprisingly, knock-out of thi7 or
thi72 only very slightly increased resistance to AICAr (Fig. 6A),
thus suggesting that AICAr could be taken up by other means.
We hence explored the possible involvement of Nrt1 (previ-
ously identified as Thi71), a third transporter structurally
related to Thi7, capable of taking up thiamine with low affinity
(30) and known to be sensitive to chloroquine (29). Nrt1 is the
major transporter ofNmR (31), a precursor ofNAD(H). Knock-
out of nrt1 efficiently protected ade16 ade17 ade8 his1 cells
from toxic effects of AICAr (Fig. 6A), thus suggesting that Nrt1
is responsible for most AICAr uptake under thiamine replete
conditions (classical yeast growth media). This prediction was

directly assayed by comparing AICAR accumulation in
mutants lacking Thi7, Thi72, Nrt1, or all three transporters.
Although AICAR accumulation was only slightly affected by
the thi7 or thi72 mutations, it was strongly diminished in the
nrt1mutant and almost fully abolished in the triplemutant (Fig.
6B), thus pointing to a major role for Nrt1 in AICAr uptake.

The role ofNrt1 inAICAr uptakewas established by showing
that reintroduction of theNRT1 gene carried on a centromeric
plasmid in the septuple ade16 ade17 ade8 his1 thi7 thi72 nrt1

mutant resulted in a robust enhancement of AICAr uptake,
which was even further stimulated by overexpression of NRT1
on a multicopy plasmid (Fig. 6C). Consistently, increased
AICAr sensitivity was associated with overexpression of NRT1
(Fig. 6D), an effect that was fully reversed by amodiaquine (Fig.
6D). Finally, we established that the hypersensitivity of the thi3,
thi80, and pdc2 mutants was not dependent on Nrt1, because
these mutants were still sensitive to AICAr even in the absence
of theNRT1 gene (Fig. 6E and data not shown). Together, these
experiments establish that Nrt1 is themajor AICAr transporter
in yeast.
AICAr Uptake in Mammalian Cells—Based on our results

obtained in yeast, we wished to investigate AICAr uptake in
human cells. We first showed that addition of AICAr was suf-
ficient to trigger AICAR monophosphate accumulation in sev-
eral cells lines, although substantial disparities among them
were observed (Fig. 7A). We then used SF188 cells, in which

FIGURE 6.Nrt1 is the major AICAr transporter in yeast. A, deletion ofNRT1 alleviates the growth defect of an ade16 ade17 ade8 his1 strain on AICAr. The cells
were grownovernight, serially diluted, and spotted on SDcasaWAUmediumcontaining or not external AICAr (5mM). All strains are in an ade16 ade17 ade8 his1
genetic background and carry the indicated additional knock-out (none, Y2950; thi7, Y8750; thi72, Y8755; nrt1, Y9116). The plates were imaged after 2 days at
37 °C. B, AICAR accumulation is severely decreased in the absence ofNRT1. Relative intracellular AICAR contents were determined onmetabolite extracts from
strains grown in SD casaWAUmedium and treated with external AICAr as in Fig. 1A. The amounts of AICAR found in the ade16 ade17 ade8 his1 strain (control,
Y2950; content set up at 1) and isogenic mutant strains nrt1 (Y9116), thi7 (Y8750), thi72 (Y8755), and thi7 thi72 nrt1 (Y9188) are presented. C, AICAr uptake
correlateswithNrt1 expression level. Triplemutant cells (thi7 thi72 nrt1; Y9188)were transformedwith vectors allowing or not (2) expression of theNRT1gene
(CEN, centromeric plasmid: p4980; 2m, multicopy plasmid: p4926). Transformants were exponentially grown for 24 h in SDcasaWA medium, and [3H]AICAr
uptake was calculated from at least two independent kinetics. The error bars indicate variations to the mean. D, overexpression of NRT1 increases AICAr
sensitivity. The ade16 ade17 ade8 his1 strain (Y2950) was transformedwith amulticopy plasmid (p4926) allowing overexpression ofNRT1. Transformants were
grownovernight, serially diluted, and spottedonSDcasaWAmediumcontainingexternal AICAr (5mM) and in thepresenceornot of amodiaquine (AQ, 100mM).
The plates were imaged after 2 days at 37 °C. E, AICAr hypersensitivity of thi80 mutant is independent to the presence of NRT1 gene. The cells were grown
overnight, serially diluted, and spotted on SDcasaWAU medium containing or not external AICAr (2 mM). All strains are in an ade16 ade17 ade8 his1 genetic
background and carry the indicated additional knock-out (thi80, Y7506; nrt1, Y9116; thi80 nrt1, Y9437). The plates were imaged after 2 days at 37 °C.
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AICAr addition resulted in a 60-fold increase in intracellular
AICAR level (Fig. 7B), to examine whether AICAR accumula-
tion was competed by addition of thiamine or NmR, which are
the substrates of yeast AICAr transporters. Clearly, neither thi-
amine nor NmR affected AICAR accumulation in SF188 cells
(Fig. 7C). By contrast, nucleosides and in particular adenosine
strongly affected AICAR accumulation (Fig. 7C), suggesting
that nucleoside transporters could be involved inAICAr uptake
in human cells. Previous work showed that dipyridamole, an
inhibitor of nucleoside uptake, could abolish the effects of
AICAr addition on neuroblastoma cells (8, 9). Indeed, we found
that dipyridamole strongly inhibited AICAR accumulation
(Fig. 7D). Accordingly, dipyridamole alleviates AICAr-induced
cytotoxic effect on SF188 cells in a dose-dependent manner
(Fig. 7E). Yeast strains each expressing one single type of human
nucleoside transporter were then used to evaluate the ability of
individual transporters to take up AICAr. Clearly, hENT1,
hENT2, and hCNT3 could efficiently take up AICAr (Fig. 7F).
These results strongly substantiate the conclusion that AICAr
uptake is mediated by nucleoside transporters in mammalian
cells.

Importantly, neither AICAR accumulation (Fig. 8A) nor
AICAR effects on cell proliferation (Fig. 8B) were affected in
AMPKa1/a2 double knock-out murine embryonic fibroblasts,
when compared with wild-type cells. Accordingly, AICAR tox-
icity in these cell lines was comparable and was similarly sup-
pressed by dipyridamole treatment (Fig. 8, C andD). Together,
these results demonstrate that the anti-proliferative effects of
AICAR are not AMPK-dependent.

DISCUSSION

Our screen for AICAr hypersensitive mutants in yeast
revealed that three mutations affecting the regulation of thia-
mine metabolism strongly impact on AICAR accumulation in
yeast cells. Importantly, all three mutations result in up-regu-
lation of THI7 encoding the thiamine high affinity transporter.
Our results establish that overexpression ofTHI7under control
of a heterologous promoter indeed mimics these mutants by
increasing sensitivity to AICAr and resulting in higher AICAR
intracellular concentration, yet we also show that knock-out of
THI7 or THI72 only slightly affects AICAr sensitivity in yeast,
indicating that, under standard growth conditions (when thia-

FIGURE 7. AICAr uptake occurs through adenosine transport systems in human cells. A, AICAR accumulation in various human cell lines. The cells grown
in completemediumwere treatedwith external AICAr (250mM) for 12h, andmetaboliteswere extracted and separatedby liquid chromatography asdescribed
under “Experimental Procedures.” The tissular origin of the different human cell lines is as follows: SF188, pediatric glioblastoma; U87 and SF126, adult
glioblastomas; NHA/TS, immortalized astrocytes; A549, lung carcinoma; Huh7, hepatocellular carcinoma. B, SF188 cells accumulate AICAR when incubated
with AICAr. The cells were treated (red line) or not (blue line) with external AICAr (500 mM) for 20 min, and metabolites were extracted and separated by liquid
chromatography. The inset corresponds to a zoom of the indicated region. AICAR content in the absence of external AICAr was set up at 1. C, effect of various
compoundson intracellular AICARaccumulation. RelativeAICAR contentwasdetermined in SF188 cells grownand treatedwith external AICAr as in Fig. 7B and
in the presence or the absence (control, set up at 1) of potential AICAr uptake competitors (100mM each) added 1min before AICAr treatment (500mM, 20min).
D, dipyridamole alleviates AICAr accumulation in SF188 cells. Relative AICAR content was determined after metabolite extractions of cells grown and treated
with AICAr (500 mM, 20 min) as in Fig. 7B, but in the absence (control, set up at 1) or presence of increasing concentrations of the nucleoside transporter
inhibitors dipyridamole (DP) added 1min before AICAr. E, dipyridamole protects SF188 cells against AICAr toxicity. Cell proliferation was determined by using
theWST-1 colorimetric assay on SF188 cells grown for 3 days in the absence (blue triangles) or in the presence of 0.3 mM (orange circles) or 1 mM (red circles) of
external AICAr and in the presence or not of dipyridamole. WST-1 signal obtained in the absence of both AICAR and inhibitors was set up at 1. F, expression of
the human nucleoside transporters hENT1, hENT2, and hCNT3 enhances AICAr uptake in yeast. Yeast cells (KY114 (38) expressing or not (control) the various
human nucleoside transporters (hENT1, SLC29A1; hENT2, SLC29A2; hCNT2, SLC28A2; hCNT3, SLC28A3)) were exponentially grown for 24 h in SDcasaWA
mediumprior to [3H]AICAr uptakemeasurements determined as in Fig. 4D. A–F, in all panels, values correspond to at least three independent determinations,
and error bars indicate variations to the mean.
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mine is replete), these transporters are most probably poorly
expressed and marginally contribute to AICAr uptake. We
thus tested a third transporter, named Nrt1, suspected to
contribute to thiamine uptake (30) and also identified as
sensitive to chloroquine (29), a drug that we have shown to
inhibit AICAr uptake in yeast (Fig. 5D). Clearly, deletion of
NRT1 resulted in robust resistance to AICAr and impaired
AICAR accumulation, suggesting that Nrt1, by opposition to
Thi7, is functional under standard growth conditions. We
conclude that Nrt1, the main NmR transporter in yeast (31),
is also the major AICAr transporter under standard growth
conditions.

Accumulation of intracellular AICAR in yeast and mamma-
lian cells was clearly very different. Indeed, by contrast to
human SF188 cells (Fig. 7A), no significant intracellular AICAR
accumulation was observed in wild-type yeast cells after addi-
tion of AICAr to the growth medium (Fig. 1A). This difference
between species could be due to poor AICAr uptake in yeast, to

its inefficient phosphorylation to AICAR by adenosine kinase,
and/or to vigorous AICAR metabolization to IMP by ATIC.
Indeed, mutations in the yeast ATIC coding genes resulted in a
drastic enhancement of AICAR accumulation (Fig. 1C), thus
indicating that the low AICAR accumulation in the wild-type
strain was, in part, due to its efficient metabolization to IMP by
ATIC. By contrast, this also suggested that AICAR accumula-
tion inmammalian cells results from the fact that ATICwas not
active enough to metabolize all the AICAR synthesized from
the precursor. The steady state AICAR accumulation, which
reflects the balance between AICAr entry and utilization, var-
ied significantly from one cell line to another (Fig. 7A). Impor-
tantly, in human SF188 cells, AICAr uptake was not affected by
thiamine or NmR but instead was decreased in the presence of
nucleosides in the growth medium. Accordingly AICAR accu-
mulation was inhibited by dipyridamole, an inhibitor of aden-
osine transport, and dipyridamole significantly reduced the
effect of AICAr on cell proliferation, as previously reported for
undifferentiated human neuroblastoma cells (SH-SY5Y) (9).
We identified three nucleoside transporters, namely hENT1,
hENT2, and hCNT3, as AICAr transporters. The nucleoside
transporters constitute a multiprotein family with two sub-
groups (32): SLC28A (three members, hCNT1–3) and SLC29A
(four members, hENT1–4), with each transporter presenting
various substrate specificity and sensitivity to inhibitors (32).
The remaining members of the family were not able to stimu-
late AICAr uptake in yeast (hCNT1 and hCNT2, Fig. 7F) or are
unlikely to play amajor role in AICAr uptake. Indeed, hENT3 is
a lysosomal protein, and hENT4 is highly resistant to dipyrida-
mole (33). By contrast, yeast cells do not have a dedicated
adenosine transport system and can only inefficiently take
up adenosine (34). Interestingly thiamine is known to
strongly interfere with adenosine uptake in yeast (27), as well
as with entry of the nucleoside analog cordicepin (27). Thus,
yeast thiamine transporters are thought to be responsible for
most of adenosine uptake and are also involved in AICAr
uptake (Fig. 6B). Importantly, AICAr uptake in yeast is far
less efficient than it is in mammalian cells. Indeed, a 10-fold
higher concentration of extracellular AICAr was required in
yeast cells (5 mM) compared with human and mouse cells
(0.5 mM) to achieve comparable levels of intracellular AICAR
accumulation. The yeast and human AICAr uptake systems
thus appear clearly distinct. In addition, the yeast AICAr
transporter Nrt1 does not have any identified ortholog in
human cells (31), and neither the SLC19A2 nor the SLC19A3
human thiamine transporters (35, 36) enhanced AICAr
uptake when expressed in yeast.4However, despite these dif-
ferences, AICAr uptake occurs through adenosine transport
systems in both yeast and human cells.

Importantly, our results also demonstrate that AICAR accu-
mulation is normal in AMPKa1/a2 KO embryonic fibroblasts.
In addition, the anti-proliferative effects of AICAR are not
affected in the same cells. Thus, these effects are not AMPK-
dependent. This result is in good agreement with recently pub-
lished work by others (37) and uncovers the acute necessity to

4M. Moenner and B. Pinson, unpublished results.

FIGURE 8. AICAr uptake and AICAR toxicity are AMPK-independent in
mouse fibroblasts. A, the AMPK catalytic subunits a1 and a2 are not
required for AICAR accumulation in MEFs. Relative AICAR content was deter-
mined in MEF double knock-out (AMPKa KO stands for AMPKa1/a2 KO) or
not (AMPKa WT) in AMPKa genes. The cells were grown and treated with
external AICAr as in Fig. 7B and in thepresence (1DP) or the absence (2DP) of
dipyridamole (2.5 mM) added 1min before AICAr treatment (500 mM, 20 min).
AICAR contentwas set upat 1 forWTMEF in the absenceofDP.B, AICAReffect
on cell proliferation is not altered in the absenceofAMPK-a1 and -a2 catalytic
subunits. Cell proliferation was measured using WT cells (red curves) or
AMPKa1/a2 KO cells (green curves) MEF grown for 3 days in the presence
(squares) or the absence (triangles) of AICAr (1 mM). C and D, dipyridamole
protects MEF against AICAr toxicity in an AMPK-independent manner. Cell
proliferation was determined using the WST-1 test on wild-type and AMPKa
KOMEFs grown for 3 days in the absence (blue triangles) or in the presence of
either 0.3 mM (orange circles) or 1 mM (red circles) of external AICAr and in the
presence or not of dipyridamole. A–D, in all panels, values correspond to at
least three independent determinations, and errors bars indicate variations to
the mean.
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identify the AICAR targets that are critical for its anti-prolifer-
ative effects.
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Afin! de! mettre! en! !vidence les m!canismes d�action de l�AICAR responsables de son effet 

cytotoxique, nous avons isol! et caract!ris! plusieurs mutants de levures hypersensibles " l�AICAR 

*principe!de! l#talit#! synth#tique).! Trois!mutations!affectant! le!m#tabolisme!de! la! thiamine! se! sont!

av!r!s hypersensibles " l�AICAR (Fig. 8!B!et!Fig.!3!C!et!D,!article!1),!et!conduisent!&!la!surexpression!du!

transporteur! THI7.! Ces! r#sultats! sugg$rent! que! le! transport! membranaire! de! l;AICAR! par! le!

transporteur!de!thiamine!pouvait!=tre!&!l;origine!de!l;effet!cytotoxique!accru.!De!fait,!la!surexpression!

des!deux!transporteurs!principaux!de!thiamine!THI7!et!THI72!a!effectivement!pour!cons#quence!une!

accumulation!plus!importante!de!ZMP!*Fig.!5!C,!article!1).!THI7!et!THI72!permettent!donc!le!transport!

membranaire de l�AICAR.!

Cependant, des exp!riences compl!mentaires montrent que l�accumulation d�AICAR chez les 

levures!KO!pour!thi7!et!thi72!n�est que faiblement diminu!e (Fig. >!B,!article!1).!THI7!et!THI72!ne!sont!

donc!pas!les!transporteurs!principaux de l+AICAR et au moins un autre transporteur d�AICAR existe. !

Nous avons donc !tudi! le r&le d�un transporteur NRT1, transporteur principal de NmR, 

pr#curseur! du! NAD.! Les! levures! KO! pour! nrt1! accumulent! peu! de! ZMP! et! sont! par! cons#quent!

r!sistantes " l�AICAR!*Fig.!6!A!et!B,!article!1).!De!plus,!la!surexpression!de!NRT1!aboutit!&!l�accumulation 

d�AICAR (Fig. >!C,!article!1).!Pour!finir,!la!levure!KO!pour!nrt1!et!les!levures!trait#es!par!des!inhibiteurs!

du!transport!de!la!thiamine!*Chloroquine!et!Amodiaquine/ ont le m'me effet sur l�accumulation de 

ZMP!*Fig.!5!D!et!6B,!article!1).!Le!transporteur!NRT1!de!levure!est!donc!le!principal!transporteur!de!

l�AICAR pour cet organisme. !

Afin de v!rifier ces donn!es chez l�homme, nous avons utilis! plusieurs lign!es cellulaires!

capables!d;accumuler!du!ZMP!*Fig.!7!A!et!B,!article 1/. Nous montrons que la thiamine et le NmR n�ont 

aucun effet sur l�accumulation intracellulaire de ZMP, indiquant que le mode de transport de l+AICAR 

sur! les! cellules! humaines! pouvait! =tre! diff#rent.! Par! des! #tudes! de! comp#tition,! nous! montrons!

#galement!que!plusieurs!nucl#osides!*ad#nosine,!guanosine,!uridine!cytidine!thymidine)!bloquent!ou!

limitent! fortement! l;entr#e! de! l;AICAR!dans! les! cellules! *Fig.! 7! C,!article 1/. L�AICAR entre donc en 

comp!tition avec l�ad!nosine et les autres nucl!osides sugg!rant que l�entr!e d�AICAR se fait par des 

transporteurs! de! nucl#osides.! Cette! hypoth$se! est! renforc#e! par! le! fait! que! le! traitement! au!

dipyridamole!*inhibiteur!des!transports!de!nucl#oside)!bloque!l�accumulation intracellulaire de ZMP 

en!pr#sence!d;AICAR,!et!diminue!fortement!son!effet!cytotoxique!*Fig.!7!D!et!E,!article!1).!Afin!d;#tablir!

plus!clairement!quels!sont! les! transporteurs!de!nucl#osides! impliqu#s!dans! le!transport!de! l;AICAR,!

plusieurs! de! ces! transporteurs! humains! ont! #t#! exprim#s! chez! la! levure! *Fig.! 7,! article! 1).! Les!

expressions de  trois d�entre eux! *hENT1,!hENT2!et!hCNT3)!entraQnent!une! forte!augmentation!de!

l+entr!e d�AICAR dans la cellule. Ainsi, chez l�homme, trois transporteurs de nucl!osides au moins sont 

!galement responsables du transport de l�AICAR.!

L�AICAR entre donc dans la cellule en utilisant!les!transporteurs!de!nucl#osides!pour!la!levure!

(NRT1, Thi7, et Thi78/ et pour l�homme!*ENT1,!ENT2!et!CNT3)!*Fig.!19).!!
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Figure 19 : Les transporteurs de nucl"osides permettent le transport de l�AICAR chez la levure et l�homme. 
A) Chez la levure, le transporteur principal d�AICAR est un transporteur de thiamine et de NmR, un pr!curseur du NAD, 

nomm!e Nrt1. Deux autres transporteurs de thiamine, Thi7 et Thi72, permettent aussi le transport de l�AICAR. B) Chez 

l�homme, l�AICAR entre dans la cellule via les transporteurs de nucl!oside ENT1, ENT2 et CNT3 (Equilibrative Nucleoside 

Transporter 1,2 ; Concentrative Nucleoside Transporter 3) et ce ind!pendamment de la pr!sence de l�AMPK.  

Nous! montrons! aussi! dans! cet! article! que! les! m#canismes de transports de l�AICAR 

pr!c!demment d!crits sont ind!pendants de la pr!sence de l�AMPK. Nous avons pour cela utilis! des 

MEF-wt!et!MEF-dKO!AMPK!*Fig.!8A!et!B,!article 1/. Dans ces deux mod$les, le dipyridamole abolit l�effet 

cytotoxique de l�AICAR,!indiquant!que!le!mod$le!cellulaire!murin,!les!transporteurs!de!nucl#osides!sont!

#galement!impliqu#s!dans!l;entr#e!de!l;AICAR!*Fig.!8C!et!D,!article!1).!!

Chez l�homme, la voie de!recyclage!des!nucl#osides!utilise!ces!transporteurs!pour!faire!rentrer!

les! nucl!osides extracellulaires afin d�approvisionner la cellule en bases azot!es. De par sa 

ressemblance avec les nucl!osides, l�AICAR utilise donc ces transporteurs afin d�entrer dans la cellule. 

Comme l�utilisation de nucl!osides est fondamentale pour le fonctionnement!cellulaire!et!tissulaire,!

l�expression de ces transporteurs ENT et CNT doit 'tre finement r!gul!e. Il a !t! publi! que son 

expression! d#pend! du! type! cellulaire! consid#r#,! de! la! phase! du! cycle! cellulaire,! de! la! pr#sence!

d;hormones!et!de!cytokines!!126,127.!!

D�autres mol!cules antitumorales que l�AICAR utilisent ces transporteurs, tels que le tiazofurine 

et!le!benzamide!riboside!!128.!La!pr#sence!de!ces!transporteurs!au!niveau!membranaire!est!donc!requise!

dans!le!cadre!de!th#rapies!antitumorales!utilisant!ces!compos#s.!Des!d#r#gulations!de!l;expression!de!

ces!transporteurs!par!les!cellules!tumorales!peuvent!conduire!&!l�!mergence!de!r#sistances!&!ce!type!

de!traitement. C+est ce qui a !t! effectivement observ! avec le fait qu+une faible expression d�ENT1 

dans!les!cellules!tumorales!de!patients!atteints!de!LAM!*Leuc#mies!Aigu_s!My#lo'des)!diminuait l�effet 

cytotoxique de l�Ara-C,!agent!antitumoral!analogue!de!la!cytosine!arabinoside!!129.!Dans!le!m=me!ordre!
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d;id#e,! il! a!#t#!montr#!que!certains!all$les!du!g$ne!polymorphique!ENT1! favorisent!des! r#missions!

compl$tes de patients sous traitement " l�Ara-C!!129.!Pour!finir,!Bo!et al.!montrent que l�effet de!l�AICAR 

sur!le!stress!du!RE!*r#ticulum!endoplasmique)!est!att#nu#!pour!le!KO!du!g$ne!du!transporteur!CNT3!!

130.!

Ces donn!es nous conduisent " penser que l�activit! de transporteurs de nucl!osides dans les 

cellules tumorales est n!cessaire afin d�obtenir l�effet antitumoral!escompt! de l�AICAR. Cependant, 

l�AICAR entre dans toutes! les! cellules! test#es! jusqu;&! pr#sent,! puis! est!m#tabolis#! dans! tous! nos!

mod$les! *Fig.! 7! A,! article 1/. Notons que l�augmentation de l�AICAR n�est pas identique selon nos 

mod$les, pouvant expliquer les diff!rentes r!ponses " l�AICAR. Consid!rant ces r!sultats,! nous!

pensons!que!l;approche!antitumorale!est!donc!possible!en!utilisant!l;AICAR.!*Fig.!7!A,!article!1).!!

Enfin, un objectif majeur de ce travail !tait de confirmer l�existence d�autre(s/ cible(s/ de l�AICAR 

que!l;AMPK!et!pouvant!=tre!responsable!de!son!effet!cytotoxique.!Nous avons pu montrer que l�effet 

antiprolif!ratif de l�AICAR n�est pas d!pendant de son effet mim!tique sur l�AMPK. !

!

! !
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II. Article 2 : 

« L�AICAR module la voie HIPPO en activant les 

protéines LATS1 et LATS2 » 

 

Le!but!de!ce!travail!a!#t#!de!d#terminer!quelles!sont!les!fonctions!cellulaires!ind#pendantes!de!

l+AMPK pouvant 'tre modul!es par l�AICAR. Pour cela, nous avons utilis! une approche globale 

transcriptomique!sur!des!cellules!invalid#es!g#n#tiquement!pour!l;AMPK.!

1. Méthodologie 

Dans!ce!travail, j�ai utilis! les MEFs!*Murine!Embryonic!Fibroblasts)!de!type!sauvage!*MEF-wt!@!

wild! type)! ou! invalid#es! g#n#tiquement! pour! les! deux! seules! isoformes! catalytiques! existantes! de!

l;AMPK!:!AMPK)1 et AMPK)8 (MEF-dKO!AMPK)!*Fig.!20). L�int!r't de ce mod$le est de d!gager des 

effets!de!l;AICAR!!strictement!AMPK-ind#pendants.!!

Nous avons pr!c!demment montr! que l�AICAR interf$re " plusieurs niveaux avec! le!

m!tabolisme normal d�une cellule!*cf.!Introduction!-!Partie!I!-!§B.!1.).!Des modifications de l�expression 

de!g$nes!en!r#ponse!&!l;AICAR!ont!#t#!d#crites!mais!pas!de!mani$re!syst#matique!et!le!plus!souvent!

en pr!sence d+AMPK.  Nous avons choisi d�!tudier ces modifications de mani$re globale!et!non!biais#e!

*Fig.!20).!L�utilisation de puces " ADN nous a!permis!de!quantifier! les!variations!de! la!pr#sence!des!

ARNs!entre! les!conditions!trait#es!" l�AICAR et la condition contr&le sans traitement *Utilisation!de!

puce!&!ADN!Affymetrix® MG-43< PM Array Strip!par!la!Plateforme!du transcriptome de l�Institut!de!

M#decine!R#g#n#rative!et!!Bioth#rapies!IMRB!&!Montpellier).!Apr$s!analyse!bioinformatique,!l;analyse!

des! variations! des! transcripts! nous! a! conduit! &! analyser! les! r#seaux! transcriptionnels!modul#s! par!

l;AICAR.!

2. Démarche expérimentale 

a. Culture des lignées cellulaires MEF wt et MEF-dKO AMPK 

Les!MEF-wt!et!MEF-dKO!AMPK!nous!ont!#t#!donn#es!par! le!Dr!Benoit!Viollet!*INSERM!U567,!

CNRS! UMR8104,! Institut! Cochin,! Paris)*laderoute! 2006).! Les! deux! lign#es! sont! de! fond! g#n#tique!
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C57BL/6J.! Comme attendu, la pr!sence de l�AMPK est uniquement d!tect!e dans les MEF-wt!

*Supplementary!Fig.!1!B).!

!

!

Figure 20 : Mise en #vidence de fonctions cellulaires modul"es par l�AICAR et responsables de son effet cytotoxique 
ind"pendamment de l�AMPK 

A) Dans ce travail, nous cherchons " mettre en !vidence des fonctions cellulaire ind!pendantes de l�AMPK modul!es 

par l�AICAR. Nous avona utilis! une lign!e cellulaire invalid!e g!n!tiquement pour les deux isoformes AMPK*1 et AMPK*2 

(MEF-dKO AMPK). Les effets de l�AICAR ont !t! ensuite !tudi!s gr&ce aux variations des transcripts mises en !vidence par 

Microarray. B) La d!marche exp!rimentale a conduit au d!part " !tudier les r!ponses cellulaires des MEF-wt et de MEF-dKO 

AMPK " l�AICAR afin de choisir les meilleures conditions pour la transcriptomique. Une analyse des r!sultats de 

transcriptomique doit conduire " d!gager le(s) cible(s) transcriptionnelle(s) de l�AICAR. 

Les! souris!mutantes! pour! les! deux! sous-unit#s! catalytiques!)1!et!)2!de l�AMPK ne sont pas 

viables.!Cependant,!les!MEF-dKO!AMPK!peuvent!=tre!maintenues!en!culture!et!compar#es!aux!MEF-

wt.!Les!MEF-dKO!AMPK!sont!obtenues!par!croisement!de!deux!lots!de!souris.!Le!premier!lot!est!mut#!

pour!la!sous-unit#!)1 de l�AMPK et l�autre!pour!la!sous-unit#!)2.!Les!MEF-wt!et!les!MEF-dKO!AMPK!

sont obtenues " partir d�embryons! de! 10.5! jours! post-co'tum! 131.! Ces! cellules! ont! #t#! ensuite!

immortalis!es par transduction et expression de l�antig$ne grand-T!du!virus!SV40!*Simien!Virus!40).!

Les!cellules!nous!ont!#t#!fournies!&!passage!2.!Nos!exp#riences!ont!#t#!r#alis#es!entre!les!passages!6!

et!13!pour!une!meilleure!reproductibilit#!exp#rimentale.!

La! premi$re! #tape! fut! de! caract#riser! les! deux! lign#es.! Les! ph#notypes! de! ces! lign#es! sont!

similaires,!typiquement!fibroblastiques!*Fig.!1!A,!article!2),!&!l;exception!du!fait!que!les!MEF-dKO!AMPK!

sont!plus!r#fringentes!que!les!MEF-wt, t!moignant probablement d�une diminution de leur capacit! 

d�adh!rence (Fig. Sup. 1, article 8/. Leur temps de division en culture est d�environ 15h pour chaque 

lign!e (Fig. 1 A, article 8/. L�absence d+AMPK n�affecte donc pas notablement leur prolif!ration dans 

nos!conditions!standards!de!culture.!!

!
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b. Etude des réponses cellulaires des lignées MEF-wt et MEF-dKO AMPK à 

l�AICAR 

Lors du travail pr!sent! dans l�article 1, nous avons mis en !vidence les transporteurs 

membranaires de l�AICAR chez les cellules de mammif$re et la levure. De plus, nous avons montr! que 

l�entr!e de l�AICAR et sa m!tabolisation!en!ZMP!sont! identiques!entre! les!MEF-wt!et! les!MEF-dKO!

AMPK.!!

!Nous!avons!analys#!de!mani$re!plus!approfondie!chez!les!MEF-wt!et!les!MEF-dKO l�impact du 

traitement " l�AICAR sur la variation du ZMP et de ses d!riv!s tels que le sZMP, le ZTP ainsi!que!les!

nucl#otides!puriques!et!pyrimidiques!*Fig.!21!@!Fig.!2,!article!2).!Cette m!tabolisation de l�AICAR a !t! 

#tudi#e!en!cin#tique!&!des!temps!courts!*Fig.!21!B)!et!temps!long!*Fig.!2,!article!2).!Des!traitements!&!

diff!rentes concentrations d�AICAR!nous ont permis d�!tudier l+effet dose-r#ponse! de! la!

m!tabolisation de l�AICAR (Fig. 81 C/. La r!ponse m!tabolique au traitement " l�AICAR est caract!ris!e 

en!utilisant!au!laboratoire!une!station!de!chromatographie!ionique!de!haute!performance.!!

L�effet anti-prolif!ratif de l�AICAR sur les MEF-wt!et!les!MEF-dKO!a!#t#!#tudi#!en!utilisant!un!test!

de viabilit! cellulaire qui est !galement un indicateur de la cytotoxicit! d�un compos! (test au WST-1!@!

cf.!Article!-!Material!and!Methods!-!Reagents/. D�autres tests!par!comptage!des!cellules!adh#rentes,!

#tudes!de!cycle!cellulaire!et!de!mort!cellulaire!ont!compl#t#!ce!test!de!viabilit#!*Fig.!1,!article).!!

Ces !tudes en cin!tique et dose r!ponse nous ont permis de d!finir les conditions d�application 

les!plus!appropri!es pour l�!tude transcriptomique. Ces tests m�ont permis en particulier de montrer 

que!les!comportements!de!r#ponse!&!l;AICAR!sont!similaires!pour!les!MEF-wt!et!les!MEF-dKO!AMPK!

*Fig.!21!@!Fig.!1!et!2,!article!2).!

c. Choix des conditions pour l'étude transcriptomique  

Nous!avons!choisi!&!partir!des!tests!d#crits!ci-dessus!d�!tudier la r!ponse cin!tique " l�AICAR 

pour! la! concentration! de! 1! mM! *Fig.! 21!@! Fig.! 1! et! 2,! article! 2).! Cette! concentration! correspond!

#galement!&!celle!utilis#e!par d�autres auteurs!sur!des!types!cellulaires!diff#rents!!13,14,18,27,29.!Cette!dose!

est!compatible!avec!les!doses!th#rapeutiques!tol#rables!utilis#es!lors!de!tests!pr#cliniques!!39!ou!chez!

des! patients! souffrant! de! leuc#mies!my#lo'des! chroniques! 12.! Chaque! mesure! a! #t#! effectu#e! en!

triplicat.!Les!manifestations!morphologiques!de!la!cytotoxicit#!de!l�AICAR sont observ!es environ apr$s 

1!jour!de!traitement.!Nous!avons!donc!choisi!des!temps!courts!d;incubations!allant!jusqu;&!24h!afin!de!

mettre!en!#vidence! les! cibles! transcriptionnelles!pr#coces! *cibles!primaires)!et!plus! tardives! *cibles!

secondaires).!Deux!analyses!ont!#t#!r#alis#es,! la!premi$re!portant!sur!des!temps! inf#rieurs!&!1h,! la!

seconde!pour!des!temps!allant!jusqu;&!24h.!

Enfin,!les!MEF-dKO!AMPK!ont!#t#!utilis#es!afin,!comme!indiqu#!pr#c#demment,!de!d#gager!les!

cibles!de!l;AICAR!strictement!AMPK-ind#pendantes.!
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Figure 21 : M"tabolisation de l�AICAR en d"riv"s intracellulaires ZMP et sZMP.  
A) Chromatogramme repr!sentant les m!tabolites extraits " partir des MEF-wt (jaune et rouge) et des MEF-dKO AMPK 

(bleu clair et fonc!). Les MEFs ont !t! trait!s " 1 mM d�AICAR durant 15 mn " l�AICAR (bleu fonc! et rouge) ou non trait!s (bleu 

clair et jeune) (B-C). Apparition des compos!s ZMP et sZMP. Les MEF-wt (barres noires) et les MEF-dKO AMPK (barres blanches) 

sont trait!es " l�AICAR " diff!rents temps (B) et " diff!rentes concentrations (C). Les temps croissants de traitement vont de < 

" 12< mn pour une concentration unique de 25< µM (B). Les concentrations croissantes de traitement vont de de < " 1 mM 

pour un temps unique de 3< mn (C). Les r!sultats sont donn!s en aire de pic.  

d. Analyse des résultats 

Apr$s!traitement!&!l;AICAR!des!MEF-dKO,!les!ARNs!ont!#t#!extraits!et!envoy#s!&!la!plateforme!

du!transcriptome!de!Montpellier!*Puces!et!analyses!Affymetrix).!Les!r#sultats!nous!ont!#t#!renvoy#s!

sous! forme! de! tableau! Excel! contenant! les! diff#rents! n#cessaires! &! notre! analyse! :! r#pertoire! des!

sondes utilis!es, nom des g$nes correspondant aux transcrits variant d�au moins deux fois dans les 

conditions trait!es " l�AICAR!par! rapport! aux!conditions!normales! :! sur!expression! *up-regulation! @!

valeurs!sup#rieures!&!2)!et!sous!expression!*down-r#gulation,!valeurs!inf#rieures!&!0,5).!Sur!les!deux!

#tudes! men#es,! un! total! de! 1182! sondes! sont! modul#es par l�AICAR (Fig.! 3,! article! 2).! Plusieurs!

d�analyses ont ensuite !t! effectu!es " partir des bases!de!donn#es!suivantes!:!
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· KEGG!*Kyoto!Encyclopedia!of!Genes!and!Genomes):!cette!base!de!donn#e!#tablit!un!

classement!des!g$nes/ARN/prot#ines!en!voies!de!signalisation!au!sein!desquels!ils!sont!

impliqu#s!*site!web:!http://www.genome.jp/kegg/).!!

· DAVID!*Database!for!Annotation,!Visualization!and!Integrated!Discovery)!cette!base!de!

donn#e! propose! un! classement! des! g$nes/ARN/prot#ines! par! regroupement!

*«!clusters!»)! selon! les! grandes! fonctions!biologiques!dans! lesquels! ils! sont! impliqu#s!

*site!web:!https://david.ncifcrf.gov/).!

La!comparaison!de!ces!analyses!pour!chaque!temps!d;incubation!nous!a!permis!de!classer!les!

g$nes! modul#s! par! l;AICAR! en! groupes! fonctionnels! et! de! d#gager! les! voies! de! signalisations!

potentiellement!impliqu#es!dans!l;effet!anti-prolif#ratif!de!l;AICAR.!

Une! seconde!analyse! a!#t#!effectu#e!de!mani$re!plus! subjective!en!utilisant!des! crit$res!de!

s#lection!suivants:!!

1) Expression!pr#coce.!Nous!avons!s#lectionn#!les!g$nes!dont!l;expression!#tait!modul#e!

le!plus!pr#cocement!possible!de!mani$re!&!nous!rapprocher!des!cibles!primaires!de!

l;AICAR.!

2) Recherche!de!g$nes!r#gulateurs!clefs.!Nous!avons!recherch#!les!g$nes!aux!fonctions!

r#gulatrices!centrales!dans!la!physiologie!cellulaire!

3) Redondance!d;expression.!G$nes!dont!la!variation!d;expression!est!redondante!dans!

le!temps.!Cette!recherche!a!permis!de!d;identifier!environ!300!g$nes!modul#s!sur!au!

moins!deux!points!de!cin#tique!diff#rents.!

4) Forte!variation.!Recherche!des!ARNs!dont!les!quantit#s!varient!de!mani$re!importante.!

Une soixantaine d�ARN ont un taux d+expression variant de plus de quatre fois. !

Ces! diff#rentes! analyses! ont! abouti! &! une! convergence! des! donn#es! et! nous!ont! conduits! &!

s#lectionner!une!quinzaine!de!g$nes!d;int#r=t.!Apr$s!recherche!bibliographique,!nous!avons!focalis#!

notre! attention! sur! les! ARNm!LATS1! et! LATS2! *Fig.! 3,! article! 2)! pour! les! raisons! suppl#mentaires!

suivantes!:!!

· LATS1!et!LATS2!font!partie!des!rares!g$nes!qui!augmentent!pr#cocement!dans!notre!

analyse.! En! effet,! sur! les! 1182! g$nes!modul#s! en! r#ponse! &! l;AICAR,! 57! voient! leur!

quantit! augment!e jusqu+" 4 heures de traitement " l�AICAR et V= jusqu+" Vh.!

· L;augmentation!de!leur!expression!est!redondante!dans!le!temps!*4,!8!et!24!heures!pour!

LATS1!@!2,!4,!et!8!heures!pour!LATS2).!

· LATS1!et!LATS2!sont!des!s#rines/thr#onines!kinases!faisant!partie!du!centre!fonctionnel!

de! la!voie!de!signalisation!HIPPO.!Celle-ci!module l�expression d�un grand nombre de 

g$nes!*cf.!Introduction!�!Partie!II).!Nous!observons!que!la!signature!transcriptionnelle!

de!la!voie!HIPPO!!88!croise avec celle de l�AICAR!puisqu�environ 800 g$nes sont communs 

aux!les!deux!signatures.!La!quasi-totalit#!de!ces!g$nes!consid#r#s!comme!d#pendants!

de!la!voie!HIPPO!sont!modul#!dans!nos!exp#riences!au!temps!24!heures!de!traitement!

" l�AICAR.!
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· LATS1!et!LATS2!sont!consid#r#s!comme!des!suppresseurs!de!tumeur,!et!leur!activation!

pourrait!#ventuellement!justifier!en!partie!l;effet!antitumoral!de!l;AICAR.!

Pour conclure, nous observons que l�AICAR induit une variation pr!coce (" partir de 8h/ des 

ARNm!de!LATS1!et!LATS2!*[!18 h/, ainsi qu�une variation tardive de cibles transcriptionnelles sous la 

d#pendance!de!la!voie!HIPPO!*24!h).!

Notre!hypoth$se!&!l;issue!de!cette!analyse!des!variations!du!transcriptome!en!r#ponse!&!l;AICAR!

est que la premi$re vague d�induction des transcrits codants pour LATS1 et LAST8 pourrait donc " 

l;origine!de!la!seconde!vague!plus!tardive!de!modulation!des!cibles!transcriptionnelles!de!la!voie!HIPPO.!!!

e. Validation protéique et fonctionnelle des cibles transcriptionnelles 

Dans! le! but! de! valider!l�!tude transcriptomique, nous avons !tudi! par des approches 

techniques!diff#rentes!*Western!blot,!qPCR!et!tests!de!prolif!ration/ l�effet de l�AICAR sur!l;expression!

des!prot#ines!LATS1!et!LATS2!*Fig.!4,!article!2)!ainsi!que!sur!les!deux!effecteurs!connus!de!LATS1!et!

LATS2!:!les!co-facteurs!de!transcription!YAP!et!TAZ!*Fig.!4!et!5,!article!2).!Enfin,!dans!une!d#marche!de!

validation!fonctionnelle,!nous!avons!montr#!que!les!variations!de!LATS1!et!LATS2!sont!effectivement!

impliqu#es dans l�effet cytotoxique de l�AICAR!*Fig.!6,!article!2).!

 



! "!

AICAR inhibits YAP/TAZ through AMPK-independent activation of the Hippo-pathway.  

!

Chloe Philippe,1,2 Benoit Pinson,1,2 Jim Dompierre,1,2 Veronique Pantesco,3 Raphael Pineau,4 Benoit 

Viollet,5,6 Bertrand Daignan-Fornier1,2 and Michel Moenner1,2 

!

!

!

1Univ. Bordeaux, IBGC UMR-5095, 1 rue Camille Saint-Sa�ns, Bordeaux France; 2Centre National de la 

Recherche Scientifique IBGC UMR-5095, 1 rue Camille Saint-Sa�ns, Bordeaux, France. 4Univ. Bordeaux, 

Animalerie Mutualisee, Talence, France; 5Institut Cochin, Universite Paris Descartes, CNRS (UMR 8104), 

Paris, France; 6INSERM U1016, Paris, France 

!

Running title:  

!

!"#$%&'()*!#$%#&'!()*+,-)./(012!*+*34,.,'!567'!#589:.+;2/2+;2+(!,.<+*3.+<!

%0))2,/0+;2+-2!(0=!>?!@*.<+*+:70)+.2)'!A23=!BCCD!EEF!GGG!HEE?!Fax: (33) 556 999 059;!6:1*.3=!!

!

Abbreviations: AICAR, 5-Aminoimidazole-4-carboxamide-1-!-D-ribofuranoside; AMPK: 

Adenosine Monophosphate activated protein kinase; CTGF: connective tissue growth factor 

(CCN2); Cyr61: cysteine-rich angiogenic protein 61; FBS: fetal bovine serum; HPRT: 

Hypoxanthine-guanine phosphoribosyl transferase; Lats: Large Tumor Suppressor kinase; MEFs: 

Murine Embryonic Fibroblasts; SAICAR: succinyl-AICAR; S-AMP: succinyl-AMP; YAP1: Yes-

associated protein 1; TAZ: Transcriptional coactivator with PDZ-binding motif ; ZMP: AICAR 

monophosphate; ZTP: AICAR triphosphate. 

 

 

 

 



! I!

+,)-'./-$$

!
AICAR (Acadesine) is a natural metabolite with anti-tumoral properties. Although well recognized as 

an AMP mimetic activator of the protein kinases AMPK, AICAR was also recently shown to mediate 

AMPK-independent cytotoxic effects. In order to unveil its AMPK-independent functions, we carried 

out a transcriptomic analysis in AMPK!1/!2 double knock-out murine embryonic cells. Kinetic 

signature of the cellular response to AICAR pointed to the up-regulation of Lats1/2 transcripts, 

followed by the repression of numerous genes downstream of the transcriptional regulators YAP1 and 

TAZ. The Hippo signaling pathway was activated by AICAR, in keeping with the observation of 

increased levels in phosphorylation of Lats1 and Yap1 proteins. Fibroblasts and epithelial cells both 

responded to AICAR by activating the Hippo pathway. However, the physiological relevance of this 

activation under AICAR treatment was best evidenced in epithelial cells. Double knock-down of 

Lats1/2 in retinal pigment epithelial (RPE-1) cells prevented the cytoplasmic delocalization of 

YAP/TAZ proteins in response to AICAR treatment and also conferred a higher resistance to the drug. 

These effects were independent of AMPK. These results suggest that the downstream activation of the 

Hippo signaling cascade participates to the anti-tumor effects of AICAR. 
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 AICAR (5-amino-1-"-D-ribofuranosyl-imidazole-4-carboxamide; acadesine) is a 

pharmacological compound entering cells through purine transporters, and a precursor of ZMP, a 

natural intermediate of the "de novo" purine biosynthetic pathway (1, 2). ZMP mimics the low-energy 

charge signal AMP by activating the heterotrimeric protein AMP-dependent protein kinase (AMPK), 

which expresses integrated regulatory functions at the cellular and tissular levels (3). 

 In the presence of AICAR, its active derivative ZMP accumulates intracellularly and a 

cytotoxic response is observed both in yeast and mammal cells (2), ad reported to be dependent of 

apoptotic (4-7) as well as non-apoptotic signalings (8-10). Interestingly, AICAR was reported to be 

more cytotoxic for transformed cell than for normal cells (9, 11). One reported explanation for this 

relates to its higher cytotoxic effect for aneuploid cells than for their euploid counterparts (6, 12, 13). 

This activity may represent a high therapeutic opportunity since aneuploidy is observed in 70% of 

hematopoietic cancer cells up to 90% cells in solid tumors. 

 Numerous effects mediated by AICAR at the concentration range of 0.1-1 mM are 

independent of AMPK (14), including inhibition of proliferation and limited tumor growth in vivo (2, 

5, 15, 16). Moreover, AICAR is well tolerated in mice and human at elevated doses, even when 

repeatedly administered (see refs. (17, 18) and this work) and has been subjected to Phase I/II clinical 

trials for treating chronic lymphocytic leukemia (18, 19). This property allows the research of 

alternative targets of interest, distinct from AMPK, and amenable to preclinical approaches. 

Particularly, AICAR presents a marked higher cytotoxic efficiency against aneuploid cells than against 

their euploid counterparts (6, 12), UBA1 being one identified target linked to an AMPK-independent 

mechanism (13). Since aneuploidy is a characteristic of a large majority of transformed cells, a further 

understanding of AICAR's properties for the selective targeting of cancer cells is of a great interest. 

 In order to get insight on the AMPK-independent activities of AICAR, we carried out a 

transcriptome analysis of AICAR effects on murine embryonic fibroblasts invalidated for AMPK ("1 

and "2 subunits). We provide a transcriptome database that may prove useful for deepening our 

knowledge on AICAR's cellular effects, and confirmed that a rather large alteration of the expression 

of transcripts was observed under AICAR treatment, irrespectively of AMPK. We identified the anti-

tumor Lats1/2 transcripts and proteins as activated transducers of AICAR activity. The pluripotency of 

Lats1/2 signals, especially acting as downstream transducers of the core Hippo pathway, suggests that 

part of the heterogenous causes of cell death induced by AICAR, as well as the complex effects of 

AICAR of the cell cycle may result of alterations of central mechanisms that control critical 

transduction pathways. Lats1/2 play pivotal roles in the cell homeostasy by inhibiting the two related 

co-transcriptional factors Yap (Yes- associated protein) and Taz (Transcriptional coactivator with 

PDZ-binding motif), which represent central actors of the cell cycle, as nuclear effectors of the Hippo 

signaling pathway. These findings further justify the exploitation of AICAR or derivatized compounds 

as therapeutic agents for the treatment of various types of cancers. 
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Reagents Ð Culture media was from Invitrogen. Specific antibodies were purchased as follows: Taz 

(#560235) (BD Pharmingen); actin (#A2668) (Sigma); AMPK"/! (#2532), phospho-(Thr172)-

AMPK" (#2531), PARP (#9542), Lats2 (#13646), Lats1 (#3477), phospho-(Thr1079)-Lats1 (#8654), 

LC3A/B (#4108), cleaved-(Asp175)-caspase-3 (#9604 and 9664), Yap/Taz (#8418), Yap (#14074 and 

#4912), phospho-(Ser127)-Yap (#4911) were from Cell Signaling; Lats2 (#NB200-199, NovusBio); 

DAPI and secondary antibodies labeled with FITC, AlexaFluor488, or AlexaFluor546 were from 

Invitrogen. Primers and siRNA (Sigma) were as indicated in Table S1. Control siRNA was from Cell 

Signaling (#6568). AICAR was purchased from Toronto Research Chemicals (Canada) and was 

solubilized in water and filtered at 0.22 µm. Its concentration was determined spectrophotometrically 

(A268; #M= 12700 M-1/cm-1). 

Cell culture experiments Ð Wild-type U87-MG (U87wt) glioma cells (ATCC; HTB- 14), and RPE-1 

(ATCC; CRL-4000) cells were grown in DMEM, 4.5 g/L glucose supplemented with 10% FBS, L-

glutamine, and antibiotics. Wild-type or knock-out mouse embryonic fibroblasts (MEFs) for both 

AMPK"1 and AMPK"2 subunits (AMPK"1/"2 dKO) were obtained as reported (20). CUX1+/+, 

Cux1+/# MEFs and Cux1#/# MEFs were a generous gift from A. Nepveu (Univ. Mc Gill, Montreal, 

Canada). The WST-1 cell viability assay was performed in 96-well plates as previously reported (2). 

Cell proliferation assays were performed in 24-well plates. Cells were trypsinized and counted using a 

Multisizer 4 coulter Counter (Beckman). Each time point was done in triplicate, and the averages ± 

standard deviations were calculated. Experiments were repeated three times. 

 

Metabolite analysis Ð Th general procedure has been reported previously (2). Exponentially growing 

cells were incubated with or without 1 mM AICAR. They were washed in ice-cold PBS and 

metabolites were extracted in a solution EtOH 20%, HEPES 10mM. Metabolite separation was then 

performed on an ICS3000 chromatography station (Dionex, Sunnyvale, CA) using a CarboPac PA1 

column (250 x 2 mm; Dionex) and a 50 Ð 800 mM acetate gradient in 50 mM NaOH. Total amounts of 

the different metabolites were determined by measure of their corresponding peak areas on 

chromatograms. Calibration curves were obtained by injection of known quantities of each compound. 

Intracellular concentrations of the different metabolites were obtained by measure of the cell volumes 

using a Multisizer 4 coulter Counter (Beckman). 

 

Transcriptomic analysis 

MEF-dko were grown in the complete medium and harvested at the final density of 15,000 cells/cm2. 

Total RNA was extracted using the RNeasy kit (Qiagen). Biotinylated cRNAs were then prepared 

according to the Affymetrix standard labeling protocol. cRNAs from subconfluent MEF-wt and MEF-

dko cells in culture were generated from 10 $g of total RNA and hybridized to Mouse MG-430 PM 

Array Strip Kit and 3' IVT Express Kit Bundle (#901580 ; Affymetrix UK) at the Affymetrix 

transcriptome platform (Inserm U1040, Montpellier France). Analyses were performed in triplicates. 

Analysis of CEL files was performed by using the Limma package available through Bioconductor 

with R statistical software and the OneChannelGUI graphical interface. Probe set intensities were 

obtained by means of GCRMA and were selected by using a corrected P value treshold of 0.05 and 

fold change treshold of ± 2 or above. Annotation of genes was performed using NetAffx 

(http://www.affymetrix.com). Affymetrix IDs were submitted to the DAVID (Database for 

Annotation, Visualization and Integrated Discovery) analysis tool 

(http://david.abcc.ncifcrf.gov/home.jsp) as well as the Netaffx Analysis Center (Affymetrix database) 

to depict biological processes associated with the functions of regulated genes. The data have been 

deposited in the Gene Expression Omnibus (GEO) database (www.ncbi.nlm.nih.gov/geo) and will be 

released upon publication (accession numbers. xxx).  

 

Small interfering RNA knockdown experiments - U87 cells were plated at a density of 105 cells per 

well in six-well plates. Small interfering RNA (siRNA) were from Sigma. Non-targeting siRNA (#D-

001810- 01-20) was from Dharmacon (Lafayette, CO). Transfection was performed for 15h using 

lipofectamine RNAiMAX (Invitrogen) according to the manufacturerÕs protocol, with total amounts of 
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siRNA at a final concentration of 15-45 nM. 

 

Intracranial implantations Ð U87 glioma cells (5x104 cells, 1 µl) were implanted in 8-9 weeks of age 

RAG2/$c mice as previously described (21). Mice were randomized and were injected intraperitonealy 

six days a week from day 3 after implantation until the end of the experimentation. KaplanÐMeier 

analysis was used for survival analysis. Experiments were performed at the animal facility, University 

of Bordeaux, according to approved animal welfare guidelines and with the consent of the Minist�re 

de lÕEnseignement Superieur et de la Recherche (MESR). 

Immunoblot analysis - Glioma tissues and cellular extracts were snap frozen before analysis. Proteins 

were extracted at 4¡C with RIPA buffer containing 1 mM Na3VO4, 5 mM NaF, and protease inhibitors 

(P8340, Sigma). Protein content was determined by using a BCA protein assay kit (Termo Fisher 

Scientific, Villebon, France). Proteins were resolved on 7 or 10% SDS-PAGE, transferred to a 

nitrocellulose membrane and probed using anti-phospho-proteins and anti-total proteins, as indicated 

in figure legends. Primary antibodies were revealed with secondary antibodies coupled to HRP. 

Densitometric analyses of Western blots were carried on using ImageJ 

(http://rsbweb.nih.gov/ij/download.html) and the results were normalized to the loading control.  

PCR analysis Ð Frozen tissues were homogenized at 4¡C using a Polytron¨ blender in the presence of 

Trizol (Life Technologies). RNA extraction, quantification and gene expression analyses by RT-qPCR 

were performed as previously reported (22). Primers were designed to recognize specifically human 

transcripts and gene expression was normalized to actin, S16 or HPRT1 genes. Homogeneity of PCR 

products was controlled by melting point analysis and gel electrophoresis. Results were the mean of 

triplicate determinations ± SD for each glioma sample (n=5 mice per condition).  

Flow cytometry Ð MEFs were cultured in 10 cm dishes up to the final density of 20,000 cells/cm2. 

After trypsinization, cells were stained with propidium iodide or with Annexin V using the ApoAlert 

Annexin V-FITC Apoptosis Kit (Clontech Lab Inc) and analyzed by flow cytometry following the 

manufacturerÕs instructions. Data were collected and analyzed on an Accuri C6 Flow Cytometer (BD 

Biosciences). 

 

Immunofluorescence analysis Ð RPE-1 and MEF cells were grown at low densities on glass 

coverslips. After one day of incubation, cells were washed with PBS and incubated with the indicated 

concentrations of AICAR for increasing periods of time. Cells were then washed twice with PBS and 

then fixed with a 4% solution of paraformaldehyde for 10 min at room temp�rature and then incubated 

with Tris-buffered saline and Tween 20 solution containing 1% bovine serum albumin. Incubation 

with antibodies against Yap and Taz was performed for 1h at room temp�rature. Cells were then 

washed and incubated with FITC, AlexaFluor488, or AlexaFluor546- conjugated second antibodies. 

Cell nucleis were labeled by using the DAPI labeling. Coverslips were finally mounted onto glass 

slides with anti-fade solution and visualized on a Nikon (???) microscope. Image analyses were carried 

out using a ImageJ software. Statistical analyses were performed by quantification of the fluorescent 

signal on a total of at least 10 different slides (>150 cells for each condition). 
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AICAR inhibits glioblatoma growth in an orthotopic model Ð AICAR has been previously reported 

to express antitumoral properties in vivo in different animal models (6, 23-25). Here, we evaluated its 

activity in an orthotopic glioblastoma model (Fig. 1SA). We observed that daily i.p. injection with 

AICAR increased by 15% the median survival of mice, as compared to controls (median 38 vs. 33 

days; p <0.004). The EGFR-targeted antibody cetuximab had no detectable effect in the same model 

(22). Thus, significant differences in animal survival were observed in the intracerebral implantation 

model using AICAR, with low side effects. Similar results were reported using subcutaneous 

implantation of GBM cells both in mice (15) and rats flanks (26).  

!

Cytotoxic effects of AICAR in MEF cells are AMPK-independent Ð MEF-wt and the same cells 

invalidated for the AMPK-"1 and -"2 catalytic subunits grew at the same rate over 21 days of culture 

(7 passages) (Fig. 1A). Thus, AMPK had no significant effect on the propagation of MEFs in standard 

culture conditions, even though MEF-dKO were slightly more refringent and less spread on the plastic 

surface than control cells (see Fig. S2A). Both isogenic cells also responded similarly to AICAR as 

measured by using a WST-1 colorimetric assay after 48h or 72h of incubation (Fig. 1B) (see also (2)). 

However, MEF-dKO cells were more prone to detach from their substrate in the presence of AICAR, 

as measured by counting cell in the conditioned medium (Fig. 1C). MEFs that had detached from the 

plastic dishes were unable to grow in a renewed medium after removal of AICAR, and had therefore 

entered irreversible death processes. The higher sensitivity of MEF-dKO to AICAR was also apparent 

by using the Annexin V labeling (Fig. 1D). In keeping with this, the apoptotic process was more 

important in MEF-dKO cells than in wild-type cells after 24h of incubation, as monitored by cleavage 

of the apoptosis markers caspase 3 and of its substrate PARP upon treatment with AICAR (Fig. 1F). 

Finally, autophagy also increased slightly, but not differently, in both cell types (Fig. 1E). Thus, 

AMPK exerts a protective effect in the wild type cells in response to AICAR (see also (14)). 

 Cell cycle analyses indicated that both MEF-WT and MEF-dKO cells accumulated in the S 

phase under AICAR treatment for 24h, with a strong decrease in cell percentages in the G1 and G2/S 

phases (Fig. 1G). Such an effect of AICAR has also been reported in other cell types (26-28). 

Moreover, an increasing population of cell in the sub-G1 area was also observed at 24h and 48h of 

incubation as a result of cell death. Thus, several mechanisms independent of AMPK could contribute 

to the cytotoxic effect of the AICAR. 

 
Analysis of AICAR metabolism in MEF-wt and MEF-dKO cells - AICA-riboside (AICAR) enters 

mammalian cells using purine nucleoside transporters and is then enzymatically converted to its 

monophosphorylated form ZMP (1, 2). We monitored in both MEF-wt and MEF-dKO the intracellular 

phosphorylation of AICAR to ZMP as a function of time, and identified its further transformation into 

related metabolites (Fig. 2A). AICAR entered cells and ZMP accumulated intracellularly to reach 

millimolar amounts (%8 mM after 24h of incubation) (Fig. 2B). Increasing concentrations of SAICAR, 

the immediate precursor of AICAR in the purine pathway, as well as of the downstream products ZTP 

(AICAR triphosphate) and S-AMP (succinyladenosine monophosphate) were also detected. Consistent 

with results obtained previously in human tumor cells (29), concentrations of both adenosine and 

guanosine triphosphates increased by 2 to 3 fold from basal levels, whereas a dramatical and parallel 

decline was observed for pyrimidine triphosphates (CTP and UTP) (Fig. 2B). AICAR entry in MEFs 

was therefore followed by its derivatization in several by-products and this effect was essentially 

independent on the presence of AMPK. 

 The intracellular increase of AICAR did not modify the ratio of adenylates, as assessed by the 

the adenylate energy charge (AEC, see (30)), which ranged from 0,91 to 0,95 in the different assays 

and were not clearly different in the two cell types (Fig. S3A). Thus, AICAR did not notably interfere 

with the activity of adenylate kinases. Rather, the large imbalance observed in the purine/pyrimidine 

ratios of nucleotide triphosphates under AICAR treatment (Fig. 2B) could participate to the cytotoxic 

effects of AICAR as suggested p^reviously (7, 31). Indeed, we observed that high and sub-cytotoxic 

concentrations of exogenous uridine significantly, but incompletely, rescued the viability of both 

MEF-wt and MEF-dKO upon AICAR treatment (Fig. S3B). Overall, MEF-dKO and MEF-wt 
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responded similarly to AICAR and thus represent a convenient model to investigate its AMPK-

independent effects. 

!

Transcriptomic analysis in MEF-dKO provides clues to the AMPK-independent response to 

AICAR Ð Kinetic transcriptome analysis was carried out in MEF-dKO AMPK in order to provide an 

overview of the AMPK-independent cell response to AICAR (Fig. 3A). Cells were studied at a low 

density. Assessing the transcriptome across all time points, significance analysis of microarray (SAM) 

revealed that 1325 probes for 1071 genes (19.1% redundancy), corresponding to %2,9 % of the total 

number of the probes available on the chips, were selected in response to AICAR (FDR (%) < 0.009). 

The number of genes modulated under AICAR treatment increased with time (Fig. 3B), with a 

majority of genes down regulated at early times (100% at t=1h). From 8 to 24h of incubation, a similar 

number of genes were up- and down- regulated. The time-course variation of the gene expression 

pattern appeared coherent, as 627 of the selected genes (47%) were strictly upregulated, whereas most 

of the others (693 genes, 52%) were consistently downregulated. Only five probes corresponding to 

three distinct genes (Egr1, Luc7l2 and Rbm39) provide both positive and negative signals depending 

on the time incubation (TAB. S2, sheet 1). Functional classification clustering performed by using the 

DAVID Bioinformatic Resources uncovered functions related to the regulation of gene expression, 

mRNA processing, cell motion, mitosis and phosphorylation/dephosphorylation processes (Table S3). 

 An early and sustained upregulation of transcripts encoding the large tumour suppressor 

proteins Lats1 and Lats2 was detected along the time-course experiment (Fig. 3C). Interestingly, Lats1 

and Lats2 (refered hereafter as to Lats1/2) are Ser/Thr protein kinases and members of the Hippo 

pathway core involved in mammals in several physiological processes including growth inhibition, 

survival, epithelial to mesenchymal transition and response to stressors. Interestingly, active Lats1/2 

phosphorylate and inhibit the two highly related oncoproteins Yap (Yes-associated protein) and Taz 

(transcriptional co-activator with PDZ-binding motif) (32, 33). When comparing our data with 

available transcriptome signatures of human orthologues of Yap and Taz (see (34)), we highlighted an 

overlap of 197 genes belonging to the Yap/Taz signature and that were also modulated under AICAR 

treatment (Fig. 3D and TAB. S2, sheet 2). Notably, most of these genes were detected lately (12 and 

24h) upon AICAR treatment, well after Lats1/2 up-regulation. In addition, a number of these genes, 

including Cyr61, Ctgf, Jak1, Irs1, Cited2, Ccnd1, IL6, Socs3, Myc and others are well-recognized 

Hippo targets (TAB. S2, sheet 3; (35)). Since our comparisons were carried out between mice 

(AICAR signature) and human (YAP/TAZ), one may expect that these reported overlaps were 

underestimated. Overall, expression profiling pointed to the Hippo signaling pathway as a possible 

target of AICAR in MEF-dKO (Fig. 3E). 

 Notably, AICAR had also significant and coordinated effects on several members of the EGF-

family of growth factors and receptors, which may impact on cell proliferation. Ereg, Hbegf and Nrg1 

were downregulated (Fig. 3F). In comparison, the EGF receptor Erbb3, whose kinase activity is 

defective and involved in the negative regulation of the others EGF receptors (36) was upregulated. 

These regulations occurred lately in kinetics and represent likely secondary events associated to the 

stimulation with AICAR. Noticeably, several other genes involved in EGF signaling were also 

modulated, including the transcription factor Egr1. Thus, one important effect of AICAR would be the 

inhibition of functions linked to the EGF/EGFR signaling, in keeping with the fact that YAP and 

AICAR were functionally linked to the EGF/EGFR pathway in various cancer cells (12, 37). 

 

Activation of the Hippo pathway under AICAR treatment Ð Activation of the Hippo pathway 

following incubation with AICAR in MEF-dKO was first confirmed by the increased phosphorylation 

of the proteins LATS1/2 using an antibody directed against phospho-(Thr1079)-LATS1 (a marker of 

LATS1 activation) and cross-reacting with p-LATS2. As shown in figure 4A, p-LATS1/2 were 

detected after 4h of incubation and this effect was readily observed at the minimum concentration of 

500 µM AICAR. Both LATS1 and LATS2 proteins and mRNA levels were also increased in MEF-

dKO, as measured by Western blot and qPCR, respectively (Fig. 4Ba, 4Bb). Similar effects were 

detected in MEF-wt cells (Fig. 4Ca, 4Cb). Phosphorylation of Lats1/2 was accompanied in both cell 

lines by the increase of Yap phosphorylation using an anti phospho-YAP antibody (p-127-YAP in 

human; p-S112-YAP in mice) (Fig. 4Bc, 4Cc), which is a marker of Yap inhibition by LATS1/2. The 

total amounts of Yap and Taz proteins were also increased. These effects were associated to the 
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progressive decrease in the expression of both Cyr61 and Ctgf mRNAs (Fig. 4Bd, 4Cd), two surrogate 

markers of the activation of the Hippo pathway and inhibition of YAP/TAZ (33, 38). Together, these 

results indicate that Lats1/2 were upregulated at both the mRNA and protein levels and their protein 

kinases activated upon AICAR treatment. These events occurred in MEF-dKO as well as in MEF-wt 

cells (Fig. 4B compared to Fig. 4C) and can thus be triggered independently of AMPK. 

!

Sub-cellular localization of YAP/TAZ proteins by immunofluorescence 

 One possible consequence of the activation of the Hippo pathway by AICAR is the 

cytoplasmic delocalization and increased degradation of Yap/Taz proteins. In order to examinate this 

point, we performed immunofluorescence analyses on MEF-wt and MEF-dKO cells grown at low 

density, which represents an optimal condition for the nuclear localization of Yap and Taz proteins 

under the control of the Hippo pathway (39, 40). Although both Yap and Taz immunoreactivities were 

predominantly nuclear, no extensive loss of the signals in nuclei or cytoplasm could be measured 

using different concentrations of AICAR and at different incubation time (Fig. S5A, S5B). We 

reasoned that this could result from the initial immortalization of these cells by the SV40 TAg (20) 

and loss of contact inhibition. Notably, the Hippo pathway is perverted by viral oncoproteins (41, 42) 

and MEFs immortalized by SV40, but not RPE1cells, indeed failed to translocate YAP from the 

nucleus to the cytosol at confluence (Fig. S5C). We therefore used normal MEF that have retained 

their ability to stop dividing at confluence and observed that, in these conditions, YAP unambigously 

translocated in the cytosol under AICAR treatment (Fig. S5A, S5B). This effect of AICAR was 

confirmed in human retinal epithelial cells (RPE-1), which express YAP/TAZ translocation 

capabilities under confluence (40). Again, AICAR induced a time-dependent redistribution of YAP 

and TAZ from the nucleus to the cytoplasm (Fig. 5A, 5B) due to a rapid (t < 4h) decrease of the 

corresponding signals in the nucleus, followed by their late (t > 8h) extinction in the cytosol (Fig. 5B). 

This effect was consistent with a higher amount of Lats1 protein in these cells after 4h of treatment 

(Fig. 5A, bottom panel), and is also in agreement with data from transcriptomic analysis in MEFs cells 

(Fig. 3C). 

 Next, we analyzed the possible implication of Lats1/2 and of AMPK"1/"2 in the AICAR-

mediated translocation of YAP/TAZ in RPE-1 cells. We performed similar experiments in RPE-1 cells 

that were subjected to siRNA knockdown of Lats1/2, AMPK"1/"2, or Lats1/2 plus AMPK"1/"2. We 

then examined the cytoplasmic enrichment of YAP immunoreactivity after 8h of incubation. As 

shown in figure 5C, AICAR treatment induced the delocalization and decrease of YAP 

immunoreactivity in cells either treated with the non-targeting siRNA (Fig. 5Ca, 5D) or treated with 

the siRNA AMPK"1/"2 (Fig. 5Cb, 5D). In comparison, when treated with siRNA targeting Lats1/2 

mRNAs, or with the mix siRNA Lats1/2 plus siRNA AMPK"1/"2 (Fig. 5Cd, 5D), no delocalization 

was apparent (Fig. 5Cc and 5D). Thus, activation of the Hippo pathway as well as the decrease of the 

nuclear fraction of YAP under AICAR treatment could be observed independently of AMPK. 

 

Lats1/2 rescued proliferation of MEFs under AICAR treatment 

In order to evaluate the possible impact of Lats1/2 activation on the AICAR-mediated cytotoxicity, 

MEFs and RPE-1 cells were transfected with small interfering RNAs targeting Lats1/2, AMPK"1/"2, 

or both. siRNAs were shown to decrease the intracellular level of the corresponding proteins (Fig. 5E 

and S6). Cells were then grown in culture in the presence or absence of AICAR and the final number of 

cells was evaluated by using the WST-1 metabolic assay. Results indicated that the siRNA knockdown 

against Lats1/2, and to a lesser extent against AMPK"1/"2, restored significantly the growth of MEFs 

and RPE-1 cells in the presence of AICAR (Fig. 6). The higher resistance of these cells to AICAR 

treatment is consistent with the expected effect of Lats1/2, these protein kinases acting as potent 

repressors of proliferation through phosphorylation and inhibition of the YAP and TAZ oncogenes. 
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 AICAR is a purine precursor endowed with therapeutic properties (1). This compound enters 

mammalian cells through nucleoside transporters and is converted to its active-monophosphorylated 

form ZMP by adenosine kinase (1, 2). As a competitive ligand of the low energy sensor AMP, ZMP 

binds to, and activates AMPK. For this reason, AICAR is a widely used energy-stress mimicking 

compound. The metabolic functions of AMPK in response to the energy charge have been described 

in comprehensive reviews (3, 43). 

 Recent studies pointed to the fact that AICAR also modulates AMPK-independent functions 

in mammals. Numerous reported effects converge towards the inhibition of cell growth and induction 

of cell cytotoxicity (2, 5, 14, 15). Interestingly, a higher sensitivity of aneuploid cells versus euploid 

cells to AICAR treatment was evidenced in different cell models, offering appealing perspectives in 

cancer therapy (6, 12). The property of ZMP, but not of AMP, to physically interact with UBA1 

contributes significantly to the exacerbated sensitivity of aneuploid cells to AICAR (13). 

 In this study, we aimed at discovering new functions that could be modulated by AICAR 

independently of AMPK. We therefore carried out a transcriptomic approach using murine embryonic 

fibroblasts invalidated for the "1 and "2 subunits of the AMPK. Time-course analysis under AICAR 

treatment indicated that mammalian cells responded by the upregulation of the tumor suppressors 

Lats1 and Lats2, the most downstream protein kinases of the Hippo pathway. This effect, here defined 

as to the early cell response (%2 h) to AICAR, was accompanied with an increase in the corresponding 

proteins and phosphorylation of Lats1 on its threonine residue 1079, an indicator of its catalytic 

activation (32). In a late (>12 hours) cell response to AICAR, down-regulation of a collection of gene 

was further recognized as an expression signature characteristic of the repression of the transcriptional 

co-activators YAP and TAZ, both proteins being negatively regulated by the Lats1/2 protein kinases 

(32, 33). These results suggest that AICAR activates Lats1/2, thus creating a shortcut in the Hippo-

signaling cascade and inhibiting YAP and TAZ oncoproteins. They also confirm that, in addition to 

the AMPK-dependent inhibition of YAP, an alternative pathway could be involved in both YAP and 

TAZ inhibition in the complete absence of AMPK (44, 45). As shown here, this activation occurred at 

least in part by the upregulation of Lats1/2 mRNA. 

 The molecular origin of the increase of Lats1/2 mRNAs under AICAR treatment is not known. 

Diverse upstream signals involved in the post-translational activation of the Hippo kinase cascade 

have been identified, such as those mediated by energy stress, cell contact and cell polarity, 

mechanotransduction, and G-protein-coupled receptor (GPCR) signaling (33, 38). Yet, a very few 

effectors were reported to increase the levels of Lats1/2 transcripts and proteins, as observed here 

under AICAR treatment. Among such inducers of interest are the transcription factor CUX1 (46) and 

the YAP1 protein itself (47, 48). 

 Inhibition of the cotranscriptional factors YAP/TAZ represents a major functional output of 

the Hippo pathway, as it represses a variety of downstream transcription factors and other DNA 

binding proteins including TEAD1-4, SMAD, RUNX and p73 (32, 33). A pleiotropic cell response to 

AICAR is therefore expected and Lats1/2 activation may in fact provide a rationale to the diversified 

activities of AICAR already reported. Alike AICAR, inhibition of YAP/TAZ limits cell proliferation, 

cell cycle progression, increases resistance to cell death, reprograms metabolism and inhibitits 

angiogenesis (32, 33, 49, 50). Finally, it should also be considered that Lats1/2 are also believed to 

regulate alternative pathways than those reported as dependent of Yap/Taz (ref), thus widening the 

potential effect of AICAR on this pathway. 

 We showed that knockdown of Lats1/2 rescued the growth of cells incubated with AICAR, 

which suggests that Lats function is thus involved in the antiproliferative effect of AICAR. Notably, 

AMPK also contributes to the decrease of cell proliferation induced by AICAR which can be 

explained by the fact that the AICAR-mediated activation of AMPK was also reported to regulate the 

Hippo signaling and inhibited Yap phosphorylation at two distinct sites (44, 45). In conclusion, 

AICAR exerts dual action, one being AMPK-dependent and the other AMPK-independent, that 

independently converge to the inhibition of the cotranscriptional factors Yap/Taz. In the absence of 

AMPK, AICAR up-regulates by an as yet unknown mechanism Lats1/2 transcripts and proteins 

expression, leading to the activation of Lats1/2 kinase and to the blockade of Yap/Taz and downstream 

functions. This signal is physiologically relevant, as Lats1/2 is effectively activated in an AMPK-



! "H!

independent manner upon glucose deprivation (45). Besides, as an AMP-mimic, AICAR also potently 

activates AMPK and inhibits Yap independently of Lats1/2 (44, 45).  

 By activating Lats1/2 kinases, AICAR thus mimics the effects of converging upstream signals 

usually conveyed by cellular changes in their microenvironment, including stress signals, cell-to-cell 

contacts, adhesion signals and mechanotransduction, all converging to the modulation of cell 

proliferation and cell death (33). The central role of Lats1/2 in the homeostasy of cell growth, as well 

as its wide representation in different types of cells, provide an explanation to the fact that AICAR has 

the potential of impairing growth of a wide range of tumor cells. Indeed, AICAR interferes with 

mechanisms linked to distinct hallmarks of cancer (51) and express diverse anti-tumor properties that 

can be exploited therapeutically. A characteristic of aggressive tumor cells, for example, is that they 

do not respond anymore to contact inhibition. It is therefore conceivable that AICAR would be 

especially effective on those cells presenting altered signals upstream of Lats1/2, and evading contact 

inhibition (39, 52). Indeed numerous alteration of the Hippo pathway were reported in cancer 

upstream of Lats. In these conditions, AICAR effect would be to pharmacologically reactivate Lats, 

and re-establish inhibition contact. More generally, Lats1/2 activation may contributes to decrease 

tumor development by the inhibition of cell growth and survival, induction of apoptosis, increasing 

tumor cell invasiveness and anchorage-independent growth (52-55).  

 

 This unbiased approach also unveils the activation by AICAR of the Hippo-dependent 

signaling, through the increase of the tumor repressors Lats1 and Lats2 mRNA and proteins. This 

leads in turn to the inhibition of Yap and Taz co-transcriptional activators and ultimately to the 

downstream regulation of genes under the control of Yap and Taz. 

 These findings provided a rationale for the therapeutic exploitation of AICAR or of 

derivatized pharmacological compounds by exploiting the antitumor properties of the Hippo pathway 

without activating AMPK. By activating Lats1/2, AICAR indeed inhibits Yap/Taz, both of which 

being oncogenes involved in malignant progression (49, 55). It remains to consider whether these 

effects can be related or not to the anti-angiogenic potential of AICAR (56) (24) as well as to its 

properties to inhibit tumor cell invasion and metastasis (57, 58). 

 

$
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Figure 1: AICAR inhibited growth of murine embryonic fibroblasts. A) Long-term 

propagation of MEFs in culture showing that MEF-wt and MEF-dKO AMPK have the same division 

time. B) Comparative effect of AICAR on the growth of MEF-wt (closed bars) and MEF-dKO (open 

bars). Results of a WST1 cell proliferation assay at days 2 and 3 of AICAR treatment. Cell viability 

was not affected after one day of incubation. Results are mean ± SD of two independent 

determinations, each made in hexaplicates. C) AICAR-induced MEF detachment in culture. Cells were 

grown in 24-well plates. After two (closed bars) and three (cumulative closed/open bars) days in 

culture, cells in suspension were counted in conditioned media and attached cells were numerated after 

trypsinization. The number of floating cells was reported in surface units for comparison with the 

number of anchored cells. D) Measure by flow cytometry of AICAR-induced apoptosis in MEFs. 

MEFs were grown on tissue culture plates for 24h in the presence or absence of AICAR. They were 

then collected and stained with propidium iodide and annexin V and then analyzed by flow cytometry. 

Experiments were done in triplicate. F) AICAR promotes apoptosis in MEFs. Cell extracts were 

prepared from MEF-wt and MEF-dKO treated or not with 1 mM AICAR for 24 h. They were resolved 

by SDS/PAGE and probed with either anti-PARP or anti-cleaved caspase 3 (casp-3) antibodies. Cells 

treated with either staurosporine (25 and 50 nM) or hydrogen peroxide (0.01%) were used as positive 

controls of apoptosis. Actin was used as internal control. Pixel intensities of cleaved PARP and 

(Asp175)-caspase-3 (Casp-3) proteins were normalized to actin and the resulting values are indicated. 

E) Measure of autophagy in MEFs following AICAR treatment. Western blot analysis allows the 

detection of changes of the cytosolic (LC3-I) and lipidated (LC3-II) forms of the autophagy marker 

LC3. LC3-I and LC3-II proteins were normalized to actin and the resulting values are indicated. After 

one or two days of incubation, cells were collected and stained with Annexin V and analyzed by flow 

cytometry. Cytometric profiles were presented on the left panel and percentage of apoptotic cells were 

calculated and reported in the right panel. The data are a representative of three separate experiments. 

G) AICAR-induced cell cycle arrest. MEFs were grown on tissue culture plates and treated as in (D) for 

24h in the presence or absence of AICAR. They were then collected and stained with propidium iodide 

and analyzed by flow cytometry. Experiments were done in triplicate.  

 

Figure 2: Metabolism of AICAR in MEF-wt and MEF-dko. A) Shematic overview of the 

canonical purine biosynthesis pathway. B) Relative variation of intracellular AICAR and of other 

metabolites depending on time treatment. MEFs were grown at the density of %50,000 cells/cm2 in 6-

well plates and were subjected to 1 mM AICAR treatment in a renewed medium for different periods of 

time. Cells were then washed once with ice-cold PBS and soluble metabolites were extracted for 

analysis as reported in Materials and Methods. Results are means ± SD of triplicate experiments. 

Histograms of the intracellular concentrations of the metabolites AICAR, SAICAR, ZTP, S-AMP and 

NTPs were reported as a function of time in MEF-wt (closed bars) and in MEF-dKO (open bars) (See 

also supplementary data in figure S3). Intracellular concentration of the metabolites was determined 

from median cell volumes (in µm3). Median volumes ± SD at 24h of incubation: MEF-wt (ÐZr) (3675 ± 

2030), MEF-wt (+Zr) (3787 ± 1510), MEF-dKO (ÐZr) (3146 ± 1840) and MEF-dKO (+Zr) (3609 ± 

1660). 

!

93:2'"$ ;*$Gene expression microarray analysis?!Gene profiling allowed to discover new 

candidate pathway targetted by AICAR. Analyses were performed in murine embryonic fibroblasts that 

have been invalidated for the two catalytic subunits of the AMPK (MEF-dKO AMPK). Kinetic gene 

expression profiles were obtained from MEF-dKO stimulated or not with 1 mM AICAR. Gene 

expression array of the cells was realized in triplicates by using Affymetrix gene chips. Functional 

annotation clustering was performed by using Netaffx Analysis Center (Affymetrix database) as well as 

the DAVID Bioinformatics Resources v6.7. A) General Schematic of the procedure. B) Histogram 

representation of the number of genes Up- and Down-regulated. C) Time-course of Lats1 and Lats2 

mRNA upregulation in response to AICAR treatment. Values indicate the fold-increase associated with 

AICAR treatment. D) Venn diagram illustrates the gene overlaps between the MEF-dKO response to 

AICAR (murine cells) and the YAP/TAZ (human cells) signatures previously reported by Zhang et al. 
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(34). E) Schematic depicting the model of a two-wave effect of AICAR on the gene expression pattern 

in MEF-dKO: Lats1 and Lats2 transcripts increased after 2h of treatment with AICAR, and the 

YAP/TAZ-type signature was essentially observed at times 12h and 24h. F) Fold-changes in the 

amounts of mRNA of EGF-like growth factors and receptors in response to AICAR treatment.!

!
Figure 4: AMPK-independent activation of the Hippo pathway under AICAR treatment. 

Western blot and RT-QPCR analyses of MEF-wt and MEF-dKO lysates. Exponentially growing cells 

were stimulated or not for different times and cell extracts were subjected to Western blot analysis for 

detection by specific antibodies of the following proteins and phosphorylation: Lats1, Lats2, phospho-

(Thr1079)-Lats1/2, Yap1, phospho-(Ser127)-Yap. A) Lats1/2 were phosphorylated in response to 

AICAR treatment in MEF-dKO. B and C) Induction of Lats1 and Lats2 transcripts and proteins 

following treatment with AICAR and inhibition of the Yap/Taz-dependent expression of the transcripts 

encoding for Ctgf and Cyr61 proteins. 

 

Figure 5: Subcellular redistribution of YAP and TAZ proteins under AICAR treatment 

depends on Lats1/2 and is essentially AMPK-independent. Immunofluorescence analysis. Human 

RPE-1 cells were seeded at low densities (5,000 cells/cm2). One day later, cells were stimulated with 3 

mM AICAR. Yap/Taz subcellular localization was then monitored by immunofluorescence. A) 

Representative microphotographs of control RPE-1 cells (Ctrl) and of the same cells stimulated with 

AICAR for 4h or 24h. DAPI (blue) was used to stain cell nuclei. Scale bars: 100 $m. B) Quantification 

of the cytosolic and nuclear fraction of Yap and Taz proteins by using the ImageJ software. At least ten 

images (more than 50 cells) taken randomly were analyzed for each experimental condition and the 

average intensity of fluorescence was reported as a function of time. C) Knockdown of Lats1/2 

impeded the subcellular redistribution of Yap and Taz from the nucleus to the cytoplasm. In 

comparison, knockdown of the AMPK"1/"2 has a much lower effect on the delocalization of YAP and 

TAZ. D) Quantification of the cytosolic and nuclear fraction of Yap and Taz proteins was carried out as 

in (B). E) Western blot analysis. Sparse RPE-1 cells were stimulated with 3 mM AICAR for the 

indicated times and cells were then extracted for immunodetection analysis.  

 

Figure 6: Cell viability of MEFs and RPE-1 is restored by inhibition of either Lats1/2 or 

AMPK"1/"2. siRNA knockdown experiments. Human RPE-1 cells and MEFs were seeded at the 

densities of 4.000 cells/cm2 and 3.000 cells/cm2, respectively. After 15h, cells were siRNA-transfected 

(si Lats1/2, si AMPK"1/"2, si Lats1/2 & si AMPK"1/"2), or nontarget siRNA-transfected cells (si 

Ctrl).  The influence of siRNA-mediated knockdown on cell growth was then monitored by WST-1 

after incubation for two (MEFs) or three days (RPE-1) in the presence of increasing concentrations of 

AICAR. Results are representative of three independent experiments and are mean ± SD of triplicates. 

A non-targeting (NT) siRNA was used as control. Relative cell proliferation was set at 100%, 

corresponding to the signal obtained with cells transfected with the NT siRNA. 

 

 Figure S1: Anti-tumoral effect of AICAR in the glioblastoma model. Kaplan-Meier analysis 

of immunodeficient mice after intracranial implantation with human U87 cells (22). AICAR (500 

mg/kg) or PBS as vehicle were injected intraperitonealy 6 times a week (n=30 for each condition). 

Percent survival was then reported as a function of time. Four animals were discarded from the analysis 

as they presented an extracranial tumor development. 

 
Figure S2: A) Microphotograps showing the morphology of MEF-wt and MEF-dKO after 3 days 

of culture in the absence or presence of 0.25 and 1 mM AICAR. Cells were observed by phase-contrast 

microscopy. Scale bar: 100 µm. B) Western blot analysis. Cell lysates were immunoblotted with anti-

AMP-activated protein kinase antibodies, directed against subunits !1 and !2 (AMPK!1/!2). 
 

Figure S3: Metabolism of AICAR in MEF-wt and MEF-dko. A) Relative variation of ATP, 

ADP and AMP in MEF-wt and in MEF-dKO treated with AICAR and as a function of time. The 

experimental procedure was as reported in figure 2. Results are means ± SD of triplicate experiments. 

The adenylate energy charge (AEC) was measured according to the equation: AEC=[ATP]x0.5 [ADP] / 
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[ATP]+[ADP]+[AMP ] (30). B) MEFs were treated with increasing concentrations of AICAr for 48 

hours in the presence or absence of 100 µM uridine and cell proliferation was assessed by using the 

WST-1 colorimetric assay. Results are means ± SD of triplicates. Experiments were carried out twice 

with similar results. 

 
Figure S4: Subcellular localization of Yap and Taz proteins in MEFs immortalized by SV40-

TAg. A) IF analysis was carried out in MEF-wt and in MEF-dKO treated or not with 1 mM AICAR. B) 

Quantitative analysis of Yap and Taz subcellular localization by ImageJ provide evidence of the 

decrease of these proteins in the nucleus and cytoplasm under AICAR treatment. DAPI-labeled nuclei 

are in blue. Scale bars: 100 $m. 

 
Figure S5: Subcellular localization of Yap and Taz in a primary culture of MEFs and in the 

human epithelial cell line RPE-1. A) IF analysis was carried out in non-immortalized MEF-wt that 

have been treated or not with 1 mM AICAR. B) Quantitative analysis of Yap and Taz subcellular 

localization by ImageJ. DAPI-labeled nuclei are in blue. Scale bars: 100 $m. C) IF analysis showing 

the presence of Yap as a function of cell density in MEF-wt immortalized by SV40-TAg and in RPE-1 

cells grown. Scale bars: 100 $m.!

 

 Figure S6: Knockdown of Lats1/2 and of AMPK in MEFs and in MEF-dKO. Western blot 

analysis were performed after incubation of the cells for 6h with siRNA against Lats1/2,  

AMPK"1/"2, or Lats1/2 plus AMPK"1/"2. MEF-wt and MEF-dKO were then grown for two days 

and were then extracted for immunodetection analysis. 

 

Table S1: Primers and siRNA used in this study. 

 

Table S2: Modulation of the gene expression profile of MEF-dKO by AICAR. 

 

Table S3: Analysis of the modulation of the gene expression profile of MEF-dKO by AICAR. 

The first panel listed genes that were modulated by AICAR at different times of incubation.  

More than 2 fold (0.5< x < 2).  
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1. Effet antitumoral de l�AICAR dans le modèle murin 

L�AICAR est cytotoxique sur les cellules en culture!14,20,27.!Pour!#valuer!le!potentiel!antitumoral!

de!cette!mol#cule,!plusieurs!auteurs!ont!r#alis#!des!x#nogreffes!sous-cutan#es chez l�animal !14,25,28,29.!

Cette!m#thode! consiste! &! injecter!en! sous-cutan#! *sous! le! flan! de! l;animal)! des! cellules! tumorales!

humaines!ou!de!souris!et!&!suivre!ensuite!la!progression!de!la!masse!tumorale.!Les!souris!que!nous!

avons!utilis#es!pour!notre!#tude!sont!des!souris!immunod#ficientes!*RAG-gamma2c).!

Nous!avons!souhait#!v#rifier!l�effet antitumoral!de l�AICAR sur un mod$le que!nous!maQtrisons!

et!qui!est!celui!du!glioblastome,!tumeur!maligne!c#r#brale!ayant!pour!origine!la!transformation!des!

astrocytes.!Aucun!traitement!efficace!n;existe!&!l;heure!actuelle!pour!emp=cher!la!progression!de!ces!

tumeurs. L+ex!r$se chirurgicale, suivie d�un traitement au t!mozolomide, compos! alkylant  

anticanc#reux,!est!la!seule!th#rapie!donnant!des!r#sultats!notables.!La!r#sistance!des!glioblastomes!

aux! traitements! ainsi! que! son! niveau! d;agressivit#! #lev#e! ont! pour! cons#quence! un! pronostic! de!

r#mission!quasiment!nul.!La!mise!au!point!de nouveaux traitements s�av$re donc essentielle!pour!ces!

cancers.!Nous avons choisi de mesurer l�effet de l�AICAR sur le mod$le!de!glioblastome!humain.!Nous!

avons!pu!b#n#ficier!des!comp#tences!du!personnel!de!l;animalerie!de!Bordeaux!pour!la!bonne!maQtrise!

de!ce!mod$le!*Rapha_l!Pineau,!Animalerie!Mutualis#e!�!Universit#!de!Bordeaux-!Talence).!!

L�effet antitumoral!de!l;AICAR!a!#t#!#valu#!d;une!part!sur!des!x#nogreffes!sous-cutan#es!de!deux!

lign#es!tumorales!humaines!issue!de!glioblastome!les!U87-MG!et!les!SF188!*Fig.!23)!@!et!d;autre!part!

en!x#nogreffes!intrac#r#brales!*Fig.!24).!Une!#tude!pilote!initiale!nous!a!permis!d;#valuer!les!effets!de!

l�AICAR sur!les!souris!en!bonne!sant#,!afin!de!d#terminer!les!concentrations!optimales!de!traitement.!!

a. L�étude pilote 

Une!#tude!pilote!nous!a!permis!de! tester! l�impact d�injections!quotidiennes!d�AICAR sur des 

souris en bonne sant!. Diff!rentes quantit!s d�AICAR!*250,!375!ou!500!mg!par!kg!et!par!jour)!ont!#t#!

utilis#es!afin!de!choisir!une!dose!de!traitement!" l�AICAR!sur!notre!mod$le!animal.!Nous!avons!analys#!

les cons!quences des traitements " l�AICAR sur!19!jours!de!traitement.!L�objectif !tait de connaitre la 

tol!rance de l�animal &!diff#rentes!doses d�AICAR sur une dur!e correspondant " l�exp!rimentation 

animal!qui!suit!*Fig.!23!et!24).!Notons!que!l;AICAR!est!consid#r#!comme!un!produit!dopant!et!qu;il!peut!

=tre!utilis#!&!des!doses!importantes!sans!toxicit#!notable.!

Plusieurs! crit$res!ont!#t#!utilis#s!pour! l�analyse des!effets!de l�AICAR sur les souris. Dans un 

premier!temps,!nous!avons!observ#!le!comportement!animal.!Un!#tat!de!d#tresse!et!de!souffrance!se!

manifestent! par! un! changement! de! comportement de l�animal :! perte! d;app#tit,! r#action! face! au!

manipulateur,!un!changement!de!comportement!entre!les!animaux!*retrait,!aggressivit#).!Une!valeur!

mesurable! et! objective! de! stress! est! la! mesure! du! poids de l�animal,! laquelle! traduit! un! #tat! de!

d#t#rioration!physiologique!et!de!souffrance.!Les!souris!ont!#t#!pes#es!quotidiennement!et!nous!avons!

donc!analys#!leur!comportement!&!chaque!pes#e.!!
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Lors! de! cette! #tude! pilote,! nous! avons! observ#! un! comportement! plus! tonique! des! souris!

trait!es " l�AICAR par rapport au souris normales. De plus, le poids des animaux trait!s " l+AICAR 

augmente!significativement!durant!le!traitement!*Fig.!22),!ce!qui!est!un!signe!de!l;augmentatioon!de!

la masse musculaire. Ces signes traduisent une bonne r!action " l�AICAR pour des doses comprises 

entre!250!et!500!mg/kg/jour.!La!dose!maximale!a!#t#!ensuite!utilis#e!dans!le!cadre!de!nos!#tudes!sur!

le!d#veloppement!tumoral.!Par!comparaison,!des quantit!s d�AICAR allant de 100 " 500 mg;kg;jour 

d�AICAR sont utilis!es par d+autres auteurs !14,25,28,29,!ce!qui!correspond!&!nos!valeurs!et!indique!que!

notre!lign#e!de!souris!ne!pr#sente!pas!de!sensibilit#!particuli$re!&!ce!compos#.!!

b. Xénogreffes de lignées tumorales en sous-cutané 

Nous!avons!#valu#!l�effet antitumoral!de l�AICAR sur le!d#veloppement!de!x#nogreffe!tumorales!

en!sous-cutan#.!Les!lign#es!humaines!de!glioblastomes!U87-MG!et!SF188!ont!#t#!utilis#es.!Les!r#sultats!

obtenus!sont!les!suivants!:!

L�AICAR n�a pas d�effet antitumoral!dans!le!cas!des!x#nogreffes!des!cellules!U87.!Nos!r#sultats!

sont identiques " ceux obtenus par l�!quipe de!Guo!et al.!

L�AICAR a un effet antitumoral!significatif!au!bout!de!20!jours!de!traitement!pour!les!x#nogreffes!

de!cellules!SF188!*Fig.!23).!!!

Dans!notre!#tude,!l�effet de l�AICAR peut!donc!=tre!diff#rent!selon!la!lign#e!tumorale!utilis#e.!!

c. Xénogreffe de lignées tumorales en intra-cérébral 

L;#tude! des! effets! de! l;AICAR! a! #t#! #galement! r#alis#e! en! orthotopique,! c;est! &! dire! en!

implantant!les!cellules!de!glioblastome!humain!en!intrac#r#bral!chez!la!souris.!Les!astrocytes!humains!

transform#s!se!retrouvent!ainsi!dans!un!environnement!cellulaire!le!plus!proche!possible!de!celui!qui!

#tait!le!leur!initialement.!Les!lign#es!humaines!de!glioblastome!U87!et!SF188!ont!#t#!#tudi#es.!

Dans! ce! mod$le,! et! contrairement! &! celui! des! x#nogreffes! sous-cutan#es,! la! tumeur! se!

d!veloppe en intrac!r!bral et sa croissance n�est donc pas mesurable. Les crit$res retenus pour suivre 

la!progression!tumorale!sont!la!mesure!quotidienne!du!poids!de!la!souris!ainsi!que!la!modification!de!

son!comportement.!Les!lois bio!thiques pr!conisent le sacrifice de l�animal lorsqu�une perte de plus 

de 80 2 du poids initial est quantifi!e. A l�animalerie, la d!t!rioration de l�!tat de sant! de l�animal est 

observ#e!bien!avant!cette!perte!de!20!<!et les souris sont donc sacrifi!es apr$s une perte d�environ 

10 2 de ce poids initial. Le nombre de sacrifice est comptabilis! tous les jours afin d�obtenir une courbe!

dite!de!survie!selon!Kaplan-Meier!*Fig.!24).!Diff#rents!organes!ont!#t#!pr#lev#s!pour!chaque!sacrifice!

*cerveaux,!foie,!rate)!en!vue!d;analyses!histologiques.!De!plus,!un!pr#l$vement!sanguin!a!#t#!effectu#!

par!ponction!cardiaque!pour!quelques!animaux.!!

Les!r#sultats!obtenus!sont!les!suivants!:!! !
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Figure 22 : Impact du traitement ( l�AICAR sur le poids des souris.  
Des injections intra-p!riton!ales ont !t! effectu!es durant 19 jours au PBS ou " diff!rentes doses d�AICAR. Les souris 

sont pes!es quotidiennement. La quantit! de souris pour chaque condition est de 5. La significativit! des r!sultats a !t! 

calcul!e gr&ce au test t. La pr!sence d�une !toile (+) ou deux !toiles (==) signifie des p values p><,<5 et p><,<1, respectivement. 

!

!

Figure 23 : X#nogreffes sous-cutan#es de lign#es tumorales issues de glioblastome U87 et SF188 chez la souris 
immunod#ficiente.  

Deux lots de souris immunod!ficiences ont subi une injection en sous cutan!e de cellules U87 pour le premier lot et de 

cellules SF188 pour un deuxi$me lot. Chaque lot a !t! divis! en deux lots identiques : un lot contr%le trait! au PBS et un lot de 

souris trait!es " 500 mg/kg d�AICAR quotidiennement (n=8). Notons que deux souris ont !t! exclues pour la condition trait!e 

" l�AICAR en raison d-injections en partie intra-musculaires. Les volumes des tumeurs ont !t! mesur!s tous les deux jours et la 

progression tumorale est repr!sent!e en fonction du temps (A). Les volumes obtenus le dernier jour de l'!tude sont !galement 

repr!sent!s (B). La significativit! des r!sultats a !t! calcul!e gr&ce au test t. (=) p> <,<5.  
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Figure 24 : X#nogreffes intra-c#r#brales de lign#es tumorales issues de glioblastome (U87 et SF188) chez la souris 
immunod#ficiente.  

A) Deux lots de souris immunod!ficiences ont subi une injection intra-c!r!brale de cellules U87 (lot 1) et de cellules 

SF188 (lot 2). Chaque lot a !t! subdivis! en deux : contr%le trait! au PBS et souris trait!es " 500 mg/kg d�AICAR 

quotidiennement (n?8). Les r!sultats sont repr!sent!s selon Kaplan-Meier : @  de survie en fonction du temps. B) Seconde 

exp!rience effectu!e " l�identique pour les U87 avec un !chantillonnage plus !lev! (29 souris par condition). Notons que deux 

souris ont !t! exclues pour la condition contr%le pour des d!fauts d'injection. C) Les augmentations des m!dianes de survie 

entre les conditions trait!es " l'AICAR, au t!mozolomide ou au Cetuximab par rapport " la condition contr%le sont pr!sent!es 

en pourcentage. Les donn!es sont obtenues pour un mod$le de x!nogreffe intra-c!r!bral d�U87 pour les trois drogues. La 

significativit! des r!sultats a !t! calcul!e gr&ce au test log-rank (== ; p><,<1) . 

L�AICAR n�a pas d�effet sur la survie des souris ayant subi une x!nogreffe de cellules SF1VV (Fig.!

24! A).! Par contre, nous avons observ! une tendance " l�am!lioration de la dur!e de vie pour la 

condition trait!e " l�AICAR dans le cas de la x!nogreffe des cellules UV7, par rapport!&! la!condition!

contr(le!*Fig!24!A/. Cependant, l�!chantillonnage !tant trop petit (n!`!8),!la!diff#rence!entre!les!deux!

groupes n�est pas significative. Nous avons donc effectu! une deuxi$me exp!rience en augmentant 

l�!chantillonnage (n \ 81/. Ces exp!riences montrent que l�AICAR am!liore significativement la dur#e!

de!vie!des!souris!*Fig.!24!B!@!Fig.!S1,!article!2).!!

Dans cette !tude pr!clinique, nous avons montr! que l�AICAR a un effet antitumoral!sur!deux!

mod$les!tumoraux!#tudi#s!en!sous-cutan#!et!intrac#r#bral.!Cet!effet!est!observable!pour!les!SF188!en!
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mod$le! sous-cutan#! et! pour! les! U87! en!mod$le! tumoral! intrac#r#bral.! Ces! diff#rences! traduisent!

vraisemblablement un effet cytotoxique diff!rent de l�AICAR selon le type de tumeur et sa localisation.!

L;AICAR!permet!une!augmentation!de!la!survie!animale!de!15<.!En!comparaison,!le!c#tuximab!

*anticorps! anti! EGFR)! n;a! aucun! effet.! Le! t#molozomide,! unique! agent! antitumoral! efficace!

actuellement!sur!les!patients!atteints!de!glioblastome,!conduit!&!des!augmentations!de!l;ordre!de!40<.!

L�effet que nous observons de l�AICAR sur le mod$le de x!nogreffe! intrac#r#brale! d#montre! son!

potentiel!antitumoral.!

2. CUX1, facteur de transcription induisant LATS1 

L�analyse des variations des transcrits cellulaires observ!s lors d+un traitement " l+AICAR nous a 

permis!de!mettre!en!#vidence!une!augmentation!des!ARNm!de!LATS1!et!LATS2,!prot#ines!appartenant!

au! centre! fonctionnel! de! la! voie! de! transduction! HIPPO.! Nous! avons! observ#! que! ces! variations!

pr#c$dent!celles!correspondant!&!la!modulation!d;une!signature!transcriptionnelle!caract#ristique!de!

la!voie!HIPPO.!L;ensemble!de!ces!donn#es!est!coh#rent!avec!les!donn#es!de!la!litt#rature!sur!la!voie!

HIPPO.!!

Cependant,!la!cible en amont de l�AICAR " l+origine de ces effets n+est pas mise en !vidence pour 

autant. Nous avons donc recherch! s�il existait une prot!ine d!j" caract!ris!e capable de r!guler 

l�expression de LATS1 et LATS8.!Nos!#tudes!bibliographiques!nous!ont!conduits!&!consid#rer!la!prot#ine!

CUX1!*Cut!homeoboX!1),!un!facteur!de!transcription! induisant! l;expression!des!transcrits!de!LATS1,!

comme!cible!potentielle!de!l;AICAR.!

Plusieurs arguments nous ont permis d�envisager que la prot!ine CUX1 !tait un candidat 

potentiel pour une fixation d�AICAR *Fig.!25!A)!:!

· Siam!et al.!ont!montr#!que!la!prot#ine!CUX1!se!fixe!sur!le!promoteur!de!LATS1!et!active!

ainsi!son!expression!!132.!!

· CUX1! est! retenu! sur! colonne! d;affinit#! &! l;AICAR! *Benoit! PINSON,! communication!

personnelle),! sugg#rant! une! interaction! directe! AICAR-CUX1! ou! indirecte! via! un!

complexe!prot#ique!auquel!appartiendrait!CUX1.!!

· Nos! #tudes! transcriptomiques indiquent qu�environ! 75! g$nes! cibles! de! CUX1! sont!

#galement!modul#s!par!l;AICAR!*Fig.!25!B)!!133.!!

· L;activation! de! CUX1! par! l;AICAR! serait! coh#rente! avec! l;observation! de! certaines!

propri#t#s! antitumorales de l�AICAR (d#crites! dans! la! litt#rature! ou! observ#es! au!

laboratoire)! qui! sont! similaires! aux! effets! obtenus! apr$s! sur-expression! de! CUX1! :!

accumulation!de!cellules!en!phase!S,!effets!sur!la!mitose,!modulation!de!l;angiogen$se!

et!de!l;invasion!tumorales.!!

!

!
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Figure 25 : CUX1 pourrait 'tre la  cible directe de l�AICAR 
A) L�activation de la voie HIPPO par l�AICAR est en partie responsable de la cytotoxicit! de l�AICAR. Plusieurs !l!ments 

nous permettent de penser que le facteur de transcription CUX1 fixerait l�AICAR. Cette fixation entrainerait une augmentation 

de l�expression de LATS1 responsable de l�activation de la voie HIPPO. B) Dans ce diagramme de Venn, chaque n repr!sente le 

nombre total des g%nes modul!s par CUX1, YAP4TAZ et l�AICAR. Les chiffres en rouges indiques les signatures communes entre 

l�AICAR/CUX1, l�AICAR/YAP4TAZ et l�AICAR/CUX1/YAP4TAZ. 

 

!

Figure 26 : R#sultats obtenus sur les MEF-Cux+/+ et MEF-Cux-/-  
A) Etude des variations prot!iques de LATS1 en cin!tique pour les MEF-Cux0/0 et MEF-Cux-/- apr$s 1 mM de traitement 

" l�AICAR. B) Etude de la viabilit! des MEF-Cux0/0, MEF-Cux0/-  et MEF-Cux-/- apr$s 3 jours de traitement et " diff!rentes 

concentrations de traitement " l�AICAR.  
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Afin d�!tudier les r(les!de!l;AICAR!sur!la!fonction!de!CUX1,!nous!nous!sommes!procur#!des!MEFs!

sauvages!*MEF-Cux+/+)!et!invalid#s!g#n#tiquement!pour!un!all$le!*MEF-Cux+/-)!ou!les!deux!all$les!*MEF-

Cux-/-)!du!g$ne!codant!pour!Cux1!*don!d�Alain NEPVEU!@!McGill!University!Health!Center,!Montreal,!

]uebec).!!!

Nous!avons!voulu!v#rifier!si!l;AICAR!induisait!l;expression!de!la!prot#ine!LATS1!dans!les!cellules!

MEF-Cux+/+!et!MEF-Cux-/-.!Nos!r#sultats!obtenus!par!Western!blot!indiquent!que!la!prot#ine!LATS1!est!

augment#e!dans!les!deux!types!cellulaires!*Fig.!26!A),!ce!qui!exclut!un!effet!#ventuel!de!CUX!dans!cette!

augmentation.!De!plus,!un!test!de!viabilit#!cellulaire!*test!au!WST1)!indique!une!cytotoxicit#!similaire!

de l�AICAR pour les MEF-Cux+/+!!et!pour!les!MEF-Cux-/-!*Fig.!26!B).!Ces r!sultats n�ont donc pas permis 

de!valider!notre!hypoth$se!de!d#part! sur!un! r(le!potentiel!de! la!prot#ine!CUX1!dans! la! r#ponse!&!

l;AICAR!conduisant!&!la!surexpression!de!LATS1.!

Ces! r#sultats!nous!ont!permis!cependant!de!confirmer!dans!un!autre!mod$le!cellulaire!ceux!

obtenus!sur!les!MEF-wt,!MEF-dKO!AMPK!ainsi!que!les!cellules!humaines!RPE-1!*Fig.!4,!article!2).!En!

effet,! les! MEFs-CUX! pr#sentent! un! fond! g#n#tique! diff#rent! des! MEFs-AMPK et n�ont pas !t! 

immortalis#es.!

!!

! !
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1. L�AICAR et l�AMPK 

L�AICAR, m!tabolite interm!diaire de la voie de biosynth$se des purines, poss$de des propri!t!s 

antitumorales! qui! sont! d#pendantes! de! son! entr#e! dans! le! cytoplasme! via! des! transporteurs! aux!

nucl#osides!et!de!sa!conversion!en!sa!forme!monophosphoryl#e!ZMP.!De!nombreux!travaux!r#alis#s!

pr#c#demment!sur!l;AICAR!attribuent!cet!effet!antitumoral!&!la!propri#t#!de!l;AICAR!de!mimer!l;AMP!

en se fixant et activant l�enzyme kinase AMP-d#pendante!*AMPK).!Cependant,!nos!r#sultats!nous!ont!

conduits!" penser que l�effet cytotoxique de l�AICAR !tait compl$tement ind!pendant de la pr!sence 

de!l;AMPK.!

L�utilisation de cellules!invalid#es!ou!non!pour!l;activit#!AMPK!*MEF-dKO!AMPK/ m�a!permis!de!

mener!des!#tudes!comparatives!portant!sur!la!prolif#ration,!le!cycle!cellulaire!et!la!mort!cellulaire!par!

apoptose.!Ces!#tudes!ont!#t#!r#alis#es!&!plusieurs!concentrations et temps de traitement " l�AICAR!

*Fig.!1, article 8/. Nous avons observ! que l�apoptose, l�autophagie et l�arr't en phase S sont activ!s 

par l�AICAR sur les deux mod$les!cellulaires,!excluant!de!ce!fait!un!r(le!pr#pond#rant!de!l;AMPK.!

Une!#tude!m#tabolomique!a!#galement!#t#!r#alis#e!afin!d;analyser!l;entr#e!de!l;AICAR!dans!la!

cellule!ainsi!que! l;apparition!de!plusieurs!de!ses!d#riv#s!m#taboliques.!Nos!r#sultats! indiquent!que!

l�AICAR est rapidement assimil! par les deux mod$les cellulaires MEF-wt!et!MEF-dKO,!et!converti!sous!

sa!forme!5;!mono-phosphate!*ZMP)!*Fig.!21),!forme!phosphoryl#e!d#crite!dans!la!litt#rature!comme!&!

l�origine de l+effet cytotoxique.!

Notre!#tude!m#tabolomique montre que l�ajout d�AICAR conduit !galement " l�accumulation de 

plusieurs!autres!interm#diaires!du!m#tabolisme!des!nucl#otides!*sZMP,!S-AMP,!ZTP)!*Fig.!21!@!Fig!2,!

article!2).!Ces!conversions!m#taboliques!sont!l&!encore!identiques!pour!les!MEF-wt!et!les!MEF-dKO,!

excluant!une!nouvelle!fois!le!r(le!potentiel!de!l;AMPK.!!

L;un!des!m#tabolites!augmentant!sous!l;effet!d;une!incubation!des!cellules!avec!de!l;AICAR!est!

le! sZMP.!Cette!mol#cule! s;accumule!effectivement!de!mani$re! significative!dans! les!deux!mod$les!

cellulaires MEFs. Le sZMP a une capacit! de liaison directe " l�enzyme de la glycolyse PKM8 (pyruvate 

kinase!de!type!M)!et!est!capable!ainsi!de!stimuler!son!activit#,!en!favorisant!ainsi!la!survie!de!cellules!

dans!des!conditions!caract#ristiques!de!l;isch#mie!tumorale!3,4.!!

Compte!tenu!de!ce!simple!exemple!du!sZMP,!il!est!donc!possible!que!tous!les!effets!observ#s!

lors! d;une! incubation! de! cellules! avec! l;AICAR! ne! soient! pas! strictement! attribuables! au! ZMP.!Des!

#tudes! compl#mentaires! seront! n#cessaires! pour! pr#ciser! ce! point,! en! utilisant! par! exemple! des!

inhibiteurs!sp#cifiques!pour!les!diff#rentes!enzymes!impliqu#es!dans!ces!conversions,!ou!des!ARNi.!

Notre! #tude!m#tabolomique!montre! #galement! une! augmentation! importante! des! produits!

finaux!de la voie de biosynth$se des purines (ATP, GTP/ ainsi qu�en!parall$le,! une! forte! chute! des!

produits!finaux!de!la!voie!de!biosynth$se!des!pyrimidines!*UTP,!CTP).!Ce!d#s#quilibre!entre!les!ratios!

des!bases!purines/pyrimidines!est!l&!encore!tr$s!similaire!pour!les!MEF-wt!et!les!MEF-dKO.!

Un! #l#ment! int#ressant! que! nous! pouvons! consid#rer! ici! est! le! fait! que! certaines! #tudes!

*notamment!celle!de!Thomas!et al.!1981)!justifient!l�effet cytotoxique de l�AICAR par ce!d#s#quilibre!
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entre!les!bases!puriques!et!pyrimidiques!*cf.!Introduction!�!Partie!1!�!§!B!1!a)!!23.!De!fait,!la!chute!des!

concentrations! en! bases! pyrimidines! est! compar#e! avec! l;effet! cytotoxique,! et! le! fait! d;ajouter! le!

pr#curseur!uridine!permet!de!restaurer!en!partie!le!taux!intracellulaire!des!pyrimidines!et!#galement!

de!diminuer!la!cytotoxicit#!li#e!&!l;AICAR.!Dans!notre!travail!*article!2),!nous!validons!effectivement!le!

fait que l�uridine exog$ne r!duit effectivement l+effet cytotoxique de l�AICAR!mais!cet!effet!n;est!pas!

total!*Fig.!Sup.!3!B).!Il!nous!apparaQt!donc!clair!que!l;effet!cytotoxique!attribuable!au!d#s#quilibre!de!

bases!azot#es!n;est!pas!le!seul!pouvant!justifier!de!l;activit#!de!l;AICAR.!

Le!but!de!ma!th$se!est!de!mettre!en!#vidence!des!voies!de!signalisation!intracellulaires!pouvant!

'tre modul!es sous l+effet de l+AICAR, et ce ind!pendamment de l�AMPK. L+approche transcriptomique 

m�a permis d�!valuer de mani$re globale et non biais!e les effets du traitement " l�AICAR sur! la!

variation!des!transcrits!totaux!cellulaires. Cette !tude a !t! effectu!e sur des cellules n�exprimant pas 

l�AMPK, les MEF-dKO!AMPK,!afin!de!d#gager! les!modulations!transcriptionnelles! ind#pendantes!de!

l;AMPK.!

2. L�AICAR et la voie HIPPO 

L�analyse des variations des transcrits m�a permis de d!gager une r!ponse en deux temps. Dans 

une cin!tique courte, l�AICAR entra-ne l�augmentation des transcrits codant pour les prot!ines 

s#rines/thr#onines!kinases!LATS1!et!LATS2.!Ces!deux!prot#ines!font!parties!du!centre!fonctionnel!de!

la!voie!de!signalisation!HIPPO!*Fig.!11).!L;activation!de!cette!voie!conduit!&!une!r#gulation!n#gative!de!

YAP!et!TAZ,!cofacteurs!de!transcription!impliqu#s!dans!diverses!fonctions!cellulaires!ou!tissulaires!dont!

certaines!sont!impliqu#es!dans!la!progression!tumorale!*migration,!invasion,!angiogen$se).!Dans!une!

cin#tique!&!plus!long!terme!*24h),!nous!observons!que!pr$s!de!200!cibles!transcriptionnelles!de!YAP!et!

TAZ sont modul!es sous l+effet de l�AICAR. Deux de ces cibles Cyr>1 et Ctgf sont consid!r!es!comme!

des!marqueurs!caract#ristiques!de! l;activation!des!prot#ines!YAP!et!TAZ!et!voient! leurs!expressions!

diminu#es!en!r#ponse!&!l;AICAR.!!

Ces!r#sultats!ont!#t#!valid#s!par!les!exp#riences!de!Western!blot!et!de!RT-qPCR et m�ont conduit 

" sugg!rer l�hypoth$se selon laquelle le traitement " l�AICAR entra-ne!l�activation de la voie HIPPO!*Fig.!

3!E,!article!2)!par!la!succession!d;#tapes!suivantes!:!1)!augmentation!des!transcrits!de!LATS1!et!LATS2,!

2)! augmentation!du! taux!des!prot#ines!LATS1!et! LATS2,!3)!phosphorylation!de!LATS1!et!LATS2!sur!

l;acide! amin#! *thr1079! pour! LATS1)! consid#r#! comme! t#moin! de! leur! activation! catalytique,! 4)!

phosphorylation!inhibitrice!des!deux!substrats!de!LATS1!et!LATS2!:!YAP!et!TAZ,!et!5)!inhibition!de!la!

transcription!d#pendante!de!YAP!et!TAZ.!!

Fait!int#ressant,!cette!succession!d;#v#nements!est!#galement!observ#e!pour!les!cellules!MEF-

wt!exprimant l�AMPK, ce qui indique que les effets observ!s peuvent avoir lieu en absence compl$te 

de!cette!enzyme,!mais!aussi!en!sa!pr#sence,!c;est!&!dire!dans!un!contexte!plus!standard,!l;AMPK!#tant!

pr#sente!dans!toutes!les!cellules!y!compris!dans!les!cellules!tumorales.!L;AMPK!est!une!cible!de!choix!

en! th#rapie! antitumorale! 33,34. La validation de l�effet de l+AICAR dans un contexte ou l�AMPK est 

pr#sente!est!donc!un!r#sultat!important!dans!un!objectif!th#rapeutique.!!
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Des! travaux! de! diff#rents! auteurs! indiquent! que! la!phosphorylation! par! LATS1! et! LATS2!des!

cofacteurs!de!transcription!YAP!et!TAZ!conduit!&!une!s#questration!de!ces!derniers!dans!le!cytoplasme,!

les emp'chant ainsi de rejoindre leurs g$nes cibles pour en augmenter la transcription. L�AICAR 

entra-nant l�augmentation et l�activation de LATS1;8, j�ai donc r!alis! des !tudes de localisation de 

YAP!et!TAZ!d;une!part!dans!des!cellules!MEFs!trait#es ou non " l�AICAR (Fig. Sup.!4,!article!2),!et!d;autre!

part!sur!une!lign#e!#pith#liale!humaine!non!transform#e!et!capable!d;inhibition!par!contact!*c;est!&!

dire!&!confluence).!

Les!r#sultats!obtenus!sur!les!deux!mod$les!cellulaires!sont!diff#rents.!Dans!le!cas!des!cellules!

MEFs,!la!localisation!de!YAP!et!TAZ!reste!essentiellement!nucl#aire!pour!des!raisons!que!nous!tentons!

d;expliquer!ci-dessous.!Par!contre,!j;ai!pu!observer!pour!la!lign#e!RPE-1!que!la!localisation!nucl#aire!de!

YAP!et!TAZ!diminue!tr$s!significativement!*{25!<)!en!r#ponse!&!l;AICAR.!Cet!effet!est!observable!apr$s!

4h! d;incubation,! ce! qui! est! coh#rent! avec! un! effet! attendu! de! l;activation! de! LATS1/2,! elle! aussi!

observ#e!&!4h.!Le!mod$le!de!l;activation!de!la!voie!HIPPO!par!l;AICAR!et!conduisant!&!une!r#pression!

de! YAP! et! TAZ! est! donc! valid#! sur! les! cellules! RPE1.! La! raison! que! nous! invoquons! pour! justifier!

l;absence!de!d#localisation!de!YAP/TAZ!dans! les!cellules!MEFs!tient!au! fait!que!ces!cellules!ont!#t#!

immortalis#es!par!l;antig$ne!T.!Il!est!d#crit!en!effet!dans!la!litt#rature!que!la!signalisation!de!la!voie!

HIPPO!pouvait!=tre!pervertie!sous!l;effet!d;antig$nes!viraux,!y!compris!ceux!cod#s!par!SV40,!et!que!la!

perte!de!l;inhibition!de!contact!en!r#sultats!pouvait!conduire!&!des!d#r#gulations!dans!les!localisations!

de!facteurs!de!transcription.!Dans!le!but!d;#valuer!cette!hypoth$se,!nous!proposons!de!r#aliser!des!

exp#riences!de!stimulation!par!l;AICAR!de!cellules!MEFs!non!immortalis#es!afin!d;#valuer!le!potentiel!

de!d#localisation!de!YAP/TAZ!dans!un!contexte!non!transform#.!

Nous!avons!pu!confirmer!le!r(le!de!LATS1/2!dans!la!d#localisation!de!YAP!sur!les!cellules!RPE-1!

en! r#alisant! des! approches! par! knockdown! *siRNA).! En! pr#sence! d;AICAR,! nous! observons! comme!

attendu!une!d#localisation!de!YAP!vers!le!cytoplasme,!mais!cet!effet!est!bloqu#!en!pr#sence!d;ARN!

interf#rants!ciblant!LATS1!et!LATS2.!Ainsi,!nous!validons!fonctionnellement!le!r(le!de!LATS1/2!dans!la!

r#ponse!cellulaire!&!l;AICAR.!!

Dans! une! derni$re! approche,! nous! avons! cherch#! &! savoir! si! l;effet! cytotoxique! de! l;AICAR!

pouvait!d#pendre!de!l;activit#!observ#e!sur!LATS1!et!LATS2.!Pour!cela,!nous!avons!de!nouveau!utilis#!

une!approche!knockdown!par!siRNA!LATS1/2!et!r#alis#!des!tests!de!viabilit#!cellulaire.!Nous!observons!

que!les!knockdowns!r#alis#s!sur!LATS1/2!lors!d;une!stimulation!&!l;AICAR!r#duisent!de!mani$re!tr$s!

significative la cytotoxicit! de l�AICAR pour RPE-1!mais!aussi!pour! le!mod$le!MEFs.!Nous!concluons!

donc!que!les!prot#ines!LATS1!et!LATS2!sont!en partie responsables de l�effet cytotoxique de l�AICAR. !

Ainsi,!par!une!approche!globale!de!transcriptomique,!nous!avons!pu!mettre!en!#vidence!une!

fonction!majeure!de!r#gulation!cellulaire!activ#e!par!l;AICAR,!la!voie!de!signalisation!HIPPO.!Cette!voie!

de! signalisation! est! activ#e! en! r#ponse! &! l;AICAR,! conduisant! &! l;inhibition! des! cofacteurs! de!

transcription!YAP!et!TAZ,!et!ultimement!&! l;inhibition!de! l;expression!de!nombreux!g$nes! impliqu#s!

dans! la! progression! tumorale.! LATS1! et! LATS2! sont! donc! des! prot#ines! impliqu#es! dans! l;effet!

cytotoxique!de!l;AICAR.!Cependant,!les!#v#nements!mol#culaires!liant!LATS1/2!&!la!mort!cellulaire!sont!

inconnus.!
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Il!est!important!de!souligner!que!des!r#sultats!r#cents!montrent!que!l;AMPK,!ind#pendamment!

de!LATS1/2,!est!capable !galement de r!duire l�activit! de YAP par phosphorylation! !134.!Un!mod$le!

permettant!de!repr#senter!l;effet!bivalent!de!l;AICAR!est!donc!propos#!:!l;AICAR!est!d;une!part!capable!

d;activer! la! voie! de! transduction!HIPPO!par! l;activation! de! LATS1! et! LATS2! *nos! r#sultats),! et! peut!

d;autre! part! se! fixer! sur! l;AMPK! et! l;activer,! conduisant! #galement! &! l;inhibition! de! YAP! par!

phosphorylation.!Les!deux!effets!de!l;AICAR!convergent!donc!vers!un!blocage!de!la!transcription!de!

YAP/TAZ!en!utilisant!les!kinases!LATS1/2!d;une!part,!et!l;AMPK!d;autre!part.!

!

Ces! r#sultats! pr#sentent! un! int#r=t! en! canc#rologie.! LATS1! et! LATS2! sont! effectivement!

consid#r#s! comme! des! anti-oncog$nes! capables! de! bloquer! l;activit#! des! prot#ines! YAP/TAZ,!

repr#sentant! elles-m=mes! des! prot#ines! oncog#niques.! De! fait,! la! voie! de! signalisation! HIPPO! est!

capable!de!moduler!un!large!#ventail!de!fonctions!cellulaires!impliqu#es!dans!le!d#veloppement!des!

tumeurs,! telles! que! la! prolif#ration! cellulaire,! la!migration! cellulaire,! la! survie! cellulaire.! Depuis! la!

d#couverte! r#cente! de! la! voie! HIPPO,! de! nombreuses! #tudes! visent! &! identifier! des! mol#cules!

permettant l�inhibition! directe! de! cette! voie! 135.! Une! telle! th#rapie! permettrait! de! toucher!

simultan#ment!les!multiples!fonctions!li#es!&!la!voie!HIPPO!cit#es!ci-dessus,!toutes!reconnues!comme!

#tant! les! caract#ristiques! principales! des! cellules! tumorales! ! 120.! Ainsi,! dans! le! cas! de! tumeur! tr$s!

agressives! tel! que! le! glioblastome, l�inhibition de cette! voie! apparaQt! comme! une! perspective! de!

traitement! antitumoral! extr=mement! int#ressante.! Cependant,! le! caract$re! «!multiples! effets!»! de!

cette!approche!pourrait!potentiellement!aussi!entrainer!des!effets!non!d#sir#s.!Par!exemple,!la!voie!

HIPPO!#tant!fondamentale!pour! le!d#veloppement!embryonnaire!et! la!croissance!des!organes,!une!

telle th!rapie pourrait avoir des effets d!l!t$res chez la femme enceinte et l�enfant. Il! serait! donc!

int#ressant! de! poursuivre!nos! recherches!en !tudiant les r!percussions induite par l�AICAR sur les 

fonctions!cellulaires!se!situant!plus!en!aval!de!la!voie!HIPPO!afin!de!d#limiter!plus!pr#cis#ment!le!r(le!

de!cette!s#quence!de!transduction!dans!la!cytotoxicit#!induite!par!l;AICAR.!Pour ce faire, l�utilisation 

de!la!technique!CRISPR-cas= permettant de g!n!rer des cellules Knock out pour les g$nes d�int!r'ts!

(LATS1;8, l�AMPK, YAP et TAZ/ pourrait repr!senter une nouvelle approche int!ressante. Ces!#tudes!

permettront de mieux cadrer les effets et d�utiliser ce traitement dans des conditions ad!quates.    !

!

!

!

! !



!

!

123!

!

REFERENCES 

!

 1. Ren, A., Rajashankar, K. R. & Patel, D. J. Global RNA Fold and Molecular 

Recognition for a pfl Riboswitch Bound to ZMP, a Master Regulator of One-Carbon 

Metabolism. Structure 23, 1375�81 (2015). 

2. Pinson, B. et al. Metabolic intermediates selectively stimulate transcription factor 

interaction and modulate phosphate and purine pathways. Genes Dev. 23, 1399�407 (2009). 

3. Keller, K. E., Doctor, Z. M., Dwyer, Z. W. & Lee, Y.-S. S. SAICAR induces protein 

kinase activity of PKM2 that is necessary for sustained proliferative signaling of cancer cells. 

Mol. Cell 53, 700�9 (2014). 

4. Keller, K. E., Tan, I. S. & Lee, Y.-S. S. SAICAR stimulates pyruvate kinase isoform 

M2 and promotes cancer cell survival in glucose-limited conditions. Science 338, 1069�72 

(2012). 

5. Hosios, A. M., Fiske, B. P., Gui, D. Y. & Vander Heiden, M. G. Lack of Evidence for 

PKM2 Protein Kinase Activity. Mol. Cell 59, 850�7 (2015). 

6. Vincent, M. F., Bontemps, F. & Van den Berghe, G. Inhibition of glycolysis by 5-

amino-4-imidazolecarboxamide riboside in isolated rat hepatocytes. Biochem. J. 281 ( Pt 1), 

267�72 (1992). 

7. Shang, J. & Lehrman, M. A. Activation of glycogen phosphorylase with 5-

aminoimidazole-4-carboxamide riboside (AICAR). Assessment of glycogen as a precursor of 

mannosyl residues in glycoconjugates. J. Biol. Chem. 279, 12076�80 (2004). 

8. Javaux, F., Vincent, M. F., Wagner, D. R. & van den Berghe, G. Cell-type specificity 

of inhibition of glycolysis by 5-amino-4-imidazolecarboxamide riboside. Lack of effect in 

rabbit cardiomyocytes and human erythrocytes, and inhibition in FTO-2B rat hepatoma cells. 

Biochem. J. 305 ( Pt 3), 913�9 (1995). 

9. Ceschin, J. et al. Identification of yeast and human 5-aminoimidazole-4-carboxamide-

1- -d-ribofuranoside (AICAr) transporters. J. Biol. Chem. 289, 16844�54 (2014). 

10. Peyton, K. J., Liu, X. M., Yu, Y., Yates, B. & Durante, W. Activation of AMP-

activated protein kinase inhibits the proliferation of human endothelial cells. J. Pharmacol. 

Exp. Ther. 342, 827�34 (2012). 

11. Sengupta, T. K. et al. Cytotoxic effect of 5-aminoimidazole-4-carboxamide-1-beta-4-

ribofuranoside (AICAR) on childhood acute lymphoblastic leukemia (ALL) cells: implication 

for targeted therapy. Mol. Cancer 6, 46 (2007). 

12. Jones, R. G. et al. AMP-activated protein kinase induces a p53-dependent metabolic 

checkpoint. Mol. Cell 18, 283�93 (2005). 

13. Theodoropoulou, S. et al. Retinoblastoma cells are inhibited by aminoimidazole 

carboxamide ribonucleotide (AICAR) partially through activation of AMP-dependent kinase. 

Faseb J 24, 2620�2630 (2010). 

14. Rattan, R., Giri, S., Singh, A. K. & Singh, I. 5-Aminoimidazole-4-carboxamide-1-

beta-D-ribofuranoside inhibits cancer cell proliferation in vitro and in vivo via AMP-activated 

protein kinase. J. Biol. Chem. 280, 39582�93 (2005). 

15. Baumann, P., Mandl-Weber, S., Emmerich, B., Straka, C. & Schmidmaier, R. 

Activation of adenosine monophosphate activated protein kinase inhibits growth of multiple 

myeloma cells. Exp. Cell Res. 313, 3592�603 (2007). 



!

!

124!

!

16. Nafz, J. et al. Interference with energy metabolism by 5-aminoimidazole-4-

carboxamide-1-beta-D-ribofuranoside induces HPV suppression in cervical carcinoma cells 

and apoptosis in the absence of LKB1. Biochem. J. 403, 501�10 (2007). 

17. Bardeleben, C. et al. Metabolomics identifies pyrimidine starvation as the mechanism 

of 5-aminoimidazole-4-carboxamide-1- -riboside-induced apoptosis in multiple myeloma 

cells. Mol. Cancer Ther. 12, 1310�21 (2013). 

18. González-Gironès, D. M. et al. AICAR induces Bax/Bak-dependent apoptosis through 

upregulation of the BH3-only proteins Bim and Noxa in mouse embryonic fibroblasts. 

Apoptosis 18, 1008�16 (2013). 

19. Santidrián, A. F. et al. AICAR induces apoptosis independently of AMPK and p53 

through up-regulation of the BH3-only proteins BIM and NOXA in chronic lymphocytic 

leukemia cells. Blood 116, 3023�32 (2010). 

20. Campàs, C. et al. Acadesine activates AMPK and induces apoptosis in B-cell chronic 

lymphocytic leukemia cells but not in T lymphocytes. Blood 101, 3674�80 (2003). 

21. Robert, G. et al. Acadesine kills chronic myelogenous leukemia (CML) cells through 

PKC-dependent induction of autophagic cell death. PLoS ONE 4, e7889 (2009). 

22. Ceschin, J. et al. Disruption of Nucleotide Homeostasis by the Antiproliferative Drug 

5-Aminoimidazole-4-carboxamide-1- -d-ribofuranoside Monophosphate (AICAR). J Biol 

Chem 290, 23947�23959 (2015). 

23. Thomas, C. B., Meade, J. C. & Holmes, E. W. Aminoimidazole carboxamide 

ribonucleoside toxicity: a model for study of pyrimidine starvation. J. Cell. Physiol. 107, 335�

44 (1981). 

24. Holland, A. J. & Cleveland, D. W. Boveri revisited: chromosomal instability, 

aneuploidy and tumorigenesis. Nat. Rev. Mol. Cell Biol. 10, 478�87 (2009). 

25. Tang, Y.-C. C., Williams, B. R., Siegel, J. J. & Amon, A. Identification of aneuploidy-

selective antiproliferation compounds. Cell 144, 499�512 (2011). 

26. Stingele, S. et al. Global analysis of genome, transcriptome and proteome reveals the 

response to aneuploidy in human cells. Mol. Syst. Biol. 8, 608 (2012). 

27. Ly, P. et al. Aneuploid human colonic epithelial cells are sensitive to AICAR-induced 

growth inhibition through EGFR degradation. Oncogene 32, 3139�46 (2013). 

28. Montraveta, A. et al. Synergistic anti-tumor activity of acadesine (AICAR) in 

combination with the anti-CD20 monoclonal antibody rituximab in in vivo and in vitro 

models of mantle cell lymphoma. Oncotarget 5, 726�39 (2014). 

29. Guo, D. et al. The AMPK agonist AICAR inhibits the growth of EGFRvIII-expressing 

glioblastomas by inhibiting lipogenesis. Proc. Natl. Acad. Sci. U.S.A. 106, 12932�7 (2009). 

30. Van Den Neste, E. et al. Acadesine for patients with relapsed/refractory chronic 

lymphocytic leukemia (CLL): a multicenter phase I/II study. Cancer Chemother. Pharmacol. 

71, 581�91 (2013). 

31. Sullivan, J. E. et al. Inhibition of lipolysis and lipogenesis in isolated rat adipocytes 

with AICAR, a cell-permeable activator of AMP-activated protein kinase. FEBS Lett. 353, 

33�6 (1994). 

32. Xiao, B. et al. Structure of mammalian AMPK and its regulation by ADP. Nature 472, 

230�3 (2011). 

33. Hardie, D. G., Ross, F. A. & Hawley, S. A. AMP-activated protein kinase: a target for 

drugs both ancient and modern. Chem. Biol. 19, 1222�36 (2012). 

34. Hardie, D. G., Ross, F. A. & Hawley, S. A. AMPK: a nutrient and energy sensor that 

maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 13, 251�62 (2012). 



!

!

125!

!

35. Minokoshi, Y. et al. AMP-kinase regulates food intake by responding to hormonal and 

nutrient signals in the hypothalamus. Nature 428, 569�74 (2004). 

36.  la, B. et al. Cannabinoids and ghrelin have both central and peripheral 

metabolic and cardiac effects via AMP-activated protein kinase. J. Biol. Chem. 280, 25196�

201 (2005). 

37. Kim, S.-J. J. et al. AMPA, not NMDA, activates RhoA GTPases and subsequently 

phosphorylates moesin. Exp. Mol. Med. 36, 98�102 (2004). 

38. Röckl, K. S. et al. Skeletal muscle adaptation to exercise training: AMP-activated 

protein kinase mediates muscle fiber type shift. Diabetes 56, 2062�9 (2007). 

39. Narkar, V. A. et al. AMPK and PPARdelta agonists are exercise mimetics. Cell 134, 

405�15 (2008). 

40. O�Neill,!H.!M.!AMPK!and!Exercise:!Glucose!Uptake!and!Insulin!Sensitivity.!Diabetes 

Metab J 37, 1�21 (2013). 

41. Miyamoto, L. et al. AICAR stimulation metabolome widely mimics electrical 

contraction in isolated rat epitrochlearis muscle. Am. J. Physiol., Cell Physiol. 305, C1214�22 

(2013). 

42. Liu, X. et al. Discrete mechanisms of mTOR and cell cycle regulation by AMPK 

agonists independent of AMPK. Proc. Natl. Acad. Sci. U.S.A. 111, E435�44 (2014). 

43. Meli, M. et al. Small-molecule targeting of heat shock protein 90 chaperone function: 

rational identification of a new anticancer lead. J. Med. Chem. 49, 7721�30 (2006). 

44. Wu, S., Huang, J., Dong, J. & Pan, D. hippo Encodes a Ste-20 Family Protein Kinase 

that Restricts Cell Proliferation and Promotes Apoptosis in Conjunction with salvador and 

warts. Cell 114, 445�456 (2003). 

45. PRASKOVA, M., KHOKLATCHEV, A., ORTIZ-VEGA, S. & AVRUCH, J. 

Regulation of the MST1 kinase by autophosphorylation, by the growth inhibitory proteins, 

RASSF1 and NORE1, and by Ras. Biochem J 381, 453�462 (2004). 

46. Chan, E. et al. The Ste20-like kinase Mst2 activates the human large tumor suppressor 

kinase Lats1. Oncogene 24, 2076�86 (2005). 

47. Callus, B., Verhagen, A. & Vaux, D. Association of mammalian sterile twenty 

kinases, Mst1 and Mst2, with hSalvador via C-terminal coiled-coil domains, leads to its 

stabilization and phosphorylation. Febs J 273, 4264�76 (2006). 

48. Dong, J. et al. Elucidation of a universal size-control mechanism in Drosophila and 

mammals. Cell 130, 1120�33 (2007). 

49. Zhao, B. et al. Inactivation of YAP oncoprotein by the Hippo pathway is involved in 

cell contact inhibition and tissue growth control. Genes Dev. 21, 2747�61 (2007). 

50. Zhao, B. et al. TEAD mediates YAP-dependent gene induction and growth control. 

Genes Dev. 22, 1962�71 (2008). 

51. Mo, J.-S. S., Park, H. W. & Guan, K.-L. L. The Hippo signaling pathway in stem cell 

biology and cancer. EMBO Rep. 15, 642�56 (2014). 

52. Varelas, X. The Hippo pathway effectors TAZ and YAP in development, homeostasis 

and disease. Development 141, 1614�26 (2014). 

53. DeRan, M. et al. Energy stress regulates hippo-YAP signaling involving AMPK-

mediated regulation of angiomotin-like 1 protein. Cell Rep 9, 495�503 (2014). 

54. Unknown. Aerobic glycolysis tunes YAP/TAZ transcriptional activity. The EMBO 

journal 34, 1349�70 

55. Tao, W. et al. Human homologue of the Drosophila melanogaster lats tumour 

suppressor modulates CDC2 activity. Nat. Genet. 21, 177�81 (1999). 



!

!

126!

!

56. Xia, H. et al. LATS1 tumor suppressor regulates G2/M transition and apoptosis. 

Oncogene 21, 1233�41 (2002). 

57. Yang, X., Li, D. M., Chen, W. & Xu, T. Human homologue of Drosophila lats, 

LATS1, negatively regulate growth by inducing G(2)/M arrest or apoptosis. Oncogene 20, 

6516�23 (2001). 

58. Martin-Belmonte, F. & Perez-Moreno, M. Epithelial cell polarity, stem cells and 

cancer. Nat. Rev. Cancer 12, 23�38 (2012). 

59. Varelas, X. et al. The Crumbs complex couples cell density sensing to Hippo-

dependent control of the TGF- -SMAD pathway. Dev. Cell 19, 831�44 (2010). 

60. Das Thakur, M. et al. Ajuba LIM proteins are negative regulators of the Hippo 

signaling pathway. Curr. Biol. 20, 657�62 (2010). 

61. Hirate, Y. et al. Polarity-dependent distribution of angiomotin localizes Hippo 

signaling in preimplantation embryos. Curr. Biol. 23, 1181�94 (2013). 

62. Schlegelmilch, K. et al. Yap1 acts downstream of "-catenin to control epidermal 

proliferation. Cell 144, 782�95 (2011). 

63. Zhao, B. et al. Angiomotin is a novel Hippo pathway component that inhibits YAP 

oncoprotein. Genes Dev. 25, 51�63 (2011). 

64. Mana-Capelli, S., Paramasivam, M., Dutta, S. & McCollum, D. Angiomotins link F-

actin architecture to Hippo pathway signaling. Mol. Biol. Cell 25, 1676�85 (2014). 

65. Dai, X. et al. Phosphorylation of angiomotin by Lats1/2 kinases inhibits F-actin 

binding, cell migration, and angiogenesis. J. Biol. Chem. 288, 34041�51 (2013). 

66. Adler, J. J. et al. Serum deprivation inhibits the transcriptional co-activator YAP and 

cell growth via phosphorylation of the 130-kDa isoform of Angiomotin by the LATS1/2 

protein kinases. Proc. Natl. Acad. Sci. U.S.A. 110, 17368�73 (2013). 

67. Cordenonsi, M. et al. The Hippo transducer TAZ confers cancer stem cell-related traits 

on breast cancer cells. Cell 147, 759�72 (2011). 

68. Yu, J. et al. Kibra functions as a tumor suppressor protein that regulates Hippo 

signaling in conjunction with Merlin and Expanded. Dev. Cell 18, 288�99 (2010). 

69. Chiarugi, P. & Giannoni, E. Anoikis: a necessary death program for anchorage-

dependent cells. Biochem. Pharmacol. 76, 1352�64 (2008). 

70. Zhao, B. et al. Cell detachment activates the Hippo pathway via cytoskeleton 

reorganization to induce anoikis. Genes Dev. 26, 54�68 (2012). 

71. Wong, K. K. et al.  -Spectrin regulates the hippo signaling pathway and modulates the 

basal actin network. J. Biol. Chem. 290, 6397�407 (2015). 

72. Kim, M. et al. cAMP/PKA signalling reinforces the LATS-YAP pathway to fully 

suppress YAP in response to actin cytoskeletal changes. EMBO J. 32, 1543�55 (2013). 

73. Miller, E. et al. Identification of serum-derived sphingosine-1-phosphate as a small 

molecule regulator of YAP. Chem. Biol. 19, 955�62 (2012). 

74. Wennmann, D. O. et al. The Hippo pathway is controlled by Angiotensin II signaling 

and its reactivation induces apoptosis in podocytes. Cell Death Dis 5, e1519 (2014). 

75. Yu, F.-X. X. et al. Regulation of the Hippo-YAP pathway by G-protein-coupled 

receptor signaling. Cell 150, 780�91 (2012). 

76. Mo, J.-S. S., Yu, F.-X. X., Gong, R., Brown, J. H. & Guan, K.-L. L. Regulation of the 

Hippo-YAP pathway by protease-activated receptors (PARs). Genes Dev. 26, 2138�43 

(2012). 

77. Reddy, B. V. V. & Irvine, K. D. Regulation of Hippo signaling by EGFR-MAPK 

signaling through Ajuba family proteins. Dev. Cell 24, 459�71 (2013). 



!

!

127!

!

78. Azzolin, L. et al. YAP/TAZ incorporation in the  -catenin destruction complex 

orchestrates the Wnt response. Cell 158, 157�70 (2014). 

79. Vogel, V. & Sheetz, M. Local force and geometry sensing regulate cell functions. Nat. 

Rev. Mol. Cell Biol. 7, 265�75 (2006). 

80. Provenzano, P. P. & Keely, P. J. Mechanical signaling through the cytoskeleton 

regulates cell proliferation by coordinated focal adhesion and Rho GTPase signaling. J. Cell. 

Sci. 124, 1195�205 (2011). 

81. Huang, S. & Ingber, D. E. Cell tension, matrix mechanics, and cancer development. 

Cancer Cell 8, 175�6 (2005). 

82. Dupont, S. et al. Role of YAP/TAZ in mechanotransduction. Nature 474, 179�83 

(2011). 

83. Wada, K.-I., Itoga, K., Okano, T., Yonemura, S. & Sasaki, H. Hippo pathway 

regulation by cell morphology and stress fibers. Development 138, 3907�14 (2011). 

84. Jaffe, A. B. & Hall, A. Rho GTPases: biochemistry and biology. Annu. Rev. Cell Dev. 

Biol. 21, 247�69 (2005). 

85. Sah, V. P., Seasholtz, T. M., Sagi, S. A. & Brown, J. H. The role of Rho in G protein-

coupled receptor signal transduction. Annu. Rev. Pharmacol. Toxicol. 40, 459�89 (2000). 

86. Nguyen, B., Carbajal, M. E. & Vitale, M. L. Intracellular mechanisms involved in 

dopamine-induced actin cytoskeleton organization and maintenance of a round phenotype in 

cultured rat lactotrope cells. Endocrinology 140, 3467�77 (1999). 

87. Gjorevski, N., Boghaert, E. & Nelson, C. M. Regulation of Epithelial-Mesenchymal 

Transition by Transmission of Mechanical Stress through Epithelial Tissues. Cancer 

Microenviron 5, 29�38 (2012). 

88. Zhang, H. et al. TEAD transcription factors mediate the function of TAZ in cell 

growth and epithelial-mesenchymal transition. J. Biol. Chem. 284, 13355�62 (2009). 

89. Hansen, C. G., Moroishi, T. & Guan, K.-L. L. YAP and TAZ: a nexus for Hippo 

signaling and beyond. Trends Cell Biol. 25, 499�513 (2015). 

90. Meng, Z., Moroishi, T. & Guan, K.-L. L. Mechanisms of Hippo pathway regulation. 

Genes Dev. 30, 1�17 (2016). 

91. Moroishi, T. et al. A YAP/TAZ-induced feedback mechanism regulates Hippo 

pathway homeostasis. Genes Dev. 29, 1271�84 (2015). 

92. Yu, F.-X. X., Zhao, B. & Guan, K.-L. L. Hippo Pathway in Organ Size Control, 

Tissue Homeostasis, and Cancer. Cell 163, 811�28 (2015). 

93. Nishioka, N. et al. The Hippo signaling pathway components Lats and Yap pattern 

Tead4 activity to distinguish mouse trophectoderm from inner cell mass. Dev. Cell 16, 398�

410 (2009). 

94. Morin-Kensicki, E. M. et al. Defects in yolk sac vasculogenesis, chorioallantoic 

fusion, and embryonic axis elongation in mice with targeted disruption of Yap65. Mol. Cell. 

Biol. 26, 77�87 (2006). 

95. Makita, R. et al. Multiple renal cysts, urinary concentration defects, and pulmonary 

emphysematous changes in mice lacking TAZ. Am. J. Physiol. Renal Physiol. 294, F542�53 

(2008). 

96. Camargo, F. D. et al. YAP1 increases organ size and expands undifferentiated 

progenitor cells. Curr. Biol. 17, 2054�60 (2007). 

97. Song, H. et al. Mammalian Mst1 and Mst2 kinases play essential roles in organ size 

control and tumor suppression. Proc. Natl. Acad. Sci. U.S.A. 107, 1431�6 (2010). 



!

!

128!

!

98. Barry, E. R. et al. Restriction of intestinal stem cell expansion and the regenerative 

response by YAP. Nature 493, 106�10 (2013). 

99. Cai, J. et al. The Hippo signaling pathway restricts the oncogenic potential of an 

intestinal regeneration program. Genes Dev. 24, 2383�8 (2010). 

100. Lee, K.-P. P. et al. The Hippo-Salvador pathway restrains hepatic oval cell 

proliferation, liver size, and liver tumorigenesis. Proc. Natl. Acad. Sci. U.S.A. 107, 8248�53 

(2010). 

101. Reginensi, A. et al. Yap- and Cdc42-dependent nephrogenesis and morphogenesis 

during mouse kidney development. PLoS Genet. 9, e1003380 (2013). 

102. Von Gise, A. et al. YAP1, the nuclear target of Hippo signaling, stimulates heart 

growth through cardiomyocyte proliferation but not hypertrophy. Proc. Natl. Acad. Sci. 

U.S.A. 109, 2394�9 (2012). 

103. Liu-Chittenden, Y. et al. Genetic and pharmacological disruption of the TEAD-YAP 

complex suppresses the oncogenic activity of YAP. Genes Dev. 26, 1300�5 (2012). 

104. Chan, S. W. et al. A role for TAZ in migration, invasion, and tumorigenesis of breast 

cancer cells. Cancer Res. 68, 2592�8 (2008). 

105. Gao, Y. et al. YAP inhibits squamous transdifferentiation of Lkb1-deficient lung 

adenocarcinoma through ZEB2-dependent DNp63 repression. Nat Commun 5, 4629 (2014). 

106. Liu, Y. et al. Taz-tead1 links cell-cell contact to zeb1 expression, proliferation, and 

dedifferentiation in retinal pigment epithelial cells. Investigative ophthalmology & visual 

science 51, 3372�3378 (2010). 

107. Fernandez-L, A. et al. Oncogenic YAP promotes radioresistance and genomic 

instability in medulloblastoma through IGF2-mediated Akt activation. Oncogene 31, 1923�37 

(2012). 

108. Stein, C. et al. YAP1 Exerts Its Transcriptional Control via TEAD-Mediated 

Activation of Enhancers. PLoS Genet. 11, e1005465 (2015). 

109. Xiao, G.-H. H., Chernoff, J. & Testa, J. R. NF2: the wizardry of merlin. Genes 

Chromosomes Cancer 38, 389�99 (2003). 

110. Touil, Y. et al. Colon cancer cells escape 5FU chemotherapy-induced cell death by 

entering stemness and quiescence associated with the c-Yes/YAP axis. Clin. Cancer Res. 20, 

837�46 (2014). 

111. Zhou, J., Xu, F., Yu, J. J. & Zhang, W. YAP is up-regulated in the bronchial airway 

smooth muscle of the chronic asthma mouse model. Int J Clin Exp Pathol 8, 11132�9 (2015). 

112. Unknown. Yu 13 HIPPO Rw.pdf. 

113. Xu, T., Wang, W., Zhang, S., Stewart, R. & Yu, W. Identifying tumor suppressors in 

genetic mosaics: the Drosophila lats gene encodes a putative protein kinase. Dev Camb Engl 

121, 1053�63 (1995). 

114. Justice, R. W., Zilian, O., Woods, D. F., Noll, M. & Bryant, P. J. The Drosophila 

tumor suppressor gene warts encodes a homolog of human myotonic dystrophy kinase and is 

required for the control of cell shape and proliferation. Genes Dev. 9, 534�46 (1995). 

115. Nishiyama, Y. et al. A human homolog of Drosophila warts tumor suppressor, h-

warts, localized to mitotic apparatus and specifically phosphorylated during mitosis. FEBS 

Lett. 459, 159�65 (1999). 

116. Hori, T., Takaori-Kondo, A., Kamikubo, Y. & Uchiyama, T. Molecular cloning of a 

novel human protein kinase, kpm, that is homologous to warts/lats, a Drosophila tumor 

suppressor. Oncogene 19, 3101�9 (2000). 



!

!

129!

!

117. Yabuta, N. et al. Structure, expression, and chromosome mapping of LATS2, a 

mammalian homologue of the Drosophila tumor suppressor gene lats/warts. Genomics 63, 

263�70 (2000). 

118. Visser, S. & Yang, X. LATS tumor suppressor: a new governor of cellular 

homeostasis. Cell Cycle 9, 3892�903 (2010). 

119. Kamikubo, Y., Takaori-Kondo, A., Uchiyama, T. & Hori, T. Inhibition of cell growth 

by conditional expression of kpm, a human homologue of Drosophila warts/lats tumor 

suppressor. J. Biol. Chem. 278, 17609�14 (2003). 

120. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144, 

646�74 (2011). 

121. Iida, S.-I. et al. Tumor suppressor WARTS ensures genomic integrity by regulating 

both mitotic progression and G1 tetraploidy checkpoint function. Oncogene 23, 5266�74 

(2004). 

122. Yabuta, N., Mukai, S., Okada, N., Aylon, Y. & Nojima, H. The tumor suppressor 

Lats2 is pivotal in Aurora A and Aurora B signaling during mitosis. Cell Cycle 10, 2724�36 

(2011). 

123. Yang, X. et al. LATS1 tumour suppressor affects cytokinesis by inhibiting LIMK1. 

Nat. Cell Biol. 6, 609�17 (2004). 

124. Yabuta, N. et al. Lats2 is an essential mitotic regulator required for the coordination of 

cell division. J. Biol. Chem. 282, 19259�71 (2007). 

125. Yabuta, N. et al. Large tumor suppressors 1 and 2 regulate Aurora-B through 

phosphorylation of INCENP to ensure completion of cytokinesis. Heliyon 2, e00131 (2016). 

126. Gomez-Angelats, M. et al. Hormonal regulation of concentrative nucleoside transport 

in liver parenchymal cells. Biochem. J. 313 ( Pt 3), 915�20 (1996). 

127. Del Santo, B. et al. Differential expression and regulation of nucleoside transport 

systems in rat liver parenchymal and hepatoma cells. Hepatology 28, 1504�11 (1998). 

128. Damaraju, V. L. et al. Role of human nucleoside transporters in the cellular uptake of 

two inhibitors of IMP dehydrogenase, tiazofurin and benzamide riboside. Mol. Pharmacol. 

67, 273�9 (2005). 

129. Kim, J.-H. H. et al. SLC29A1 (ENT1) polymorphisms and outcome of complete 

remission in acute myeloid leukemia. Cancer Chemother. Pharmacol. 78, 533�40 (2016). 

130. Boß, M. et al. AMPK-independent inhibition of human macrophage ER stress 

response by AICAR. Sci Rep 6, 32111 (2016). 

131. Laderoute, K. R. et al. 5�-AMP-activated protein kinase (AMPK) is induced by low-

oxygen and glucose deprivation conditions found in solid-tumor microenvironments. Mol. 

Cell. Biol. 26, 5336�47 (2006). 

132. Siam, R. et al. Transcriptional activation of the Lats1 tumor suppressor gene in tumors 

of CUX1 transgenic mice. Mol. Cancer 8, 60 (2009). 

133. Kedinger, V. et al. p110 CUX1 homeodomain protein stimulates cell migration and 

invasion in part through a regulatory cascade culminating in the repression of E-cadherin and 

occludin. J. Biol. Chem. 284, 27701�11 (2009). 

134. Santinon, G., Pocaterra, A. & Dupont, S. Control of YAP/TAZ Activity by Metabolic 

and Nutrient-Sensing Pathways. Trends Cell Biol. 26, 289�99 (2016). 

135. Yu, F.-X. X., Meng, Z., Plouffe, S. W. & Guan, K.-L. L. Hippo pathway regulation of 

gastrointestinal tissues. Annu. Rev. Physiol. 77, 201�27 (2015). 

 
!



Titre : Modulation de la voie HIPPO par un métabolite aux propriétés antitumorales : l’AICAR 

Résumé : 

L’AICAR (5-Aminoimidazole-4-carboxamide ribonucleotide) est un intermédiaire de la voie de 

biosynthèse des purines. A des concentrations importantes, ce métabolite a un effet cytotoxique sur 

les cellules cancéreuses aneuploïdes, c’est-à-dire contenant un nombre anormal de chromosome. Or, 

90% des tumeurs solides sont aneuploïdes. Les mécanismes responsables de cette cytotoxicité doivent 

donc être mieux étudiés pour une utilisation éventuelle en thérapie anti-cancéreuse.  

Dans la littérature, l’effet de l’AICAR est expliqué par son rôle mimétique de l’AMP sur l’AMPK. 

Cependant, certaines données de la littérature et du laboratoire laissent penser que l’inhibition de la 

croissance par l’AICAR peut impliquer plusieurs types de mécanismes dont certains sont dépendants 

de l’AMPK et d’autres indépendants. L’identification des cibles de l’AICAR alternatives à l’AMPK est 

donc nécessaire pour une meilleure compréhension de ses effets.  

Dans ce projet, j’ai pu confirmer la présence d’autres cibles de l’AICAR indépendantes de l’AMPK 

et responsables de son effet cytotoxique. Grâce à une approche transcriptomique, j’ai montré un effet 

de l’AICAR sur l’expression et l’activation de LATS1 et LATS2 (large tumor suppressor 1 and 2). Ces 

protéines kinases fond partie du core enzymatique de la voie HIPPO, dont le rôle en cancérologie est 

fondamental. Les effecteurs finaux de cette voie sont YAP et TAZ, deux cofacteurs de transcription, 

aussi régulés par l’AICAR. J’ai pu montrer que la cytotoxicité de l’AICAR est due en partie à l’activation 

de cette voie. Depuis la découverte récente de la voie HIPPO, de nombreuses études visent à identifier 

des molécules permettant l’inhibition directe de cette voie. L’AICAR s’avère être une molécule 

puissante dans le cadre d’une thérapie anticancéreuse ciblant la voie HIPPO.   

Mots clés : AICAR, voie HIPPO, effets cytotoxiques, AMPK 

 

 

Title : Modulation of the HIPPO pathway by a metabolite with anti-tumor properties: AICAR 

Abstract :  

AICAR (5-Aminoimidazole-4-carboxamide ribonucleotide) is an intermediate of the purine 

biosynthesis pathway. At high concentrations, this metabolite has a cytotoxic effect on aneuploid 

cancer cells that is cells containing an abnormal chromosome number. However, 90% of solid tumors 

are aneuploid. The mechanisms responsible for this cytotoxicity should be better studied for possible 

use in anti-cancer therapy. 

In the literature, the effect of AICAR is explained by its AMP mimetic role on the AMPK. However, 

some literature and laboratory data suggest that AICAR growth inhibition may involve several types of 

mechanisms, some of which are dependent and other independent of AMPK. Therefore, the 

identification of AMPK alternative targets is necessary for a better understanding the AICAR effects. 



In this project, I was able to confirm the presence of other AICAR targets independent of AMPK 

and responsible for its cytotoxic effect. Using a transcriptomic approach, I showed an effect of AICAR 

on the expression and activation of LATS1 and LATS2 (large tumor suppressor 1 and 2). These protein 

kinases form part of the enzymatic nucleus of the HIPPO pathway, whose role in oncology is 

fundamental. The effectors of this pathway are YAP and TAZ, two transcription cofactors, also 

regulated by the AICAR. I have been able to show that the cytotoxicity of AICAR is due to the activation 

of this pathway. Since the recent discovery of the HIPPO pathway, numerous studies aim to identify 

molecules allowing direct inhibition of this pathway. AICAR has proven to be a potent molecule in anti-

cancer therapy which goal is targeting the HIPPO pathway. 

Keywords : AICAR, HIPPO pathway, cytotoxic effect, AMPK 

 


