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RÉSUMÉ 

Les glioblastomes sont, de par leur caractère invasif et infiltrant, des tumeurs 
cérébrales extrêmement résistantes aux thérapies classiques. Nous avons étudié les 
propriétés anti-cancérigènes de polyphénols extraits de produits naturels, notamment 
l'acide chlorogénique (CHL). Le CHL est un puissant inhibiteur fonctionnel du · 
transporteur microsomale de glucose-6-phosphate (G6PT) responsable de l'étape 
limitante de la conversion du glucose-6-phosphate en glucose (Glc) et en phosphate 
inorganique par la glucose-6-phosphase (G6Pase) lors de la glyconéogenèse et de la 
glycogénolyse. En émettant l'hypothèse selon laquelle le système G6Pase se localise 
exclusivement dans les tissus glyconéogéniques tels que le foie et les reins, nos 
travaux ont alors pour objectif d'élucider le rôle de G6PT dans des tissus non 
producteurs de Glc tels les cellules gliales, et particulièrement dans la progression 
tumorale des glioblastomes. Au cours de notre étude, nous avons testé l'impact de 
l'inhibition de G6PT soit fonctionnelle par le CHL, soit génique par un siRNA 
spécifique, sur différents processus impliqués dans la survie et l' invasion tumorale tel 
que la migration cellulaire et la dégradation de la matrice extracellulaire (MEC) par 
les métalloprotéases (MMPs). 

Expérimentalement, les mesures des niveaux d' ARNm par RT-PCR, 
démontrent que l 'expression génique de G6PT est plus élevée dans les glioblastomes 
U87, que dans toute autre lignée tumorale cérébrale testée. Le CHL inhibe la 
sécrétion de la MMP-2, et la migration cellulaire des U87, deux pré-requis pour 
l'invasion tumorale. La migration induite par G6PT recombinant suite à une 
transfection des cellules à l'aide du eDNA codant pour ce transporteur est aussi 
inhibée par le CHL. De plus, le CHL inhibe la migration cellulaire et la 
phosphorylation de ERK induite en réponse à la sphingosine-1-phosphate, un 
lysophospholipide abondant dans la MEC cérébrale. Nous démontrons, de plus, que 
le 2-deoxy-D-Glc et le 5-thio-Glc, deux analogues non métabolisables du Glc et 
menant à la déplétion de l' ATP intracellulaire, inhibent la sécrétion de MMP-2. Par 
ailleurs, l'inhibition de G6PT par un siRNA induit une mort cellulaire par apoptose 
détectée par cytométrie de flux. Une surexpression de la métalloprotéase 
membranaire de type 1 (MT1 -MMP) conduit à une diminution de l'expression 
génique de G6PT. De manière globale, nos résultats suggèrent que G6PT régulerait 
certaines fonctions invasives des cellules cancéreuses, et pourrait avoir une 
implication dans la signalisation intracellulaire de ces dernières, d'où son potentiel 
comme nouvelle cible pour les thérapies anti-cancer. 

Mots-clés : Glucose-6-phosphase, Acide chlorogénique, Glioblastomes. 





1. Cancer 

1.1 Incidence du cancer 

CHAPITRE I 

INTRODUCTION 

Chaque année, près de 10 millions de nouveaux cas de cancers sont 

diagnostiqués à travers la planète. Selon l'OMS, cette valeur devrait augmenter à plus 

de 15 millions de nouveaux cas d' ici 2020. D'après les statistiques canadiennes, 

environ 38% des Canadiennes et 41% des Canadiens seront atteints d'un cancer au 

cours de leur vie. Malgré les progrès énormes et les milliards de dollars consacrés à la 

recherche, à la prévention et à la lutte contre le cancer, certains types de cancers, 

notamment les tumeurs cérébrales, provoquent le décès de 70% des patients 

(statistiques Canada). La recherche sur les tumeurs cérébrales demeure d'actualité et 

s'avère donc une nécessité afin de développer de nouvelles thérapies. 

C'est au niveau de l'organisation cellulaire que les activités vitales ont lieu et 

que les processus pathologiques trouvent leur origine. Le cancer requiert des 

changements dynamiques au génome qui, pris individuellement, permettent à une 

cellule d'acquérir des avantages de croissance et de survie en comparaison aux autres 

cellules de l'organisme. C'est l'accumulation de ces avantages au sein d'une cellule 

qui mène à sa transformation en cellule cancéreuse. Il en résulte une croissance 

incontrôlée et la formation d'un néoplasme que l'on nomme aussi tumeur, qui peut 

croître et s'étendre à d'autres sites pour la formation de métastases (Marieb, 1993). 
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Les cellules cancéreuses diffèrent souvent des cellules saines avoisinantes par une 

série de changements phénotypiques telle qu'une division accélérée et incontrôlée, 

l'invasion de nouveaux territoires, un métabolisme plus intense, l'expression de 

nouveaux antigènes membranaires, des différences morphologiques (Marieb, 1993). 

Cette augmentation du nombre de cellules due à une division cellulaire plus fréquente 

est appelée hyperplasie. Les cellules malignes ressemblent en général à des cellules 

immatures ou indifférenciées. Il ·est clair que des facteurs régulant le cours normal de 

la différenciation y ont subi des altérations et tout l'intérêt du problème réside dans la 

compréhension des principales causes et mécanismes de transformation des cellules 

normales en cellules cancéreuses. Les scientifiques avancent plusieurs raisons, 

toutefois les agents liés à l'environnement et les virus sont les plus susceptibles d'être 

responsables de cette transformation. D'autres causes reliées au mode de vie ont leurs 

part de responsabilité dans l'apparition du cancer notamment l'alimentation, le 

tabagisme actif ou passif, le manque d'exercice physique, l'alcool, les contaminants 

chimiques (Horwitz, 1999). 

1.2 Classification des tumeurs malignes cérébrales 

En raison de la variabilité d'action, de la diversité et de la rapidité d'invasion de 

certains types tumoraux malins, un système de classification s'avère essentiel afin de 

pouvoir communiquer l'information la plus précise possible, planifier les traitements 

et tenter de prédire la progression de la tumeur. Plusieurs systèmes de classification 

ont été crées et utilisés. Cependant, celui de classification de l'OMS demeure l'un des 

plus utilisés par les cliniciens et les chercheurs. Ce système contient quatre paliers de 

classification, représentant 1' augmentation croissante de la malignité. Cette 

classification est basée sur six principaux critères : la similarité de la cellule 

cancéreuse avec la cellule saine ( atypie ), la mitose, 1' observation de croissance 
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incontrôlée, la présence de nécrose cellulaire, l'invasion ou infiltration cellulaire et la 

vascularisation tumorale (American Bain Tumor Association, 2004). 

1.3 Description des glioblastomes humains 

Les astrocytomes sont la forme la plus fréquemment observée des tumeurs 

cérébrales. D'un point de vue clinique, les astrocytomes de type IV ou glioblastomes, 

représentent plus de 50% de toutes les tumeurs cérébrales primitives de l'adulte. Le 

traitement standard de ces tumeurs gliales malignes repose sur la chirurgie de 

réduction tumorale, lorsqu'elle est possible, et la radiothérapie focalisée délivrant 54 

à 60 Qy (Gray: mesure la quantité d'énergie absorbée par la matière ou dose 

absorbée, 1 Gy= li/Kg) en 27 à 33 fractions selon la taille et le volume de la cible et 

la proximité d'organes à risques (Kristiansen et al., 1981 ; Walker et al., 1978). Le 

glioblastome est une tumeur radiorésistante d'où 1' amélioration de 1' efficacité de la 

radiothérapie a été recherchée en contraignant l'hypoxie, un facteur connu de 

radiorésistance. De plus, il a été rapporté que ce type tumoral était l'un des plus 

vascularisé chez 1 'humain avec un taux de mitose très élevé et une masse importante 

de cellules nécrosées (Lemeke et al., 2004). 

Comme toutes les tumeurs, les glioblastomes sont classés en deux catégories : 

les glioblastomes primaires qui sont des tumeurs qui apparaissent de nova en grade 

IV, et les glioblastomes secondaires, qui sont des tumeurs préexistantes de grade 

inférieur progressant ultérieurement en grade IV (Aldape et al., 2003). La survenue de 

certains avènements moléculaires est typique des glioblastomes, comme 

l'amplification de l'expression de gènes codants pour les récepteurs au PDGF 

(PDGFR) et à 1 'EGF (EGFR), les phosphatases, et des homologues de tensines, ou 

bien au contraire, l 'altération de certains gènes suppresseurs de tumeurs tel que P53, 
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PTEN et rétinoblastomes (Brat et al., 2002). Afin de développer des traitements 

efficaces contre les glioblastomes, il est primordial de mieux comprendre les 

phénomènes aboutissants à la tumorigenèse des glioblastomes. 

1.4 L'angiogenèse tumorale 

L'angiogenèse se définit comme étant la formation de nouveaux vaisseaux 

sanguins à partir de ceux préexistants (Figure 1), sous l'influence, directe ou 

indirecte, d'un foyer tumoral (Flamme et al., 1997; Risau, 1998). On réserve le terme 

angiogenèse aux processus qui se caractérisent par la formation de nouveaux réseaux 

vasculaires à partir de vaisseaux déjà existants; et le terme vasculogenèse à ceux 

caractérisant la formation directe de vaisseaux à partir d'un foyer mésenchymateux 

(Hanahan et Folkman, 1996). L'angiogenèse tumorale ne représente donc qu'un 

aspect des processus angiogéniques observés dans l'organisme. En effet, elle est 

nécessaire à de nombreux processus physiologiques humains tels l'implantation et le 

développement embryonnaire, l'organogenèse et la cicatrisation. Elle l'est également 

pour des processus pathophysiologiques comme la croissance et l'invasion tumorale 

(locale et métastatique ), les rétinopathies, les hémangiomes infantiles, 1' arthrite 

rhumatoïde, le psoriasis, les ulcères duodénaux, la fibrose etc, . . . (Hanahan et 

Folkman, 1996). Lorsque les cellules tumorales forment une masse de plus d'un 

millimètre cube, l' apport en nutriments et en oxygène par les vaisseaux environnants 

n'est plus suffisant, il y a hypoxie. En fait, il est clairement établi que l'hypoxie, 

phénomène cellulaire caractérisé par une concentration en oxygène déficiente, 

entraîne 1' augmentation de 1' expression des métalloprotéases matricielles (MMP) qui 

dégradent la matrice extracellulaire (MEC) (Lelievre et al. , 1996; Ingber et Folkman, 

1989) permettant la migration et la formation de nouveaux capillaires (Beek et al. , 

1997; Yancopoulos et al., 1998). 
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1.4.1 Interactions entre les cellules cancéreuses et les cellules endothéliales 

Durant les dernières années, la compréhension des mécanismes de 

l'angiogenèse a permis d'améliorer l'approche thérapeutique dans le traitement du 

cancer. Les cellules endothéliales sont parmi les plus stables de l'organisme, leur 

demi-vie excède 500 jours, mais cette dernière peut être réduite à quelques jours 

seulement lors des processus angiogéniques. La conversion des cellules endothéliales 

(latentes) en cellules endothéliales (actives) implique leurs stimulations par des 

facteurs angiogéniques, les plus couramment observés étant le bFGF et le VEGF. Ce 

dernier stimule les collagénases et les activateurs du plasminogène (Hanahan, 

Folkman, et al., 1996). 

Les facteurs de croissance, tels que : les facteurs de croissance épidermiques 

(EGF), les facteurs de croissance de l'endothélium vasculaire (VEGF), les facteurs de 

croissance des fibroblastes (FGF), les facteurs de croissance dérivés des plaquettes 

(PDGF), les facteurs de croissance des nerfs (NGF), les facteurs d'angiogénèse 

tumorale (TAF), les facteurs de croissance analogues à l'insuline (IGF) et les 

cytokines (lymphokines et monokines), stimulent et assurent le fonctionnement 

n01mal des cellules (Yoshida et al., 1990; Kermorgant et al., 1998; Aparicio et al., 

1998). Les cytokines comprennent les interleukines (IL-l à IL-13), le facteur de 

nécrose tumorale (TNF), le facteur de croissance transformant bêta (TGF-p), les 

interférons gamma, la lymphotoxine (LT). Suite à la stimulation par ces divers 

stimuli, les cellules endothéliales peuvent produire de la sphingosine-1-phosphate 

(S lP) . Cette production est catalysée par la sphingosine kinase et est le résultat d'une 

dégradation ou d 'une déphosphorylation de la palmitaldéhyde et/ou de la 

phosphoéthanolamine. 

La S 1P est un lysophospholipide secrété lors de la stimulation des plaquettes, 

de macrophages, et aussi de nombreux types de cellules tumorales. Il a été récemment 
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démontré que ce composé stimulait la migration des cellules endothéliales ainsi que 

la cicatrisation cellulaire. Les mécanismes moléculaires impliquant les réponses 

angiogéniques induites par le SlP ne sont pas très bien compris. Cependant un 

mécanisme impliquant l'action du SlP est clair, il s'agit de son interaction à la 

membrane plasmique avec des récepteurs couplés aux protéines G permettant la 

différenciation de certains gènes responsables de la formation de vaisseaux sanguins 

(Hla et al., 2000). 

1.4.2 La matrice extracellulaire 

La matrice extracellulaire (MEC) est un élément essentiel du micro­

environnement cellulaire, qui régule les interactions entre les épithéliums et leurs 

stromas. La MEC permet le maintien de l'intégrité structurale des organismes vivants 

puisqu'elle sert de charpente stabilisant la structure physique des tissus. Cette matrice 

n'est pas une structure inerte et stable, mais plutôt en équilibre dynamique entre la 

synthèse et la dégradation de ses composantes. 

Dans cette partie on s'intéresse particulièrement à la MEC gliale, entourant les 

cellules tumorales cérébrales. En plus d'être impliquée dans le développement 

cérébral, elle est indissociable des phénomènes de différenciation, de migration 

neuronale et de formation synaptique. Son espace extracellulaire est principalement 

rempli par un enchevêtrement complexe de macromolécules. La glie renferme les 

collagènes (type I, II, et III), la laminine, la fibronéctine, et une variété de 

protéoglycanes. L'augmentation de ces composantes peut se produire par 

l'accroissement de la synthèse et/ou par une réduction de la dégradation des 

protéines. La dégradation des protéines de cet environnement cellulaire fait intervenir 

une cascade enzymatique impliquant successivement plusieurs familles de protéases : 

les cystéines-protéases (Cathepsine B, Cathepsine L), les aspartates-protéases 
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(Cathepsines D), les serines-protéases et finalement les métalloprotéases matricielles 

(MMP) (Cuvelier et al., 1997). 

1.4.3 Les métalloprotéases 

Lors des phénomènes d'invasion, les cellules tumorales secrètent des MMP 

afin de dégrader la MEC. Les MMP sont une grande famille d'endopeptidases qui 

peuvent dégrader tous les types de MEC. A ce jour, 28 membres ont été identifiés, 

dont au moins 22 chez l'humain. Le tableau 1 illustre quelques unes d'elles avec leurs 

principaux substrats . Il existe deux types majeurs de MMP: celles qui sont solubles 

ou sécrétées dans le milieu extracellulaire et celles qui sont ancrées à la membrane 

cellulaire (Wossner, 1998). Nos études ont principalement porté sur le rôle de deux 

MMP: la MMP-2 (Gélatinase A) et la MT1 -MMP (MMP-14) dont la structure 

moléculaire est schématisée dans la figure 2. 

La MMP-2 est sécrétée sous forme de zymogène (pro-MMP-2) et possède par 

le fait même un peptide signal, un pro-domaine, un domaine de liaison du zinc 

contenant le site catalytique et un domaine hémopexine situé à l'extrémité C­

terminale (Brikedal-Hansen et al., 1993). Cette enzyme hydrolyse préférentiellement 

la gélatine et le collagène de type IV, mais peut aussi cliver les collagènes de type I, 

II, VII et X, l' élastine, la décorine, la fibronectine et les protéoglycanes du cartilage 

(Lehti et al., 2002). 

Le mode d ' activation de la pro-MMP-2, nécessite la liaison de la pro-enzyme 

à un complexe formé de la MTl-MMP/TIMP-2 (inhibiteur tissulaire de 

métalloprotéase) à la surface des cellules (Polette et al., 1998). TIMP-2 se lie via son 

domaine N-terminal au domaine catalytique de la MTl-MMP, inhibant l'activité de 

cette dernière. Par la suite, la pro-MMP-2 se lie à l'extrémité C-termina1e de la 

TIMP-2 via son domaine hémopéxine localisé au niveau de la membrane cellulaire, 
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résultant en la formation d'un complexe tri-moléculaire concentré à la surface 

(Atkinson et al., 1995). Une MT1-MMP adjacente et libre peut alors initier le clivage 

de la pro-MMP-2 entre l' Asn 37 et la Leu 38, générant la forme intermédiaire de la 

MMP-2 à 64 KDa. Ce clivage initial déstabilise la structure du propeptide, entraînant 

l'autoprotéolyse entre l' Asn 90 et la Tyr 91 de la MMP-2 et la libération du peptide 

ainsi que la MMP-2 complètement active (Strongin et al., 1995). L'activation de la 

pro-MMP-2 est également associée avec une augmentation d' ARNm de la MT1-

MMP (Yu et al., 1998). Plusieurs agents sont reconnus pour induire une 

augmentation du niveau d'ARNm de la MT1-MMP tel que le TNF-a, le bFGF et la 

concanavaline A (ConA) (Murphy et al., 1999). La ConA est une lectine induisant 

l'activité de la MT1-MMP et par le fait même l'activation de la pro-MMP-2. Elle 

semble agir principalement en augmentant la production de 1 'ARNm de la MT1-

MMP. Certaines études ont démontré l'apparition d'une forme de la MT1-MMP à 43 

kDa suite à l'activation de la pro-MMP-2. Cette forme est inactive, puisque le 

domaine catalytique est clivé, suggérant un mécanisme d'auto-régulation de la MT1-

MMP. En effet, l'équipe de Yu a observé que l'augmentation du calcium 

intracellulaire avec l'ionomycine ou la thapsigargine inhibe l'effet d'activation de la 

pro-MMP-2 induite par la ConA. Ces inhibiteurs bloquent le clivage de la MT1-

MMP à 43 kDa sans affecter le niveau d' ARNm suggérant que le clivage de la MT1-

MMP à 43 kDa est requis pour sa fonctionnalité (Yu et al., 1998). La proMT1-MMP 

est activée à 1 ' intérieur de la cellule par une protéinase de la famille des furines , une 

pro-protéine convertase présente dans l'appareil de Golgi (Sato et al., 1997). Des 

études ont démontré que l'activation de la MT1-MMP par la furine n'est pas un pré­

requis pour l'activation de la Pro-MMP-2 (Murphy et al., 1999). 

1.4.4 La migration cellulaire lors de l'invasion tumorale 

La migration cellulaire représente un processus essentiel pour une variété 

d' évènements biologiques. Il a été établi que l'invasion tumorale requérait le 
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remodelage de la MEC suite à l'activation des protéases à sérine ou des MMPs 

(Forget et al., 1999). La migration des cellules endothéliales avoisinantes à la tumeur 

est induite par la sécrétion des facteurs de croissances cités ultérieurement et requiert 

également l'action des MMP. Lors de la migration cellulaire en général, et celle des 

glioblastomes en particulier, la cellule fait preuve d'une grande souplesse due à un 

synchronisme, et une coordination entre trois évènements majeurs : 

1. L'adhésion intercellulaire par des complexes formés par les récepteurs 

d'intégrines et des cadhérines. 

2. L'adhésion substrat-cellule qui dépend de la réorganisation du cytosquelette. 

3. La dégradation de la MEC par les MMPs (Lefranc-Brotchi et al., 2005). 

2. Contrôle du métabolisme glucidique 

De récentes études ont démontré une augmentation du métabolisme en 

général, et de la glycolyse en particulier, dans les cellules cancéreuses 

comparativement à des cellules saines (Timperley et al., 1980). La cause majeure de 

l'augmentation du métabolisme glucidique est un besoin urgent en ATP pour 

subvenir aux besoins de la masse tumorale croissante, et contrer la diminution en 

oxygène causée par un manque de vascularisation. Il faut noter que l'accroissement 

du métabolisme glucidique diffère d'un type de tumeur à un autre, mais ce qui 

demeure commun à tous les types tumoraux est la surexpression des récepteurs au 

glucose (GLUT) à la surface des cellules, et l'augmentation de l'activité des 

hexokinases, deux étapes cruciales dans la production d' ATP. Le tableau 2 présente 

la surexpression de ces dernières dans plusieurs types tumoraux. (Moreno-Sanchez et 

al., 2007). 

Dans un corps sain, le foie et le cortex rénal contribuent au maintien d'un 

niveau de Glc sanguin stable(± 5 mM) (Gerin et al., 2001). En période de jeûne, le 

Glc sanguin dont la capture est faci litée par des transporteurs spécifiques (GLUT1 et 
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GLUT2 pour le foie, GLUT1 et GLUT4 pour le muscle), est phosphorylé par une 

glucokinase dans les hépatocytes pour former du glucose-6-phosphate (G6P). Ce 

dernier est ensuite métabolisé en empruntant la voie glycolytique menant à la 

formation de pyruvate, ou bien la voie glycogénique pour former du glycogène. Le 

G6P est aussi formé à partir du glycogène par la voie glycogénolytique, et/ou à partir 

du pyruvate par la voie néoglucogenique, qui peut être par la suite, hydrolysé par la 

glucose-6-phosphatase (G6Pase) avant d'être libéré dans la circulation sanguine. 

Ainsi, le système G6Pase joue un rôle clé dans l'homéostasie du Glc (Figure 3). 

2.1 Localisation tissulaire du système G6Pase 

Par des techniques de Northern Blot et de RT-PCR (reverse transcription 

polymerase chain reactions), l' ARNm des composantes du système G6Pase a pu être 

détecté. Des niveaux élevés d'expression de ce dernier sont retrouvés dans le foie et 

le rein, en raison de leur activité glyconéogenique (Hers, de Duve, et al., 1950). Dans 

un état de jeûne ou de diabète, d'autres cellules semblent aussi pouvoir exprimer la 

G6Pase telles que les astrocytes, les cellules musculaires, les cellules ~ des îlots 

pancréatiques. Cependant l'activité dosée dans des microsomes de ces tissus est 

négligeable comparée à celle mesurée dans le foie et le rein. 

2.2 Le système G6Pase 

Deux théories sont proposées en ce qui concerne l'organisation moléculaire du 

système G6Pase dans la membrane du réticulum endoplasmique (RE). D'une part, un 

modèle conformationnel qui implique la reconnaissance et la liaison du substrat à la 

G6Pase sur la surface externe de la membrane microsomale et mène à son hydrolyse 

et à la libération des produits de la réaction dans la lumière microsomale (Gerin et al. , 

2001). D'autre part, le modèle de transport du substrat qui fut confirmé avec le 

temps par des études cinétiques et des techniques de clonage moléculaire. 
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2.2.1 Le modèle de transport de substrat 

En 1975, Arion et ces collaborateurs, proposèrent un nouveau modèle pour 

expliquer les fonctions du système G6Pase (Arion, Wallin, et al. , 1975). Arion 

postule que G6Pase est une phosphatase associée avec un complexe de protéines 

spécifiques, comprenant une unité catalytique orientée vers la lumière du RE, un 

transporteur réversible du G6P cytosolique vers le RE (G6PT, Tl), un transporteur de 

phosphate inorganique (T2) et un autre de Glc (T3) . Plusieurs études ont confirmé le 

modèle d'Arion, les plus pertinentes sont les suivantes : 

1. L'identification et le clonage du gène codant pour le transporteur de G6P (Tl) 

indépendant de la G6Pase. 

2. L'identification d'inhibiteurs spécifiques de Tl. 

3. L'existence de maladie (Glycogénose Type lb) due à une déficience de Tl. 

4. La démonstration que le produit d'hydrolyse du G6P par la G6Pase sont les 

premiers à être libérés dans la lumière microsomale. 

Cette théorie attribue donc à Tl un rôle clé dans l'étape limitante de la 

conversion du G6P en Glc et Pi (Van Schaftingen et al., 2002). 

2.3 Identification et caractéristiques des composantes du système G6Pase 

Selon ce qui a été cité auparavant, la G6Pase est un système composé de 

plusieurs protéines, une phosphotransférase (G6PT, Tl), une phosphohydrolase et 

deux translocases T2 et T3, toutes les quatre, localisées dans la membrane du RE 

(Figure 4). La théorie d'Arion repose essentiellement sur le transporteur microsomal 

de G6P (Tl, G6PT). G6PT est codé par un seul gène de 5.3Kb, contenant 9 exons 

localisés sur le chromosome llq23 (Annabi et al., 1998; Baochuan et al., 1998). 

Plusieurs groupes de recherche ont mis au point des méthodes pour caractériser cette 

protéine. Tout d'abord une méthode chimique, proposée par le groupe d'Arion qui 

compare les concentrations du G6P et Man-6-P intramicrosomal après l'incubation de 
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microsomes hépatiques avec ces produits et suivie de centrifugation sur couche de 

silicone contenant du HC104. Mais cette méthode reste controversée à cause d'une 

grande probabilité d'avoir des concentrations négatives. (Ballas, Arion, 1977). 

L' existence d'inhibiteurs spécifiques au transporteur de Glc-6-P est une preuve de 

plus de son existence, en effet le groupe de Kamovski (Zoccoli et al., 1980) a utilisé 

le 4.4' -di-isothiocyanostilbene-2-2' -disulphonate (DIDS) un inhibiteur de 

transporteurs d'ions. L'incubation du eH]DIDS avec de.,; microsomes de foie forme 

un lien covalent avec un polypeptide de 54 KDa, qui peut être renversé par le Glc-6-

P, suggérant ainsi que la protéine marquée de 54 KDa est le transporteur de Glc-6-P 

(Zoccoli, et al. , 1982). Plusieurs études ont suivi et pu déterminer par des inhibiteurs 

spécifiques, l'existence de Tl avec une masse apparente de 46 kDa et qui migre à un 

poids de 37 kDa dans un gel SDS/Page (Berling et al., 1999; Parker et al., 1998 ; 

Kramer et al. , 1999). Par la suite le groupe de Chou a cloné le eDNA du G6PT issu 

de 3 espèces différentes (humain, murin, rat) en 1998. Ils ont déduit après le 

séquençage du gène du G6PT (Figure 5 et 6), que ce dernier est une protéine de 429 

acides aminés; l'analyse algorithmique de la séquence prédit l'existence de 9 à 10 

domaines transmembranaires (Hoffman et al., 1993). Des études en cinétique 

enzymatique ont confirmé l'existence d'un transporteur (T2) commun pour le Pi, le 

pyrophosphate inorganique (Ppi) et le carbamyl phosphate, distinct du Tl (Arion et 

al., 1980). De récents résultats suggèrent que Tl est un pore traversant la membrane 

du RE de part et d'autre et non pas un transporteur, étant donné que son 

fonctionnement demande moins d'énergie que celui d'un transporteur (Gerin et al., 

2001). Bien qu'au départ T2 ait été identifié à l'aide d'anticorps dirigés contre un 

transporteur mitochondrial de Pi/OR (Gibb et al. , 1986). En 1980, Arion et ces 

collaborateurs ont expliqué la sortie du Glc du RE hépatique après hydrolyse du G6P 

par un transporteur de Glc (T3). 
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2.4 Contrôle nutritionnel et hormonal du système G6Pase 

L'activité physiologique de la G6Pase est régulée par la concentration du 

substrat, en effet le Km de la G6Pase pour le G6P (2-3 mM) est plus élevé que le 

contenu intracellulaire en G6P (0.05-1 mM). Dans des hépatocytes purifiés, Ichai et 

ses collaborateurs ont observé que le glucagon augmente les niveaux de Glc mais 

diminue la concentration intracellulaire du G6P, (Ichai et al., 2001). Par ailleurs, le 

Glc peut inhiber le système G6Pase à court terme. Ceci peut être expliqué par le fait 

qu'à de fortes concentrations, le Glc induit la glycogenèse (synthèse de glycogène), et 

diminue la concentration de G6P afin de réduire la formation du Glc par le système 

G6Pase (Hers, 1976). A long terme, une concentration de glucose de 27.5 mM 

provoque une augmentation de la synthèse d' ARNm de la G6Pase. Ceci indique 

l'importance des métabolites de la glycolyse et la glycogénogenèse dans l'expression 

de la G6Pase. Cet effet peut aussi être observé en réponse à d' autres substrats tel que 

le xylitol, le fructose, le mannose, et le glycérol, qui sont aussi capables d'entrer dans 

les voies de la glycolyse et la glycogénogenèse à différents niveaux. L'effet du Glc 

est exercé à un niveau transcriptionnel et en partie par la stabilisation de 1 'ARNm de 

la G6Pase (Massillon, 2001). 

Un diabète (type 1 ou 2), ou un état de jeûne sont responsables d'une 

augmentation de 2-3 fois de l'activité de la G6Pase hépatique. Ce qui corrèle avec la 

diminution de l'activité de la G6Pase in vivo observée à des niveaux élevés 

d'insulinémie. L'effet inhibiteur de l'insuline sur la G6Pase in vivo étudié sur des 

hépatocytes en culture, confirme l'existence d'un mécanisme d'inhibition passant par 

des promoteurs et des protéines spécifiques (Streeper et al. , 1997; Barthel et al. , 2001; 

Schmoll et al., 2000; Dickens et al. , 1998; O'brien et al., 2001). L'administration de 

glucocorticoïdes à des rats augmente, quant à lui, la G6Pase dans les microsomes de 

foie dont l 'effet est complètement inhibé par l'insuline (Hemmerle et al., 1997). 

~~- ----------- ------ - --------~-------- --------~ ~-- -~~---------
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L'augmentation de l'expression de la G6Pase induite par l'AMPc s'exerce 

principalement à un niveau transcriptionnel (Chatelain et al., 1998). 

2.5 Déficience du système G6Pase 

Les maladies du métabolisme du glycogène peuvent être héréditaires et la 

conséquence d'une déficience de certaines enzymes spécifiques impliquées dans la 

synthèse ou la dégradation du glycogène. Les glycogénoses constituent un groupe de 

maladies génétiques affectant les voies métaboliques de mise en réserve de glucose 

sous forme de glycogène et l'utilisation du glycogène pour le maintien de la glycémie 

et la fourniture d'énergie. Il existe sept types de glycogénose (GSD) avec des 

caractéristiques biochimiques et cliniques bien distinctes. On s'intéressera à la 

glycogénose de type I, causée par une défaillance du système G6Pase. 

La GSD de type I ou maladie de Gierke est une maladie autosomique 

récessive. Les patients présentent les signes cliniques suivants : une hépatomégalie et 

une néphromégalie dues à une accumulation de glycogène dans le foie et les reins, et 

les signes biochimiques suivants : une acidose lactique, une hypoglycémie, une 

hyperlipidémie, et une hyperurecémie (Van Schaftingen et al., 2002). Deux formes 

majeures sont décrites, la GSD de type la et lb. 
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2.5.1 La GSD type la 

C'est la forme la plus fréquente de GSD type 1 (80%), causée par une 

déficience de l'activité catalytique de la G6Pase. L'abolition de l'activité de la 

G6Pase est due à des mutations localisées dans le gène codant pour cette enzyme (Lei 

et al., 1995; Rake et al., 2000). L'équipe de Chou et Mansfield a répertorié 31 

mutations dont la plupart sont localisées dans des régions non codantes, d'autres sont 

des insertions ou des délétions avec déplacement du cadre de lecture. Des 

transfections transitoires de cellules COS ont démontré que ces mutations réduisent 

complètement l'activité de la G6Pase (Lei et al., 1993 ; Lei et al., 1994; Kishnan et 

al. , 1997). Un modèle transgénique de souris G6Pase-/- a été généré par 

recombinaison homologue. Les souris présentent les mêmes symptômes que la GSD 

type l avec un retard de croissance et un niveau élevé de lactate sanguin. De plus, 

l'hypoglycémie des animaux atteints de GSD type la n'est pas normalisable à la suite 

de l'administration d'adrénaline ou de glucagon. Certaines études ont rapporté 

l' usage de thérapie rétrovirale comme nouvelle alternative de traitement de la GSD 

type la (Zingone et al., 2000). 

2.5.2 La GSD type lb 

A la fin des années 50, on a identifié pour la première fois la GSD de type lb 

chez des patients qui présentaient les mêmes symptômes que ceux de la GSD type l, 

mais avec une activité de la G6Pase hépatique normale. L'identification du eDNA 

muté dans la GSD type lb confirme que cette pathologie est due à une défaillance du 

transporteur Tl . Soixante-neuf différentes mutations ont été observées chez des sujets 

avec la GSD type lb, dont la majorité sont des substitutions dans des régions 

conservées, générant une perte complète de l'activité de G6PT (Chen, Lin, et al., 

2000). Chen et ces collaborateurs ont étudié des mutations dans des régions 
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différentes du gène. Quelques unes sont répertoriées dans le tableau 3. La mutation 

W393X qui est responsable d'une modification au milieu de l'hélice 10, diminuerait 

complètement 1' expression de G6PT, contrairement à la substitution R415X, qui 

affecte la dernière boucle cytosolique de la protéine, en diminuant l'expression de 

70%, tout en conservant l'activité du transporteur. Alternativement, la GSD type lb 

ne dépend pas seulement de l'activité de Tl ou de son expression, mais aussi de son 

mode d'insertion dans la membrane du RE (Chen et al., 2000). 

2.5.3 La GSD type le 

La glycogénose de type le est due à une déficience du transporteur de 

phosphate et pyrophosphate (T2). Toutefois, le diagnostique doit être posé avec 

précaution, car on a observé une latence dans l'activité de la G6Pase, qui peut être 

causé par l'accumulation du Pi intramicrosomal (Nordlie et al., 1983 ; Nordlie et al., 

1992). Le groupe de Chou a toutefois montré l'absence de mutations au niveau des 

gènes codant pour Tl et 1 'unité catalytique, chez les patients atteints de cette forme de 

GSD. (Lei et al., 1995; Lin et al., 1999). 

2.6 Les inhibiteurs de Tl 

L'existence d' inhibiteurs spécifiques du G6PT est une preuve de plus pour 

confirmer le modèle de transport du substrat d'Arion. Le DIDS, cité au paragraphe 

2.3, est parmi les premiers inhibiteurs de Tl qui a été découvert. L'acide 3-

mercaptopicolinique, connu pour inhiber la phosphoénolpyruvate carboxykinase, 

semble également avoir une action inhibitrice sur Tl (Foster et al. , 1994). Une 

nouvelle génération de produits avec une action spécifique contre Tl, sont synthétisés 

ou extraits à partir de plantes. Parmi ceux-ci, l'acide chlorogénique (CHL), un 

inhibiteur de Tl dans des microsomes intacts (Ki: 0.5 mM) (Arion et al., 1997) est 
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disponible commercialement. Il est considéré comme un hypoglycémiant, tout en 

générant une accumulation du glycogène hépatique et rénal (Hemmerle et al., 1997). 

Récemment, des nouveaux inhibiteurs ont été identifiés. Le Kodaistain A et C ont été 

isolés d'Aspergillus Terreus et ont respectivement des Ki de 80 et 130 nM. Par 

ailleurs, le Mumbaistatin, isolé de Streptomyces, avec un Ki de 5nM est considéré 

parmi les plus puissants inhibiteurs de G6PT (Vertesy et al., 2001). 

En conclusion, ce chapitre est un résumé de la bibliographie des deux 

thématiques sur lesquels s'est basée notre recherche : l'invasion tumorale et le 

transporteur de G6P. Les chapitres II et III regrouperont les prémisses de nos travaux 

ainsi que les manuscrits publiés respectivement. 
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Figure 1. L 'angiogénèse tumorale. Les cellules tumorales situées à distance d'un 
vaisseau sanguin sont en hypoxie (1) et sécrètent des facteurs angiogéniques (2). En 
réponse à ces facteurs, la tumeur se vascularise, et 1' apport adéquat en oxygène et en 
nutriments lui permet alors de croitre (3) . Un nombre de ces cellules va se détacher et 
passer dans la circulation sanguine pour former des métastases. L'inhibition de la 
vascularisation peut s'avérer efficace pour diminuer le volume de la masse tumorale 
(4). 
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Tableau 1 . Liste des différentes métalloprotéases. 

Groupe Membres Nomenclature Principaux substrats 
des MMPs 

Collagénases 

Collagénase MMP-1 Collagène fibrillaire 

interstitielle 

Collagénase des MMP-8 Collagène fibrillaire 

neutrophiles 

Co llagénase-3 MMP-13 Collagène fibrillaire 

Gélatinases 
Collagénase-4 MMP-21 Pas connu 

Gélatinase A MMP-2 Gélatine, fibronectine, Collagène 
rv, v 

Gélatinase B MMP-9 Gélatine, fibronectine, Collagène 
rv, v 

MT-MMP 
MT1-MMP MMP-14 ProMMP-2, collagène, gélatine 

MT2-MMP MMP-15 ProMMP-2, collagène, gélatine 

MT3 -MMP MMP-16 ProMMP-2, collagène, gélatine 

MT4-MMP MMP-17 ProMMP-2, collagène, gélatine 

MT5-MMP MMP-24 ProMMP-2, collagène, gélatine 

Autres 
Métalloélastase MMP-12 Élastine 

Énamélysine MMP-20 Pas connu 

MMP xénopus MMP-18 Pas connu 

Pas connu MMP-19 Aggrecan 

Pas connu MMP-23 Pas connu 



MMP-2 

MTl-MMP 

Pro-peptide 
Domaine Noyau 

catalytique Zinc 
Domaine 
charniére 

Domaine 
hemopexine 
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Domaine 
transmembranaire 

Figure 2. Structure moléculaire de la MMP-2 et de la MTI-MMP. La MMP-2 et la 
MTl-MMP sont des métalloprotéases retrouvées sous forme de propeptides. Le 
clivage du prodomaine permet leur activation. Dans le cas de MTl-MMP, un 
domaine membranaire lui permet de s'ancrer dans la membrane plasmique. 



Protéines 

surexprimées 

Transporteurs de 
glucose (GLUT1,2,3) 

Hexokinase (HK) 

Type de cellules tumorales 

HepG2 carcinomas, tumeurs cérébrales , 
cancer du sein, leucémie, tumeurs gastriques, 
cutanées et oesophagiénnes. 

Carcinome HeLa, ependymomes, 
astrocytomes. 

Phosphofructokinase HL-60, leucemies myeloides, lymphomes et 
type 1 (PFK-1) gliomes. 

Phosphofructokinase Carcinome de Lewis, HeLa, HepG2, cancer 
type 2 (PFK-2) du sein et leucemie K562. 

Toutes ces protéines 
sont exprimées 
simultanément 

HeLa, glioblastomes (U87), cancer de la 
prostate et tumeurs rénales. 
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Tableau 2. L 'expression des protéines du métabolisme glucidique dans les différents 
types tumoraux. GLUT, HK, PFK-1, sont toutes des enzymes ou protéines cruciales 
dans le métabolisme glucidique. Leur surexpression est associée à un mauvais 
pronostic. Ce qui est important à souligner, c' est la présence de ces dernières 
ensemble dans les glioblastomes, le cancer de la prostate des tumeurs connues pour 
leurs agressivités et leur résistance aux traitement de chimiothérapie (Moreno­
Sanchez, et al. , 2007). 
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Figure 3. Glycogénolyse et néoglucogenèse. Le niveau de glucose sanguin est regulé 
par deux voies principales, la néoglucogenèse et la glycogénolyse, générant du Glc-6-
P. Une seule enzyme, la G6Pase localisée dans le RE, catalyse l'étape finale de la 
production de glucose. 
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Figure 4. Le système G6Pase microsomal. Selon le modèle de transport de substrat, 
l'entrée du G6P se fait par l'intermédiaire d'un transporteur spécifique Tl(G6PT). 
L'hydrolyse du Glc-6-P se fait par une unité catalytique (E, G6Pase). Ce sont deux 
protéines complètement différentes l'une de l'autre. L'évacuation des produits de la 
réaction se fait par deux autres transporteurs, T2 et T3. 
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Figure 5. Structure moléculaire du G6PT. Représentation schématique du G6PT, 
avec ses 9 boucles extra membranaires et ses 1 0 domaines transmembranaires (parties 
en gris) . Ces deux extrémités C-et N-terminales se trouvent à l'extérieur du RE. Les 
parties plus foncées des boucles et des domaines transmembranaires représentent les 
différentes mutations connues pour inactiver les fonctions de G6PT et qui sont 
nommées dans le tableau 3. 
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Figure 6. Alignement en acides aminés de la protéine G6PT. Séquence des acides 
aminés composants la G6PT (tirée de GeneBank) pour l'espèce humaine, murine et 
du rat. On peut remarquer une conservation dans les trois séquences, les parties 
ombragées sont les prédictions algorithmiques de Stoffel pour les domaines 
transmembranaires. 
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Association 
Localisation Activité de G6PT 

G6PT/G6Pase 

---/G6Pase 0 % 
WT/G6Pase 100 % 
G 88D/G6Pase Heli . 2 2.2 % 

Mutations dans les dix P 153LIG6Pase Heli . 3 8.6 % 
1 278N/G6Pase Heli . 6 10.4 % 

hélices de G6PT G 339C/G6Pase Heli . 8 4.9 % 
A 367T/G6Pase Heli . 9 23.1 % 
G 3 7 6S/G6Pase Heli . 9 5.6 % 
---/G6Pase 0 % 
WT/G6Pase 100 % 

Mutations dans les parties G 68R/G6Pase Ll 8.1 % 

trans membranaires R 300C/G6Pase C3 5.2 % 
R 300H/G6Pase C3 7.1% 
H 301P/G6Pase C3 24.2% 
---/G6Pase 0 % 
WT/G6Pase 100 % 
G 68R/G6Pase 15.1 % 

Mutations sur le C-terminal R 300C/G6Pase 17.4 % 
R 300H/G6Pase 16.5 % 
H 301P/G6Pase 8.7 % 
G 20D/G6Pase 
R 28C/G6Pase 
R 28H/G6Pase 0% 

Autres mutations S 55R/G6Pase Abolition de 
G 68R/G6Pase l 'activité 
L 85P/G6Pase 
G 88D/G6Pase 
W 118R/G6Pase 

Tableau 3. Les mutations causant la GSD lb . L'activité de G6PT est mesurée après 
une co-transfection des cellules Cos-1 avec la forme sauvage (WT) ou mutée de 
G6PT et de l'unité catalytique G6Pase (Li-Yuan Chen et al., 2002). 15 mutations sont 
répertoriées au niveau des régions clés soit à 1' extrémité C-terminal, 1 'une des 10 
hélices, ou bien dans les parties transmembranaires, les autres sont des mutations 
apportées sur toutes les régions qui induisent une abolition complète de l' activité de 
transport de G6PT. 
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CHAPITRE II 

PRÉSENTATION DU PROJET 

1. Hypothèse de travail 

Nous avons découvert l'existence de la G6PT, une protéine microsomale 

régulant potentiellement une partie du métabolisme glucidique des cellules dérivées 

de glioblastomes. Ces tumeurs cérébrales sont reconnues pour leur résistance aux 

traitements habituels du cancer. En utilisant l'acide chlorogénique (CHL), un 

polyphénol aux propriétés anti-cancérigènes et un puissant inhibiteur fonctionnel de 

G6PT, nous avons mis en évidence de nouvelles fonctions de G6PT, indépendantes 

de l'hydrolyse du G6P. C'est pourquoi, il est impératif d ' élucider la pertinence de la 

présence de G6PT dans ce tissu non néoglucogénique. Pour ce faire nous avons tenté 

de répondre aux trois questions suivantes : 

Question 1 : Quel est l'effet du CHL et son impact sur les fonctions de G6PT dans 

les processus d'invasions tumorales tels que la migration et la dégradation de la 

MEC? 

Question 2 : Si G6PT est impliqué dans ces mécanismes, quel est son rôle dans la 

survie cellulaire des cellules tumorales ? 

Question 3 : Par quelles voies de signalisations, G6PT interagirait pour réguler ces 

processus invasifs, et G6PT agit-il lui-même comme agent de signalisation ? 



29 

2. Un nouveau rôle du transporteur microsomal de glucose-6-phosphate 
dans la régulation de la migration et de la dégradation de la matrice 
extra cellulaire. 

Une partie de notre étude portait sur l'implication de G6PT dans l'invasion 

tumorale des glioblastomes (cellules U87). Cette étude avait pour but de démontrer 

jusqu'à quel point G6PT pouvait influencer certains processus essentiels à l'invasion 

tumorale. Par la suite, nous avons tenté d'expliquer l'effet anti-cancérigène du CHL 

connu pour être un inhibiteur de G6PT. Nous avons donc formulé l'hypothèse que 

G6PT régule certaines fonctions invasives des cellules cancéreuses et peut être une 

nouvelle cible pharmacologique du CHL. 

La littérature rapporte les effets bénéfiques de plusieurs polyphénols de 

l'alimentation comme le CHL et l'EGCg. Plusieurs études ont également mis à jour 

leurs propriétés anti-oxydantes, anti-inflamrnatoires, et anti-cancérigènes. Au cours 

de notre exploration des différents gènes du système G6Pase exprimés dans les 

glioblastomes, G6PT s'est avéré être significativement exprimé dans les U87 en 

comparaison à d'autres lignées tumorales cérébrales testées. De plus, une inhibition 

fonctionnelle de G6PT par le CHL diminuerait la migration des U87 et la sécrétion de 

la MMP-2. En plus d'identifier une nouvelle cible pharmacologique, l'originalité de 

cette étude est qu'elle présente les prémisses d'une implication potentielle de G6PT 

dans la signalisation intracellulaire qui régule la tumorigénèse des U87. Nos résultats 

amènent à postuler de possibles avantages de l'association du CHL en chimiothérapie 

pour une meilleure qualité de vie des patients. Les résultats obtenus sont présentés 

sous forme d'article publié dans Cancer Cel! International (section expérimentale). 
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3. Rôle du transporteur microsomal de glucose-6-phosphate dans la survie 
cellulaire. 

Après avoir exploré l'implication de G6PT dans la migration cellulaire et la 

dégradation de la MEC, nous avons étudié la possible contribution de G6PT dans la 

survie de cellules U87 dérivées de glioblastomes. En utilisant un ARN interférant 

spécifique à G6PT, nous avons pu constater que G6PT est indispensable à la survie 

cellulaire et que toute inhibition de l'expression génique de G6PT engendre la mort 

cellulaire. Ceci valide notre hypothèse selon laquelle G6PT aurait des implications 

complexes dans l'invasion tumorale, au delà de son rôle dans le contrôle du 

métabolisme glucidique. En plus d'interagir dans différents mécanismes d'invasion 

tumorale, l'inhibition de l'expression génique de G6PT pourrait être une approche 

thérapeutique efficace par des produits naturels ayants des propriétés anti­

cancérigènes. Les résultats obtenus sont présentés sous forme d'article publié dans 

FEES Letters (section expérimentale). 
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4. Rôle de l'axe moléculaire MT1-MMP/G6PT dans l'invasion et/ou la 
survie cellulaire. 

Le dernier volet de notre recherche avait pour objectif d'explorer une possible 

implication de G6PT dans la signalisation moléculaire régulant le phénotype invasif 

des U87. Nos travaux visaient plus spécifiquement la comparaison des niveaux 

d'expression génique et protéique de G6PT et de MT 1-MMP à différents stades de 

l'invasion tumorale. L'objectif étant de démontrer la possible existence d'un axe de 

signalisation entre MTl-MMP et G6PT dont l'équilibre serait important dans la 

régulation du processus invasif et de la mort cellulaire. 

Diverses études ont rapporté que le dysfonctionnement du réticulum 

endoplasmique (RE) dans lequel G6PT est ancré, serait responsable de plusieurs 

maladies insulinodépendantes et de différents désordres lipidiques. L'une des 

fonctions principales du RE est la synthèse de protéines cytosoliques ou 

membranaires. Nous avons constaté, lors de nos premiers essais, que la ConA et la 

Cyto D, deux agents perturbateurs du cytosquelette qui activent la pro-MMP-2 via un 

mécanisme MT1-MMP, diminuait les niveaux d'expression géniques et protéiques de 

G6PT, et que toute diminution de G6PT induisait une mort cellulaire. Cette mort 

cellulaire, nous a permis d'établir un lien entre ces deux acteurs de 1 'invasion et de la 

survie cellulaire. Il existe donc un état d'équilibre entre MTl-MMP et G6PT dans une 

cellule tumorale, mais tout évènement amenant à le déstabiliser pourrait être 

l'élément déclencheur d'une cascade de mécanismes induisant la mort cellulaire ou 

l'invasion tumorale. Ces travaux nous ont permis de postuler l'existence d'un axe 

moléculaire entre la survie cellulaire et l'invasion tumorale. Les résultats obtenus sont 

présentés sous forme d'article publié dans NEOPLASIA (section expérimentale). 
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The chemopreventive properties of chlorogenic acid reveal a new 
role for the microsomal glucose-6-phosphate translocase in brain 

tumor progression 
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Laboratoire d 'Oncologie Moléculaire, Département de Chimie, Centre BIOMED, 
Université du Québec à Montréal, Montreal, Quebec, Canada 

Background : Chlorogenic acid (CHL), the most potent functional inhibitor of the 
microsomal glucose-6-phosphate translocase (G6PT), is thought to possess cancer 
chemopreventive properties. Whether any G6PT functions are involved in 
tumorigenesis is however unknown. We investigated the effects of CHL and the 
potential role of G6PT in regulating the invasive phenotype of brain tumor-derived 
glioma cells. Results: RT-PCR was used to show that, among the adult and pediatrie 
brain tumor-derived cells tested, U-87 glioma cells expressed the highest levels of 
G6PT mRNA. U-87 cells lacked the microsomal catalytic subunit glucose-6-
phosphatase (G6Pase)-u, but expressed G6Pase-~ which, when coupled to G6PT, 
allows G6P hydrolysis into glucose to occur in non glyconeogenic tissues such as 
brain. CHL inhibited U-87 cell migration and matrix metalloproteinase (MMP)-2 
secretion, two prerequisites for tumor cell invasion to occur. Moreover, CHL also 
inhibited sphingosine-1-phosphate (S lP)-induced cell migration as well as the rapid 
S lP-induced extracellular signal-regulated protein kinases phosphorylation 
potentially mediated through intracellular calcium mobilization, suggesting that 
G6PT may also bear crucial functions in regulating intracellular signalling. 
Overexpresion of the recombinant G6PT protein induced U-87 glioma cell migration 
that was, in tum, antagonized by CHL. MMP-2 secretion was also inhibited by the 
ATP-depleting agents 2-deoxyglucose and 5-thioglucose, a mechanism that is thought 
to indirectly regulate G6PT functions in ATP-mediated calcium sequestration. 
Conclusions : Collectively, we highlight a new G6PT function in glioma cells that 
could regulate the invasive phenotype of brain tumor cells and that can be targeted by 
the an ti cancer properties of CHL. 

Key words human glioma, cell mvaswn, chlorogenic acid, glucose-6-phosphate 
translocase 
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INTRODUCTION 

Dietary polyphenols have been widely assumed to be beneficiai to human 

health by exerting various biological effects such as free radical scavenging, metal 

chelation, modulation of enzymatic activity, and altering signal transduction 

pathways [1 -3]. Epidemiological studies have also highlighted the association 

between the consumption of polyphenol-rich food and beverages and the prevention 

of various human diseases [ 4, 5]. Among these polyphenols, the antitumor activities 

of flavonoids as weil as the inhibition of carcinogenesis by polyphenols has revealed 

properties beneficiai for the use of nutraceuticals in cancer therapy [ 6-8] . Among the 

sources of these anticancer polyphenols, modem phytochemical research shows that 

tea contains a large number of plant secondary metabolites owning different chemical 

structures such as amino acids, catechins, purine alkaloids, and chlorogenic acid, and 

where each group of compounds has their special biological properties [9] . While 

green tea catechins are now weil recognized for their chemopreventive effects [10, 

11 ], the impact of chlorogenic acid (CHL), which has been attributed possible cancer 

chemoprevention properties is not weil documented [12, 13]. 

Interestingly, CHL inhibition of matrix metalloproteinase (MMP)-9 secretion, 

which process is known to be involved in tumor cell invasion and metastasis, was 

recently reported [14], and this property adds up to CHL's antioxydant and anti­

inflammatory properties [15, 16]. The anti-cancerous molecular mechanisms 

transducing CHL effects are however not weil understood. CHL derivatives have 

mostly been known to selectively inhibit endoplasmic reticulum (ER) glucose-6-

phosphate (G6P) transport, and hence microsomal glucose-6-phosphatase (G6Pase) 

activity in isolated microsomes [ 17] as weil as in vivo [ 18, 19]. In intact ce Ils, the 

CHL derivative and G6PT inhibitor S3483 was found to inhibit G6P transport in 

microsomes isolated from polymorphonuclear neutrophils (PMN) and from 
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differentiated promyelocytic HL-60 cells [20]. Interestingly, PMN defects m 

glycogen storage disease (GSD) type 1 b patients, a clinical status where the G6PT 

gene or protein is defective [20, 21], include a reduction in several processes such as 

respiratory burst, chemotaxis, phagocytosis, and in calcium signaling [22-24]. 

Moreover, alterations of several other biochemical parameters - glucose 

phosphorylation, calcium mobilization, and hexose uptake and transport - have been 

described as the possible background of the G6PT functional defects [25-27]. Since 

cells such as PMN have no detectable G6Pase activity, G6PT must bear a different 

role than that exerted in the liver, for instance, where it is functionally coupled to the 

G6Pase enzyme. Moreover, G6PT functions have never been investigated in brain 

tumor-derived cells. It has been hypothesized that G6PT might have a sort of function 

as a G6P sensor [28] or that it could favor calcium sequestration in the ER lumen 

[29]. Such roles have not been yet proven and would not explain why other non 

hepatic cells expressing G6PT are apparentlyunaffected in GSD-lb. 

In the present work two topics have been addressed. Does a functional 

inhibition of G6PT regulate any brain tumor-derived cells tumorigenic properties 

such as MMP-mediated extracellular matrix (ECM) hydrolytic activity and cell 

migration ? If so, can a connection be found between the G6PT functions and 

intracellular signaling that regulates such invasive phenotype ? The inhibition of the 

microsomal G6PT functions was modeled by the addition of CHL, which is a highly 

specifie inhibitor of G6PT [30], while upregulation of G6PT was performed through 

eDNA transient transfection. The results demonstrate that G6PT may regulate brain 

tumor-derived invasive phenotype by controlling intracellular signaling that lead to 

cell migration. Moreover, we provide the first molecular rationale for the anticancer 

properties of CHL in the regulation of MMP secretion. 
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LIST OF ABBREVIATIONS USED 

The abbreviations used are : CHL, chlorogenic acid; 2-DG, 2-deoxy-d­

glucose; ECM, extracellular matrix; EGCg, epigallocatechin-(3)-gallate; ER, 

endoplasmic reticulum; ERK, extracellular signal-regulated protein kinases; G6P, 

glucose-6-phosphate; G6Pase, glucose-6-phosphatase; G6PT, G6P translocase; GSD, 

glycogen storage disease; MMP, matrix metalloproteinase; 5-TG, 5-thioglucose. 
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METHODS 

Materials : Agarose, (-)-epigallocatechin 3-gallate (EGCg), sodium 

dodecylsulfate (SDS), gelatin, and bovine serum albumin (BSA) were purchased 

from Sigma (Oakville, ON). The TriZOL reagent was from Life Technologies 

(Gaithersburg, MD). FUGENE-6 transfection reagent was from Roche Diagnostics 

Canada (Laval, QC). 

Cel/ culture and eDNA transfection method : The U-87, U-118, U-138 

glioma cell lines, the DAOY medulloblastoma cell line and the HEP-G2 hepatoma 

cell line were purchased from American Type Culture Collection and cultured in their 

respective media. Specifically, U-87 cells were maintained in Eagle's Minimum 

essential medium (MEM) containing 10% (v/v) fetal bovine serum (FBS) (HyClone 

Laboratories, Logan, UT), 2 mM glutamine, 100 units/ml penicillin, 100 11g/ml 

streptomycin, and were cultured at 37°C under a humidified atmosphere containing 

5% C02. The G6PT plasmid was a generous gift from Dr Christopher Newgard [35]. 

U-87 cells were transiently transfected with the eDNA construct using the non­

liposomal formulation FUGENE-6 transfection reagent. Transfection efficiency was 

confirmed by western blotting and zymography. All experiments involving these cells 

were performed 36 hrs following transfection. Mock transfections of U-87 cultures 

with pcDNA (3 .1 +) expression vector al one were used as controls. 

Total RNA isolation and reverse transcriptase-polymerase chain reaction 

(RT-PCR) analysis : Total RNA was extracted from monolayer cultured U-87 cells 

using the TriZOL reagent. One microgram of total RNA was used for first strand 

eDNA synthesis followed by specifie gene product amplification with the One-Step 

RT-PCR Kit (Invitrogen, Burlington, ON). Primers for G6Pase-a (forward 5'­

TTCAGCCACATCCACAGCATC-3' , reverse 5'-
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GGGGTTTCAAGGAGTCAAAGACG-3 '), for G6Pase-~ (forward 5'-

ACTCTTCCTGACTTCTTGTGTGCC-3 ' , reverse 5'-

TTGCCTTTGCTCTTTGGGGG-3 ') and for G6PT (forward 5'-

CAGGGCT ATGGCTATTATCGCAC-3 ' , reverse 5'-

ATGGCTCAAACCACTTCCGCAG-3') were ali derived from human sequences. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) eDNA amplification . was 

used as an internai house-keeping gene control. PCR conditions were optimized so 

that the gene products were found to be at the exponential phase of the amplification 

PCR products and were resolved on 1.5% agarose gels containing 1 f.lg/ml ethidium 

bromide. 

Immunoblotting procedures: Proteins from control and treated cells were 

separated by SDS-polyacrylamide gel electrophoresis (PAGE). After electrophoresis, 

proteins were electrotransferred to polyvinylidene difluoride membranes which were 

then blocked ovemight at 4°C with 5% non-fat dry milk in Tris-buffered saline (150 

mM Tris, 20 mM Tris- HCl, pH 7.5) containing 0.3 % Tween-20 (TBST). Membranes 

were further washed in TBST and incubated with the primary antibodies (111,000 

dilution) in TBST containing 3% bovine serum albumin, followed by a 1 hr 

incubation with horseradish peroxidase-conjugated anti-rabbit IgG (111 0,000 dilution) 

in TBST containing 5% non-fat dry milk. Immunoreactive material was visualized by 

enhanced chemiluminescence (Arnersham Biosciences, Baie d'Urfée, QC). 

Cel/ migration assay : Cells were dislodged after brief trypsinization, washed 

extensively and resuspended in DMEM at a concentration of 106 cells/ml [ Annabi et 

al. , 2004] . Cells (7x 1 05
) were th en dispersed onto 1 mg/ml gelatin/PBS-coated 

chemotaxis filters (Costar; 8-1-1m pore size) within Boyden chamber inserts. Migration 

proceeded for 3 h at 37°C in 5% C0 2. Cells that had migrated to the lower surface of 

the fi lters were fixed with 10% formalin phosphate, colored with 0.1% crystal 
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violet/20% MeOH and counted by microscopie examination. The average number of 

migrating cells per field was assessed by counting at least four random fields per 

filter using the Northem Eclipse software. Data points indicate the mean obtained 

from three separate chambers within one representative experiment. 

Statistical data analysis : Data are representative of three or more 

independent experiments. Statistical significance was assessed using Student's 

unpaired t-test. Probability values of less than 0.05 were considered significant, and 

an asterisk (*) identifies such significance in each figure. 
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RESULTS 

U-87 glioma cells express the highest G6PT transcript levels among brain 

tumor-derived cell /ines. Gene expression levels of the microsomal glucose-6-

phosphate transporter (G6PT), as well as of the two glucose-6-phosphatase a and ~ 

isoforms were first assessed. Total RNA was extracted from HEP-G2 hepatoma and 

U-87 glioma cells, then RT-PCR performed as described in the Methods section. As 

expected for a cell line derived from a neoglycogenic tissue, we show that HEP-G2 

express all three components of the G6Pase system with G6Pase-~ being the 

predominant gene expressed (Fig.1a). RT-PCR was also performed on RNA extracted 

from U-87 glioma cells. In contrast to HEP-G2, only G6PT and G6Pase-~ transcripts 

were shown to be significantly expressed with very low to undetectable G6Pase-a 

present (Fig.1 a). This is in agreement with previous reports demonstrating the lack of 

G6Pase-a expression in brain-derived cells [31]. We also monitored the levels of 

G6PT in a medulloblastoma pediatrie brain tumor cell line (DAOY), as well as in 

other U-118 and U-138 glioma celllines. Interestingly, among the adult brain tumor­

derived celllines, U-87 glioma cells were the one that expressed the highest leve! of 

G6PT (Fig.1 b ), while DAOY cells expressed very low to undetectable G6PT 

transcript. This suggests that G6PT expression in brain tumor cells may be regulated 

throughout development. 

The G6PT inhibitor ch/orogenie acid reduces proMMP-2 secretion in U-87 

glioma cells. We next assessed the potential functions that G6PT may regulate in the 

invasive phenotype of U-87 glioma cells. Based on the assumption that CHL was 

efficiently able to penetrate inside the cells [32], U-87 glioma cells were treated with 

increasing concentrations of CHL and the secretion of matrix metalloproteinase 

(MMP)-2 monitored by zymography. We show that CHL significantly inhibited the 

latent proMMP-2 secretion (Fig.2a), and that another tea-derived compound 
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epigallocatechin gallate (EGCg) was as efficient (Fig.2a and b ). Since EGCg was also 

reported to inhibit the functions of a membrane type (MT)l-MMP in activating the 

latent proMMP-2 in glioblastoma cells [33], we further assessed the possible effect of 

CHL on MTl-MMP-mediated proMMP-2 activation. Cells were incubated with an 

exogenous source of proMMP-2 and treated or not with concanavalin-A in order to 

trigger proMMP-2 activation [34]. We show that EGCg indeed inhibited MTl-MMP­

mediated activation of proMMP-2 while CHL could not (Fig.2c ). 

Ch/orogenie aeid ùthibits G6PT-mediated U-87 glioma cel/s migration. 

G6PT function in U-87 glioma cells migration was next assessed. Cells were 

transfected or not (Mock) with the G6PT eDNA [35] and basal cell migration 

performed on gelatin-coated filters using modified Boyden chambers as described in 

the Methods section. The transfection of the G6PT eDNA was shown to specifically 

increase G6PT transcript levels, while those of the G6Pase-~ remained unaffected 

(Fig.3a). Interestingly, the sole effect of G6PT overexpression increased the basal 

migration of U-87 glioma cells (Fig.3b, white bars), while CHL inhibited both basal 

and G6PT-induced cell migration (Fig.3b, black bars). This suggests that G6PT 

functions may in part regulate U-87 glioma cells invasive phenotype. 

Ch/orogenie acid inhibits sphingosine-1-phosphate-indueed U-87 glioma 

cel/s migration. Sphingosine-1-phosphate (S lP) is a bioactive lipid which is present 

at high levels in brain tissue [36] and which is a potent mitogen for glioblastoma 

multiforme cells [3 7]. More recently, S lP was shown to also potently enhance the in 

vitro motility of glioblastoma cells [38]. We thus assessed whether CHL could 

interfere with U-87 basal and S lP-induced cell migration, and if it could antagonize 

the G6PT -mediated regulation of cell migration. Control (Mock) or G6PT -transfected 

U-87 glioma cells were harvested and seeded on top of gelatin-coated filters as 

described in the Methods section. Cell migration was then left to proceed in the 
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presence of either S1P, CHL, or a combination of both. Representative pictures of 

stained cells that had migrated through the filters are shown (Fig.4a) . We observe that 

S 1P induced basal cell migration by 2.6-fold, and that CHL was able to inhibit both 

the basal and S 1P-induced cell migration (Fig.4b, Mock). When cells were transiently 

transfected with the G6PT eDNA, basal cell migration increased by approximately 2-

fold in accordance with Fig.3b. Interestingly, the effect of S 1P was additive to that of 

the overexpression of G6PT, where CHL was also efficiently able to antagonize that 

migration that was induced either by G6PT overexpression or by S 1P in G6PT­

transfected cells (Fig.4b, G6PT). These results suggest that G6PT potentially 

regulates crucial intracellular signaling that triggers basal and S 1P-mediated cell 

migration, and that the functional inhibition of these events by CHL could potentially 

explain sorne ofits chemopreventive effects at the molecular level. 

Ch/orogenie acid inhibits sphingosine-1-phosphate-induced ERK 

phosphorylation in U-87 glioma cells. S 1P is thought to trigger intracellular 

signalling, in part, through the MAPK pathway and the release of intracellular 

calcium pools [37, 39, 40]. We thus monitored the extent of ERK phosphorylation 

that is triggered by S 1P in U-87 glioma cells and whether CHL could interfere with 

that process. We show that S 1P indeed triggered a rapid phosphorylation of ERK 

within the first 15 seconds of incubation (Fig.5 , left panel) . Interestingly, pre­

incubation of the cells with 100 f.!M CHL for 30 minutes prevented that rapid 

phosphorylation of ERK and even delayed it at time 60 seconds (Fig.S, right panel). 

The inhibitory effect of CHL on S 1P-induced ERK phosphorylation potentially 

suggests that intracellular inhibition of microsomal G6PT functions may antagonize 

crucial events taking place in the ER. 

Intracellular ATP-depleting agents inhibit proMMP-2 secretion and 

antagonize SJP-induced ERK phosphorylation in U-87 glioma cells. Besides its 
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classical role in recognizing and translocating G6P from the cytoplasm to the lumen 

of the ER, G6PT has been attributed a potential role in regulating calcium flux 

responses [ 41, 42]. Such role in regulating intracellular calcium pools was indeed 

elegantly demonstrated in neutrophils isolated from G6PT -deficient mi ce [ 43] . 

Interestingly, a functional link has been proposed between G6P and calcium where 

cytoplasmic G6P is thought to enhance ATP-dependent sequestration of calcium in 

the ER [29] . In light of this, we sought to investigate the effects of ATP-depleting 

agents and synthetic analogs of glucose 5-thioglucose (5-TG) and 2-deoxy-d-glucose 

(2-DG) on proMMP-2 secretion and SlP-induced ERK phosphorylation. U-87 glioma 

cells were serum-starved and treated with increasing concentrations of 2-DG and 5-

TG. Conditioned media was isolated and assessed for the hydrolytic activity levels of 

secreted proMMP-2. We show that proMMP-2 secretion was significantly decreased 

in both 2-DG- and 5-TG-treated cells (Fig.6a). Ralf-maximal inhibition constants 

(IC50) were calculated and represent 2 !-lM and 19 !-lM respectively for 2-DG and 5-

TG (Fig.6b ). S lP-induced ERK phosphorylation was also monitored in 2-DG- and 5-

TG pre-treated cells where both ATP-depleting agents were able to inhibit S lP­

induced ERK phosphorylation (Fig.6c). Although indirect, the sum of these data 

suggests that wh ether functional G6P uptake inhibition by CHL or A TP depletion 

with 2-DG/5-TG are used, the inhibition of microsomal G6PT functions - ER G6P 

uptake, ATP-dependent calcium sequestration - leads to decreased proMMP-2 

secretion and potential decrease in calcium-mediated intracellular signalization. 
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DISCUSSION 

Because of their infiltrating character, malignant cerebral gliomas are the most 

common and aggressive primary tumors of the adult central nervous system. The 

prognosis of patients suffering from malignant cerebral gliomas has so far remained 

dismal despite many advances in surgery, radiation therapy, chemotherapy and 

understanding of the mol eculai:" players involved in their invasive phenotype [ 44, 45] . 

In the present work, we provide evidence for a potential and original role of G6PT in 

brain tumor-derived cells signalization and in tumor progression. Indeed, we show 

that these major molecular features characterizing high-grade radioresistant gliomas 

can be targeted by CHL, the most potent functional inhibitor of G6PT, and to 

potentially indirectly modulate G6PT functions such as in G6P recognition/uptake 

within the ER and in ATP-dependent calcium sequestration. Among tea constituents, 

CHL has been recently attributed chemopreventive properties [12-14] . Interestingly, 

we showed that EGCg, a green tea-derived polyphenol with potential similar 

anticancerous properties to those we describe for CHL, can also efficiently target 

brain tumors invasive phenotype by inhibiting RhoAJRok-mediated intracellular cell 

signaling [46] . Moreover, in light of the recent studies which have shown that EGCg 

could serve as an IR enhancer on cancer celllines [47], we have further shown that 

EGCg pretreatment of glioma cells prior to IR could reverse the cytoprotective effect 

of the prosurvival pro teins such as Survivin [ 48]. The potential functional inhibition 

ofG6PT by either CHL or by ATP-depleting agents 2-DG/5-TG could thus provide a 

molecular rational as to the role that G6PT plays in intracellular signalling regulating 

the glioma cells invasive phenotype. 

Poorly differentiated and rapidly growmg malignant tumors are generally 

characterized by higher rates of glucose usage and glycolysis as compared to 
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corresponding normal tissues [ 49]. These fundamental differences in the glucose 

metabolism of transformed and normal cells form however the basis of noninvasive 

detection and grading of tumors by positron emission tomography (PET) using tracer 

nanomolar doses of [18F]-2-fluoro-deoxyglucose ([ 18F]FDG), a nonmetabolizable 

analog of glucose that enters the cell by the same membrane transport mechanism as 

glucose does. Measurements of glucose uptake in · human tumors by FDG-PET 

suggest that glucose uptake may directly correlate with the degree of malignancy and 

treatment resistance/poor prognosis [50] . The precise molecular mechanisms 

underlying such correlations remain yet to be elucidated. Interestingly, the use of 

[ 
18F]FDG was also demonstrated in the monitoring of adenovirus-mediated GSD-1 a 

correction [51]. Therefore, similarly to the non-metabolizable glucose analogue 2-

DG, one can expect pharmacological doses of FDG to block glycolysis, and to cause 

depletion of ATP as well as of glucose derivatives required for protein glycosylation. 

It was documented that cell killing of neoplastic cells caused by cytostatic drugs is 

associated with a decreased ATP content and FDG uptake. This indicates that FDG 

uptake was closely linked with A TP production, and that not only A TP but also FDG 

may be used to study drug effects in vitro [52]. 

In fact, one important implication of our study is the impact of targeting G6PT 

functions in radiotherapeutic modalities. The failure of radiotherapy in cerebral 

gliomas is primarily due to the diffusely infiltrating nature of the tumor and the 

presence of hypoxic, repair-proficient and intrinsically radioresistant subpopulation of 

cells. Since we show that the chemopreventive properties of both IR-cell sensitizing 

agent EGCg [ 48] and of CHL molecules [this study] are similarly and efficiently able 

to inhibit cell migration and MMP-secretion of glioblastoma cells, it becomes 

tempting to suggest that CHL may also be used in synergy with radiotherapeutic 

modalities . Interestingly, enhanced glucose usage in vitro [53] as well an in vivo , 

correlating with the degree of malignancy and poor prognosis, has been demonstrated 

in glioma tumors [54, 55]. Moreover, in vitro studies in established glioma cell lines 
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showed that the presence of 2-DG for a few hours after irradiation could increase 

radiation damage significantly and the radiosensitization was higher under conditions 

of reduced respiratory metabolism [56]. Finally, 2-DG is known to inhibit glycolytic 

energy (adenosine triphosphate [ATP]) production [57] and has been tested in 

multiple studies for possible application as an anticancer or antiviral therapeutic. 

Such observations provide another molecular rationale asto the effects of CHL, 2-DG 

and 5-TG that we report in the present study to inhibit G6PT functions, and that we 

have shawn to be significantly expressed in U-87 glioblastoma cells. 

In summary, we show that inhibiting G6PT functions by CHL or ATP­

depleting agents in brain-tumor-derived cells may result in decreased invasive 

phenotype. We suggest that new cellular processes such as response to growth factors 

and secretion of MMP may collectively be regulated through calcium fluxes in part 

through functions involving G6PT at the ER level. Moreover, because cancer cells 

frequently display high rates of aerobic glycolysis in comparison to their 

nontransformed counterparts, the recently published hypoglycemie impact of CHL 

[58], combined to the possible applications of 2-DG in anticancer therapies [59, 60] 

may provide further support that inhibiting G6PT functions in cancer cells could 

partly decrease brain tumor progression. 

----
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Figure 1. U-87 glioma cells express G6PT and G6Pase- ~ transcripts with the highest 
G6PT transcript levels among brain tumor-derived cell lines. Several brain tumor­
derived cell lines (glioma : U-87, U-118, U-138; medulloblastoma : DAOY) were 
cultured unti l cells reached approximately 90% confluency. Total RNA was extracted 
and RT-PCR performed in order to assess the gene expression levels of G6PT, 
G6Pase-cx, and G6Pase-~ as described in the methods section. HEP-G2 hepatoma 
cells were used as positive controls for the presence of ail three genes. GAPDH gene 
expression was used as an internai control for each cellline tested. 
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Figure 2. The G6PT inhibitor ch/orogenie acid reduces proMMP-2 secretion in U-87 
glioma cells. (A) U-87 glioma cells were serum-starved in the presence of increasing 
concentrations of CHL and of the green tea catechin EGCg for 18 hrs. Conditioned 
media was collected and proMMP-2 gelatinolytic activity assessed by zymography as 
described in the methods section. (B) The extent of proMMP-2 hydrolytic activity 
was quantified by scan densitometry and is representative of one out of three 
independent experiments. (C) The effect of CHL and EGCg on MTl-MMP functions 
was also monitored. U-87 cells were cultured in the presence of an exogenous source 
of proMMP-2 in the presence of concanavalin-A, a MTl-MMP-mediated inducer of 
proMMP-2 activation, and of EGCg or CHL. The extent ofproMMP-2 activation was 
assessed by gelatin zymography. 
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Figure 3. G6PT regulates U-87 glioma cells migration. U-87 glioma cells transfected 
with a eDNA plasmid encoding G6PT (refs) as described in the methods section. (A) 
Total RNA was extracted from Mock or G6PT-transfected cells (Tx) and RT-PCR 
performed respectively for G6PT and G6Pase-~ gene expression. (B) Basal cell 
migration was assessed in Mock and G6PT-transfected U-87 cells as described in the 
methods section in the presence or not of 100 !lM CHL. 
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Figure 4. Ch/orogenie acid inhibits sphingosine-1-phosphate-induced U-87 glioma 
cells migration. (A) Control (Mock) or G6PT-transfected U-87 glioma cells were 
seeded on gelatin-coated filters and cell migration assessed in the presence or not of 
100 f.!M CHL, 1 f.!M SlP, or a combination of both. (B) Quantification was 
performed as described in the methods section and is representative of one out of 
three independent experiments. 
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Figure 5 . Chlorogenic acid inhibits sphingosine-1-phosphate-induced ERK 
phosphorylation in U-87 glioma cells. Serum-starved U-87 glioma cells were pre­
treated with for 30 minutes with 100 f.!M CHL. One f.!M SlP was then added to the 
media and incubation performed for 15, 30, and 60 seconds. Cells were then rapidly 
harvested and lysates prepared as described in the Methods section. The extent of 
ERK phosphorylation was monitored by immunoblotting using antibodies against p­
ERK and total ERK. 



A. 

B. 

Fig.6 

2-deoxyglucose 

0 3 10 30 100 (!J.M) 

---- -- +-- proMMP-2 
~ A ~ ~ -

5-thioglucose 

0 1 3 1 0 30 (!J.M) ___ _. __ 
+-- proMMP-2 

1 - ~~~ --~---- _ _._,_....__~-~ - " 

Ctrl 
+ 

2-DG 
+ 

5-TG 
+ S1P 

1----- - - 1 pERK 

1.....; .--.-=- - _;,1 ERK 

63 

Figure 6 . Intracellular ATP-depleting agents inhibit proMMP-2 secretion and 
antagonize SI P-induced ERK phosphorylation in U-87 glioma cells. (A) Serum­
starved U-87 glioma cells were treated for 18 hrs with increasing concentrations of 2-
deoxyglucose and 5-thioglucose, two well established ATP-depleting agents. 
Conditioned media were collected and the hydrolytic activity of proMMP-2 assessed 
using gelatin-zymography as described in the Methods section. (B) The extent of 
proMMP-2 hydrolytic activity was quantified by scan densitometry and is 
representative of one out of three independent experiments. (C) Serum-starved U-87 
glioma cells were pre-treated with for 30 minutes with 100 !J.M 2-deoxyglucose (2-
DG) or 30 !J.M 5-thiog1ucose (5 -TG). One !J.M S1P was then added to the media for 
15 seconds. Cells were then rapidly harvested and 1ysates prepared as described in the 
Methods section. 
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Silencing of the human microsomal glucose-6-phosphate translocase 
induces glioma cell death : Potential new anticancer target for 

curcumin 

Anissa Belkaid 1, lan B. Copeland 1, Duna Massillon2 and Borhane Annabi 1 * 

'Laboratoire d'Oncologie Moléculaire, Département de Chimie, Centre BIOMED, 
Université du Québec à Montréal, Quebec, Canada, and the Department of Nutrition, 
Case Western Reserve University School of Medicine, Cleveland, Ohio 44106, USA 

Inhibition of the microsomal glucose-6-phosphate translocase (G6PT) by chlorogenic 
acid induces apoptosis in neutrophils and in differentiated HL-60 leukemia cells, 
suggesting an important role for G6PT in cell survival. In addition, G6PT is also 
thought to play a crucial role in transducing intracellular signaling events regulating 
brain tumor-derived cancer cells invasiveness. In this report, we investigated the 
specifie contribution of G6PT to the control of U-87 brain tumor-derived glioma cell 
survival using small interfering RNA (siRNA)-mediated suppression of G6PT. Three 
different siRNA constructs were generated against the human G6PT gene and found 
to suppress by up to 91% G6PT gene expression, while the glucose-6-phosphatase-~ 
gene expression remained unaffected. Flow cytometry analysis of propidium 
iodide/annexin-V -stained cells indicate that silencing the G6PT gene significantly 
induced necrosis and late apoptosis. Increasing concentrations of the an ti cancer agent 
curcumin, inhibited G6PT gene expression by more than 90% and higgered U-87 
glioma cells death. Overexpression of recombinant G6PT rescued the cells from 
curcumin-induced cell death. In conclusion, our data suggest that G6PT plays a key 
role in regulating glioma cells survival. Targeting G6PT expression and functions 
may provide a new mechanistic rationale for the action of chemopreventive drugs and 
lead to the development of new anti-cancer strategies. 

* To whom correspondence and reprint requests should be directed 

Running title : Pro-survival functions of the micros omal G6P translocase 
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INTRODUCTION 

The incidence of malignant brain tumors is increasing in both children and in 

adults, and this type of cancer is often unmanageable due to its diffuse infiltrating 

nature.1' 
2 Although the prognosis is very grim, the standard therapies for malignant 

gliomas i.e. surgical resection and radiation only retard glioma growth for a short 

period and, paradoxically, can facilitate recurrence in the long run.3 Renee, new 

approaches are needed to target the very infiltrating nature of that cancer, prevent 

recurrence and provide long-term management of malignant brain tumors. Lately, 

many dietary polyphenols have been shown to have anti-cancer properties due to their 

chemopreventive and anti-tumor activities.4' 
5 Among these, we have recently 

demonstrated that both the green tea polyphenol epigallocatechin-3-gallate (EGCg),6
' 

7 as well as another polyphenol chlorogenic acid (CHA),8 efficiently inhibited several 

glioblastoma cell invasive processes. Interestingly, glucose-lowering properties have 

also been attributed to both of these molecules, which also make them valuable anti­

diabetic agents.9
' 

10 Both the modulation of blood glucose levels and the 

chemopreventive ability of EGCg and CHA could be potentially linked to a common 

intracellular target, the microsomal glucose-6-phosphatase (G6Pase) system.11
' 

12 

The G6Pase system catalyses the hydrolysis of glucose-6-phosphate (G6P) to 

glucose and phosphate as a final step in both glucose-producing pathways in the liver: 

gluconeogenesis and glycogenolysis .13 G6Pase is a multicomponent enzyme, 

consisting of three integral proteins which are located in the endoplasmic reticulum 

(ER) : (i) a catalytic unit facing the lumen of the ER, (ii) a G6P translocase (G6PT), 

and (iii) a second translocase that mediates efflux of phosphate. While the rate­

limiting step of that process is thought to be catalyzed by G6PT, its functionality in 

non-neoglucogenic tissues such as brain remains poorly characterized.14 Recent 
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evidence, however, suggest that CHA, the most potent functional inhibitor of G6PT, 

triggers a host of cellular events including apoptosis in neutrophils and differentiated 

promyelocytic HL-60 cells, 15 and inhibition of matrix metalloproteinase (MMP) 

secretion in the human Hep3B hepatocellular carcinoma cellline.16 CHA also inhibits 

glioma cell migration, response to chemotactic growth factors, and secretion of 

MMP,
8 

all prerequisite processes needed for tumor growth and metastasis to occur. 

Whether G6PT is involved in the survival of brain tumor-derived cancer cells ts 

currently unknown. 

Aside from regulating the rate limiting step of G6P transport through the ER 

membrane, the specifie, functional inhibition of G6PT by CHA becomes more 

relevant when one considers G6PT's putative role in regulating calcium-mediated 

signalling. 17 It has been hypothesized that G6PT might function as a G6P 

receptor/sensor18 or that it could favor calcium sequestration in the ER lumen.17 Such 

G6PT-mediated ER functions may collectively be responsible for crucial survival 

processes such as cell proliferation, cell cycle division, extracellular matrix 

degradation, and response to growth factors during brain tumor development. 19 

Accordingly, alterations in severa! biochemical parameters - glucose phosphorylation, 

calcium mobilization, and hexose uptake and transport -have already beeri described 

as possible mechanisms through which the G6PT functional defects may be 

involved. 20
-
22 

Enhanced glucose usage in vitro, as well an in vivo, is correlated with the 

degree of malignancy and with poor prognosis for patients with glioma tumors. 23
' 

24 

Interference with G6PT functions may thus be an attractive therapeutic approach to 

control glioma cell growth, as selective inhibition of G6PT could represent an ideal 

approach for metabolic regulation of brain tumor cells. Interestingly, glioma cell 

proliferation and survival have recently been shown to be affected by curcumin 
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(diferuloyl-methane), the yellow pigment found in the spice turmeric.25
• 

26 Because 

curcumin regulates key enzymes involved in carbohydrate metabolism27
' 

28 and has 

chemopreventive properties,29
' 

30 we investigated the effects of curcumin on G6PT 

gene expression and on U-87 glioma cells survival. 

Key words : Glioma, glucose-6-phosphate translocase, curcumin, cell death 

The abbreviations used are : ATP, adenosine triphosphate; CHA, chlorogenic acid; 2-

DG, 2-deoxy-D-glucose; ECM, extracellular matrix; ER, endoplasmic reticulum; 

G6P, glucose-6-phosphate; G6Pase, glucose-6-phosphatase;· G6PT, G6P translocase; 

GSD, glycogen storage disease; MMP, matrix metalloproteinase; PI, propidium 

iodide; siRNA, small interfering ribonucleic acid 
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MATERIALS AND METHODS 

Cel! culture and eDNA transfection method: The U-87 glioma cell line was 

purchased from American Type Culture Collection and cultured in Eagle's Minimum 

essential medium (MEM) containing 10% (v/v) fetal bovine serum (FBS) (HyClone 

Laboratories, Logan, UT), 2 mM glutamine, 100 units/ml penicillin and 100 11g/ml 

streptomycin, at 37°C under a humidified atmosphere containing 5% C02 . The G6PT 

plasmid was generously provided by Dr Christopher Newgard (University of Texas 

Southwestem Medical Center, Dallas, TX) and validated. 34 U-87 glioma cells were 

transiently transfected with the eDNA construct using Lipofectamine 2000 

(Invitrogen, Burlington, ON). Transfection efficiency was confirmed by RT -PCR as 

described below. All experiments involving these cells were performed 36 hrs 

following transfection. Mock transfections of U-87 cultures with pcDNA (3 .1 +) 

expression vector alone were used as controls. 

RNA interference : RNA interference experiments were performed usmg 

Lipofectamine 2000. Three small interfering RNA (siRNA) oligonucleotides for 

human G6PT (gene ID : NM_001467) and mismatch siRNA were synthesized by 

EZBiolab Inc. (Westfield, IN), and annealed to form duplexes. The sequences of the 

three siRNA used In this study are as follows siG6PT #1 5'-

GCACUACAGUUGGAGCACAdTdT -3' (sense) and 5'-

UGUGCUCCAACUGUAGUGCdTdT -3' ( antisense ), siG6PT #2 5'-

CUGUGAUCUUCUCAGCCAUdTdT -3' (sense) and 5'-

AUGGCUGAGAAGAUCACAGdTdT -3' (antisense); siG6PT #3 5'-

CGAAACAUCCGCACCAAGAdTdT -3' (sense) and 5'-

UCUUGGUGCGGAUGUUUCGdTdT -3 ' ( antisense ). 
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Total RNA isolation and reverse transcriptase-polymerase chain reaction 

(RT-PCR) analysis : Total RNA was extracted from cultured monolayers of U-87 

cells using TRizol reagent (Life Technologies, Gaithersburg, MD). One microgram of 

total RNA was used for first strand eDNA synthesis followed by specifie gene 

product amplification with the One-Step RT-PCR kit (Invitrogen). Primers for 

G6Pase-a (forward : 5' -TTCAGCCACATCCACAGCATC-3', reverse 5' -

GGGGTTTCAAGGAGTCAAAGACG-3'), for G6Pase-~ (forward 5'-

ACTCTTCCTGACTTCTTGTGTGCC-3 ', reverse 5'-

TTGCCTTTGCTCTTTGGGGG-3 ') and for G6PT (forward 5'-

CAGGGCT ATGGCT ATT ATCGCAC-3 ', reverse 5'-

ATGGCTCAAACCACTTCCGCAG-3') were all derived from human sequences. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) eDNA amplification was 

used as an internai house-keeping gene control. PCR conditions were optimized so 

that the gene products were examined at the exponential phase of their amplification8 

and the products were resolved on 1.5% agarose gels containing 1 )lg/ml ethidium 

bromide. 

Analysis of cel! death by flow cytometry: Cell death was assessed by flow 

cytometry in cells treated with curcumin (Sigma, Oakville, ON), as well as in 

untransfected (mock) cells or cells transfected with the G6PT eDNA or with siG6PT 

#3 oligonucleotides. Adherent and floating cells were harvested by trypsin digestion 

and gathered to produce a single cell suspension. The cells were pelleted by 

centrifugation and washed with phosphate-buffered saline (PBS). Then, 2x 105 cells 

were pelleted and suspended in 200 )lL of buffer solution and stained with annexin­

V-fluorescein isothiocyanate and propidium iodide (PI) according to the 

manufacturer's protocol (BD Biosciences, Mississauga, ON). The cells were diluted 

by adding 300 )lL of buffer solution and processed for data acquisition and analysis 
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on a Becton Dickinson F ACS Calibur flow cytometer using CellQuest Pro software. 

The X- and Y-axes indicate the fluorescence of annexin-V and PI respectively. It was 

possible to detect and quantitatively compare the percentages of gated populations in 

all of the four regions delineated. In the earl y stages of apoptosis, phosphatidylserine 

is well known to translocate to the outer surface of the plasma membrane, which still 

remains physically intact. As annexin-V binds to phosphatidylserine but not to PI, 

and the dye is incapable of passing the plasma membrane, it is excluded in early 

apoptosis (annexin-V+/Pr). Cells in late apoptosis are stained with annexin-V and PI 

( annexin-y + /PY). Necrotic cells have lost the integrity of the ir plasma membrane and 

are predominantly stained with PI (annexin-V/ PY). 

Statistical data analysis : Data are representative of three or more independent 

experiments. Statistical significance was assessed using nonparametric one-way 

ANOV A with GraphPad Prism Version 4.0. Probability values of less than 0.05 were 

considered significant, and an asterisk (*) identifies such significance in each figure. 
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RESULTS 

Specifie G6PT gene silencing in U-87 glioma cells. We first assessed 

microsomal G6PT gene expression, as well as the expression of the two glucose-6-

phosphatase (G6Pase) isoforms ex and ~ - Total RNA was extracted from HepG2 

hepatoma and U-87 glioma cells, and then RT-PCR was performed. As it would be 

expected for a cellline derived from a neoglucogenic tissue, HepG2 cells expressed 

all three components of the G6Pase system, with a higher expression of G6Pase-~ 

(Fig.1A). In contrast to HepG2, only G6PT and G6Pase-~ transcripts were 

significantly expressed in U-87 glioma cells, with very low to undetectable levels of 

G6Pase-cx (Fig. lA). This is in agreement with previous reports demonstrating a Jack 

of G6Pase-cx expression in brain-derived cells. 14 Because previous evidence 

demonstrated that functional inhibition ofthe microsomal G6PT with CHA abrogated 

the cell migration and the chemotactic response ofU-87 cells to growth factors,8 we 

have generated siRNA constructs designed to specifically dowmegulate G6PT gene 

expression in U-87 glioma cells. Three siRNA constructs were designed and cell 

transfection performed as described in the Methods section. RT-PCR analysis showed 

that G6PT transcription was specifically downregulated by all three constructs, since 

G6Pase-~ gene expression remained unaffected by neither of them (Fig.lB). siG6PT 

constructs #1, #2, and #3 inhibited G6PT gene expression by 32%, 55% and 91% 

respectively (Fig.1 C). Although treatment with a combination of the respective 

constructs was not tested, subsequent experiments were performed using siG6PT 

construct #3. 

G6PT gene silencing triggers U-87 glioma cel! death. To investigate the 

specifie contribution of G6PT to cell survival processes, we used siG6PT construct #3 

to dowmegulate G6PT gene expression. siG6PT construct #3 specifically silenced the 
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G6PT gene and not that of G6Pase-~ and MTl-MMP, a membrane-bound matrix 

metalloproteinase that we have previously shown to regulate, in part, the invasiveness 

of U-87 glioma cells7
' 

31 (Fig.2A). We next assessed cell survival using flow 

cytometry with propidium iodide and annexin-V staining. Our results show that, in 

siG6PT -transfected cells, there was an increase in overall cell death as demonstrated 

by a significant shift in fluorescence in cells that stained positive for necrosis (Fig.2B, 

upper left quadrant) as well as in late phase of apoptosis (Fig.2B, upper right 

quadrant). Quantification of these data shows that G6PT gene dowmegulation 

triggered a 1.5-fold increase in cell necrosis and a 2.4-fold increase in cells 

undergoing the late stage of apoptosis (Fig.2C). Altogether, these results suggest that 

G6PT is an important pro-survival protein and that any alteration in its expression 

could be deleterious to the cell. 

The anticancer molecule curcumin inhibits G6PT gene expression in U-87 

glioma cells. Since curcumin (diferuloyl-methane) has recently been attributed 

chemopreventive properties,29
' 

30 and appears to affect glioma cells proliferation and 

survival,25
' 

26 we investigated the effects of curcumin on G6PT gene expression in U-

87 glioma cells. Cells were treated with increasing concentrations of curcumin then, 

total RNA was isolated to assess G6PT and G6Pase-~ gene expression using RT-PCR 

(Fig.3A). While G6Pase-~ and actin gene expression levels were not altered, 35 f.!M 

curcumin dowmegulated G6PT transcript levels by more than 90% (Fig.3B). These 

effects of curcumin suggest that, among the many intracellular proteins that it 

regulates, G6PT may represent a crucial target that would affect U-87 glioma cell 

survival. 

The overexpression of recombinant G6PT rescues U-87 glioma cells from 

curcumin-induced cel! death. W e next addressed wh ether G6PT possesses any pro­

survival functions in U-87 glioma cells . Untransfected (mock) cells or cells 
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transfected with an expression vector for G6PT s, 32 were exposed to increasing 

concentrations of curcumin and cell death was evaluated by flow cytometry as in 

Fig.2. Overexpression of recombinant G6PT had no effect on cell survival in 

untreated cells (Fig.4A). However, curcumin dose-dependently triggered an increase 

in cell death (combined necrosis, early and late apoptosis) that reached an optimal 

effect at 25 f..LM (Fig.4B, white bars), and concomitantly reduced cell viability in 

untransfected mock cells (Fig.4B, white bars). When transient transfection of G6PT 

eDNA was perforrned, the newly expressed G6PT prevented cells from undergoing 

apoptosis (Fig.4A). Fig.4B shows that when G6PT was overexpressed by transient 

transfection, 40-55% of cells treated with 25-35 f..LM of curcumin were rescued from 

entering apoptosis. Altogether, these data strongly suggest that G6PT regulates 

crucial pro-survival processes in U-87 glioma cells. Our results also suggest that 

targeting G6PT function or gene/protein expression may permit the development of 

new anticancer strategies. 



75 

DISCUSSION 

Glucose is absolutely essential for the survival and function of the brain since, 

in this tissue, there is no endogenous glucose production. Glucose availability is 

exclusively dependent upon blood supply which is generated in the post-prandial state 

by the hydrolysis of G6P through the hepatic and renal G6Pase system. Recently, a 

ubiquitous G6Pase-~ was reported in astrocytes which represent the main reservoir of 

brain glycogen. 14 Interestingly, the expression and coupling of the G6Pase- ~ and 

G6PT activities enabled the formation of an active G6Pase complex, suggesting that 

astrocytes may provide an endogenous source of brain glucose. 14
' 

33 However, the 

physiological significance of this finding is uncertain since brain G6Pase-~ has only 

about 12% of hepatic G6Pase-a activity. Moreover, when co-expressed with 

recombinant G6PT, the G6Pase~ -G6PT complex showed only ~25% of the maximal 

G6P accumulation activity of the liver complex.33 Thus, the physiological roles of the 

native G6Pase-~ remain to be confirmed as initial reports ascribed very low to no 

activity for this protein.34 Our current study thus supports the possibility of altemate 

functions for the ubiquitously expressed G6PT in non-neoglucogenic tissues, and 

these functions seem to be independent from the classical G6Pase system. Our 

findings further provide a molecular mechanism accounting for the pro-survival 

effects of G6PT in brain tumor-derived cancer cells, since we show that a decrease in 

G6PT expression dramatically affected cell viability. 

The involvement of G6PT in brain tumor-derived cell survival processes 

could be of major physiological significance. Consequently, specifie interference with 

G6PT functions s, 15 or expression [this study] could be an attractive target for 

therapeutic control of glioma cell growth, since selective inhibition of G6PT may 

provide an ideal approach for the metabolic regulation of brain tumor cells. Several 
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inhibitors of G6PT have been already reported, including diazobenzene sulfonate,35 

phlorizin,36 tosyllysine chloromethyl ketone, diethyl pyrocarbonate,37 sorne stilbene 

disulfonate derivatives,38 and fatty acyl-CoA esters.39 In addition, complex natural 

products such as ilicicolinic acid B, hericenal C, mumbaistatin, kodaistatins,40 and 

derivatives of CHA11 may have potential G6PT inhibitory activity. Aside from CHA, 

few of these documented G6PT inhibitors have been systematically tested for their 

anti-cancer properties. Although more human studies are needed to provide clear 

evidence between cancer risk and polyphenol consumption, in vitro studies however, 

strongly suggest that dietary polyphenols preferentially induce tumor cell cycle arrest 

or apoptosis.5 Our study provides more molecular-level explanation to the 

chemopreventive properties of curcumin25
' 

26 by targeting the pro-survival functions 

of G6PT in U-87 glioma cells. 

Several approaches have been used to differentially modulate glucose flux and 

energy supply in cancer cells; hypoxic cell sensitizers are also being investigated as 

potential anti-cancer agents. The glucose antimetabolite, 2-deoxy-D-glucose (2-DG), 

a competitive inhibitor of glucose transport and phosphorylation, has long been 

known to block glycolytic flux, therefore modulating the synthesis of adenosine 

triphosphate (ATP).41 We have recently shown that 2-DG and 5-thioglucose inhibit 

the secretion of MMP by U-87 glioma cells . These compounds also inhibit 

intracellular transduction in response to sphingosine-1-phosphate, 8 presumably, by a 

mechanism involving ATP-dependent calcium-sequestering activity of G6PT. Since 

the failure of radiotherapy in cerebral gliomas is primarily due to the diffuse 

infiltrating nature of the tumor, the abrupt changes in glycolytic energy demands of 

the brain tumor-derived cells may trigger growth atTest and/or cell death.42 Thus, an 

important implication of the current study is the potential therapeutic impact of 

targeting G6PT functions as part of a radiotherapeutic regimen. Therefore, it is 

tempting to speculate that strategies aiming at the inhibition of G6PT would be 

beneficiai in conjunction with radiotherapeutic modalities. In support to that 
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hypothesis, in vitro studies performed in established glioma cell lines show that 

exposure to 2-DG for a few hours after irradiation significantly increased radiation­

induced cellular damage,43 and that cancer radiotherapy was optimized in 2-DG dose 

escalation studies.44 

Deficiency in G6PT function has long been recognized to cause glycogen 

storage disease type 1 b (GSD-1 b ). 45
' 
46 Indeed, at least sixty-nine distinct mutations in 

the G6PT gene, which either greatly reduce or completely abolish G6PT function, 

have been identified in GSD-1 b patients.45
' 

47 These defects, when not rapidly 

identified, lead to premature death. Over the last few years though, other 

unrecognized functions of G6PT have been identified. For instance, 

polymorphonuclear leukocytes from GSD-1 b patients exhibit impaired mobility, 

chemotaxis, and Ca2
+ flux responses. 47 In addition, their respiratory burst, pentose 

phosphate shunt, glycolytic activity and phagocytotic activity are also diminished. 

Consequently, inhibition of G6PT functions in human neutrophils results in 

apoptosis, and this may explain the dysfunctional activity of neutrophils from GSD-

1 b patients.1 5 The se observations strongly support a crucial role for G6PT in keeping 

optimal cellular functions. While the role of G6PT in carbohydrate metabolism is well 

understood, its roles in altemate mechanisms such as in immune deficiency or in 

cancer are relatively unknown. In conclusion, our data suggest that G6PT plays a 

central role in regulating glioblastoma cell survival and invasiveness. Strategies 

aiming at the inhibition of G6PT functions with anticancer agents, such as the 

naturally occurring curcumin, may provide a new mechanistic rationale for the action 

of chemopreventive drugs and lead to the development of new an ti cancer strategies. 

Acknowledgments: B.A. holds a Canada Research Chair in Molecular Oncology from 

the Canadian Institutes of Health Research. 
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Figure 1. Specifie G6PT gene silencing in U-8 7 glioma cells. (A) Brain tumor­
derived U-87 glioma cells were cultured until they reached approximately 90% 
confluency. Total RNA was extracted and RT-PCR performed in order to generate 
the eDNA reflecting gene expression levels of G6PT (380 bp), G6Pase-a (360 bp) , 
and G6Pase-0 (236 bp) as described in the Methods section. HepG2 hepatoma cells 
were used as positive controls for the presence of all three genes. (B) Three siRNA 
constructs were generated to knock-down the human G6PT gene in U-87 glioma 
cells. Cells were either transfected with the siRNA constructs, mock-transfected 
(lipofectamine) or transfected with a scrambled negative control construct (Neg. Ctrl) 
as described in the Methods section. Total RNA was isolated 24 hrs post-transfection 
and the eDNA of G6PT or G6Pase-0 amplified as described in the Methods section. 
A representative ethidium bromide-stained agarose gel of the levels of the respective 
amplicons is shown. (C) Scanning densitometry of the eDNA products was 
performed on each gel and the average values ±SEM of four independent experiments 
is shown. 
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Figure 2. G6PT gene silencing triggers U-87 glioma cel! death. (A) SiRNA construct 
#3 was used to transfect U-87 glioma cells in arder to decrease G6PT gene 
expression. Total RNA was isolated and the gene expression of G6PT, G6Pase- ~, and 
MTl-MMP evaluated by RT-PCR as described in the Methods section. (B) Cell 
apoptosis/necrosis was evaluated by flow cytometry in cells that were stained with 
propidium iodide (FL2-H) and annexin-V (FL 1-H) as described in the Methods 
section. (C) A representative quantification is shawn for each of the quadrants in (B). 
The results are presented as followes : lower left quadrant, live cells from 
untransfected (mock) or cells transfected with the G6PT siRNA; upper left quadrant, 
cells undergoing necrosis; lower right quadrant, cells in the early phase of apoptosis; 
and upper right quadrant, cells in late phase of apoptosis. 
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Figure 3. The anti-cancer molecule curcumin inhibits G6PT gene expression in U-87 
glioma cel/s. U-87 glioma cells were serum-starved and treated with different 
concentrations of curcumin for 18 hrs. (A) Total RNA was isolated and G6PT, 
G6Pase-~, and actin mRNA levels were evaluated by RT-PCR as described in the 
Methods section. A representative ethidium bromide-stained agarose gel of the 
observed amplicons is shown. (B) Scanning densitometry was used to evaluate the 
extent of curcumin effect on G6PT (white bars) and G6Pase- ~ (black bars) gene 
expression. Values were normalized with reference to the values for ~-actin gene. 
The results represent the mean values ±SEM of three experiments. 
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Figure 4. The overexpression of recombinant G6PT rescues U-87 glioma cells from 
curcumin-induced cel! death. (A) Untransfected (mock) U-87 glioma cells or cells 
transfected with the G6PT expression vector were serum-starved and treated with 
different concentrations of curcumin for 18 hrs. To evaluate cell death, we used flow 
cytometry of propidium iodide and annexin-V -stairied cells as described in the 
Methods section. (B) Quantification was performed as in the legend to Fig.2. Cell 
viability values come from the lower, left quadrant, while cell death represents the 
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bars : G6PT -transfected cells. 
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Necrosis induction in glioblastoma cells reveals a new "bio-switch" 
function for the MT1-MMP/G6PT signalling axis in proMMP-2 

activation versus death cell decision 
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Abstract: Cytoskeleton disorganization is an early step in the activation process of 
matrix metalloproteinase-2 (MMP-2) by membrane type-1 (MT-1)-MMP, but is also 
associated to endoplasmic reticulum (ER) dysfunction and subsequent cell death. 
Given evidence that the ER-embedded glucose-6-phosphate transporter (G6PT) 
regulates glioblastoma cell survival and that MT1-MMP is a key enzyme in the 
cancer cells invasive phenotype, we explored the molecular link between G6PT and 
MT1-MMP. Cytoskeleton disrupting agents such as Concanavalin-A (ConA) and 
Cytochalasin-D triggered proMMP-2 activation and cell death in U87 glioma cells. 
ConA decreased G6PT gene expression, an event that was also observed in cells 
overexpressing the full-length recombinant MT1-MMP protein. Overexpression of a 
membrane-bound catalytically active but cytoplasmic domain-deleted MT1-MMP 
was unable to downregulate G6PT gene expression or to trigger necrosis . Gene 
silencing of MT1-MMP with siRNA prevented proMMP-2 activation and induced 
G6PT gene expression. ConA inhibited Akt phosphorylation, while overexpression of 
recombinant G6PT rescued the cells from ConA-induced proMMP-2 activation and 
increased Akt phosphorylation. Altogether, new functions ofMT1-MMP in cell death 
signalling may be linked to those of G6PT. Our study indicates a molecular signalling 
axis regulating the invasive phenotype of brain tumor cells and highlights a new "bio­
switch" function for G6PT in cell survival. 

l _____________________ __ 
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INTRODUCTION 

The endoplasmic reticulum (ER) is a membrane-bound organelle present in all 

eukaryotic cells. Recently, ER stress signaling has been linked to disease states 

involving insulin resistance, disordered lipid metabolism, and to hypoxia tolerance in 

tumor progression (1, 2). In addition, the ER is a multifunctional metabolic 

compartment that controls entry and release of calcium, sterol biosynthesis, apoptosis 

and the release of arachidonic acid (3, 4) . Despite its complex organization, the ER is 

a continuous membrane compartment whose architecture depends upon microtubule 

dynamics (5). The ER is primarily known as the site of synthesis and folding of 

secreted, membrane-bound, and sorne organelle-targeted proteins. Recent evidence 

suggests that the microtubulin cytoskeleton and the centrosomes (the microtubulin 

cytoskeleton-organizing centers) are essential for the trafficking and the 

intemalization of the membrane-bound matrix metalloproteinase MTl-MMP (6) , 

involved in brain tumor cell invasion, extracellular matrix (ECM) degradation and 

cell-ECM interaction (7) . Interestingly, altered expression, maturation and trafficking 

of MT1-MMP to the plasma membrane were observed in diabetic states (8, 9), a 

condition known to upregulate the expression of an ER-embedded protein, the 

glucose-6-phosphate transporter (G6PT) (10). G6PT expression was shown to be 

downregulated by MT1-MMP in bone marrow-derived stroma! cells, where it was 

suggested to provide a molecular link between proMMP-2 activation and chemotaxis 

processes in cell mobilization (11). 

Several factors are required for optimum protein folding, including ATP, Ca2
+ 

and an oxidizing environment which will allow disulphide-bond formation (12). As a 

consequence of requiring this specialized environment, the stresses which perturb 

cellular energy levels, redox state or Ca2
+ concentration can often result in the 

intracellular accumulation of unfolded protein, which is called ER stress response. 
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Recently, we have provided evidence that G6PT regulated U87 glioma cell 

chemotaxis (13) and survival (14) . Tumor cells often show evidence of constitutive 

ER stress, possibly due to hypoxia and glucose depletion (15). In fact, the ATP 

depleting agents and ER stress inducers 2-Deoxyglucose and 5-Thioglucose have 

been shown to inhibit MMP-2 secretion from U87 glioma cells (13) a process known 

to contribute to tumor development (16). G6PT is thought to have a role in 

sequestering intracellular Ca2
+ within the ER through an ATP-mediated process (17). 

Since manipulating the ER stress response of tumor cells is a promising therapeutic 

strategy (15) and because various anticancer drugs have been shown to induce ER 

stress and to affect the invasive or metabolic control of cancer cells (18, 19), we 

explored the potential molecular link between MT1-MMP and G6PT functions within 

the ER that could potentially regulate the brain tumor cell invasive phenotype. 
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The abbreviations used are: Concanavalin-A, ConA; Cytochalasin-D, CytoD; ECM, 

extracellular matrix; ER, endoplasmic reticulum; G6P, glucose-6-phosphate; G6Pase, 

glucose-6-phosphatase; G6PT, G6P transporter; GSD, glycogen storage disease; 

MMP, matrix metalloproteinase; PI, propidium iodide; siRNA, small interfering 

ribonucleic acid 
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EXPERIMENTAL PROCEDURES 

Materials. Sodium dodecylsulfate (SDS) and bovine serum albumin (BSA) 

were purchased from Sigma (Oakville, ON). Cell culture media was obtained from 

Life Technologies (Burlington, ON). Electrophoresis reagents were purchased from 

Bio-Rad (Mississauga, ON). The enhanced chemiluminescence (ECL) reagents were 

from Amersham Pharmacia Biotech (Baie d'Urfé, QC). The polyclonal antibodies 

against Akt and phospho-Akt were purchased from Cell Signaling (Danvers, MA). 

All other reagents were from Sigma-Aldrich Canada. 

Cel! culture and transfection method : The U87 glioblastoma cell line was 

purchased from American Type Culture Collection (Manassasa, V A) and cultured in 

Eagle's Minimum essential medium (MEM) containing 10% (v/v) fetal bovine serum 

(FBS) (HyClone Laboratories, Logan, UT) and 2 mM glutamine, at 37°C under a 

humidified atmosphere containing 5% C02. U87 glioblastoma cells were transiently 

for 20 hrs in 20 mM NaCl, 5 mM CaCh, 0.02% Brij-35, 50 mM Tris-HCI buffer, pH 

7.6, then stained with 0.1% Coomassie Brilliant blue R-250 and destained in 10% 

acetic acid, 30% methanol in H20. Gelatinolytic activity was detected as unstained 

bands on a blue background. 

Immunoblotting procedures: Proteins from control and treated cells were 

separated by SDS-polyacrylamide gel electrophoresis (PAGE). After electrophoresis, 

proteins were electrotransferred to polyvinylidene difluoride membranes which were 

then blocked for 1 hr at room temperature with 5% non-fat dry milk in Tris-buffered 

saline (150 mM NaCl, 20 mM Tris-HCI, pH 7.5) containing 0.3% Tween-20 (TBST). 

Membranes were further washed in TBST and incubated with the primary antibodies 

(1/1,000 dilution) in TBST containing 3% bovine serum albumin and 0.02% NaN3, 

followed by a 1 hr incubation with horseradish peroxidase-conjugated anti-rabbit IgG 

(1/2,500 dilution) in TBST containing 5% non-fat dry milk. Immunoreactive material 
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was visualized by enhanced chemiluminescence (Amersham Biosciences, Baie 

d'Urfée, QC). 

Analysis of cel! death by flow cytometry: Cell death was assessed by flow cytometry 

as described previously (13). Adherent and floating cells were harvested by trypsin 

digestion and gathered to produce a single cell suspension. The cells were pelleted by 

centrifugation and washed with phosphate-buffered saline (PBS). Then, 105 cells 

were pelleted and suspended in 200 IlL of buffer solution and stained with annexin­

V-fluorescein isothiocyanate and propidium iodide (PI) according to the 

manufacturer's protocol (BD Biosciences, Mississauga, ON). The cells were diluted 

by adding 300 IlL of buffer solution and processed for data acquisition and analysis 

on a Becton Dickinson F ACS Calibur flow cytometer using CellQuest Pro software. 

The X- and Y-axes indicate the fluorescence of annexin-V and PI respectively. It was 

possible to detect and quantitatively compare the percentages of gated populations in 

all of the four regions delineated. In the earl y stages of apoptosis, phosphatidylserine 

is well known to translocate to the outer surface of the plasma membrane, which still 

remains physically intact. As annexin-V binds to phosphatidylserine but not to PI, 

and the dye is incapable of passing the plasma membrane, it is excluded in early 

apoptosis (annexin-V+/PI} Cells in late apoptosis are stained with annexin-V and PI 

(annexin-V+/Pr). Necr~tic cells have lost the integrity of their plasma membrane and 

are predominantly stained with PI (annexin-Y/PI+). 

Statistical data analysis : Data are representative of three or more independent 

experiments. Statistical significance was assessed using Student's unpaired t-test and 

probability values of less than 0.05 were considered significant; an asterisk (*) 

identifies such significance in each figure. 
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RESULTS 

Differentia! induction of cel! necrosis and cel! apoptosis by cytoskeleton 

disrupting agents. Concanavalin-A (ConA) and cytochalasin-D (CytoD) have been 

shown to disrupt the cytoskeleton architecture (21) . Following cell staining with 

Annexin-V/Propidium iodide (PI), flow cytometry was used to assess the extent of 

cell death induced by both agents. From the SSC/FSC plots, the changes in cell 

morphology that each agent induced are cl earl y visible (Fig.l a). When Annexin-V /PI 

cell staining was performed, ConA treatment resulted in a marked increase in necrosis 

(Fig.l a, lower panels, upper le ft quadrant), while Cyto-D triggered la te apotosis 

(Fig. la, lower panels, upper right quadrant). Cell viability and total cell death were 

quantified (Fig.l b ). Furthermore, cell necrosis and cell apoptosis (earl y and late) 

(Fig.l c) were also separately quantified in order to show the differentiai induction of 

necrosis by ConA, and induction of apoptosis by CytoD. 

Recombinant MTI -MMP and cytoskeleton disrupting agents induce proMMP-

2 activation. Latent proMMP-2 activation into its active MMP-2 form is an MTl­

MMP-mediated event that has also been correlated to cell death (22, 23). 

Accordingly, we have previously shown that the cytoskeleton disrupting agents ConA 

and CytoD triggered proMMP-2 activation in U87 glioma cells (24) . In particular, 

overexpression of full-length wild-type (Wt) recombinant MTl-MMP or of 

cytoplasmic-deleted recombinant MTl-MMP (Fig.2a) also triggered proMMP-2 

activation as demonstrated by gelatine zymography (Fig.2b ). Transfections of cells 

with eDNA encoding GFP alone did not affect ConA or CytoD ability to induce 

proMMP-2 activation (data not shown). These results suggest that, similar to 

cytoskeleton disrupting agents ConA and CytoD, MTl-MMP-mediated proMMP-2 

activation is also potentially linked to the control of cell survival in U87 glioma cells. 
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Concanavalin-A-mediated activation of proMMP-2 requires MTJ-MMP. In 

order to assess the involvement of MTl-MMP in both the proMMP-2 activation 

process and the necrotic effects of ConA, we specifically downregulated MTl-MMP 

gene expression using a specifie MTl -MMP gene silencing strategy (20). Cells were 

transfected with mismatched (Mock) or MTl-MMP targeted siRNA duplexes as 

described in the Methods section, and then treated with increasing concentrations of 

ConA. Total RNA was isolated and RT-PCR confirmed that the MTl-MMP gene 

downregulation was successfully achieved (Fig.3a). Conditioned media from these 

conditions were also isolated in order to assess the MTl -MMP-mediated proMMP-2 

activation by ConA. Gelatin zymography clearly showed significantly decreased 

proMMP-2 activation in the cells in which MTl-MMP gene expression had been 

knocked-down (Fig.3b ). This was quantified by scanning densitometry, showing 

close to 90% inhibition (data not shown). This clearly suggests that the ConA­

mediated events that we previously observed involve MTl-MMP in either proMMP-2 

activation or cell survival. 

MTJ-MMP cytoplasmic domain is responsible for cel! death signalling. 

Whether MTl -MMP also controls sorne cell death processes was next evaluated. 

Transient transfection using eDNA plasmids encoding either the full-length or the 

cytoplasmic-deleted recombinant forms ofMTl-MMP was performed in U87 glioma 

cells. Annexin-V /PI staining was then performed and cell death (necrosis and 

apoptosis) assessed by flow cytometry (Fig.4a). Overexpression of native MTl -MMP 

significantly triggered cell necrosis by more than 1 0-times, while cell apoptosis was 

also induced approximately 2-fold (Fig.4b, grey bars). Although still catalytically 

active at the cell surface (Fig.2b ), the deletion of the MTl-MMP cytoplasmic domain 

significantly abrogated the induction of both cell necrosis and apoptosis (Fig.4b, 

black bars). These observations suggest that active MMP-2 is not responsible for cell 

death and that sorne MTl -MMP-mediated intracellular signalling is a pre-requisite 

for the control of cell survival. 
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MTl-MMP overexpression and concanavalin-A treatment downregulate 

G6PT gene expression. To investigate the intracellular events involved in MT1-

MMP- and ConA-mediated cell death, we examined the pro-survival microsomal 

glucose-6-phosphate translocase (G6PT) as a potentiallink. Cytoskeleton disruption 

is often linked to ER stress (25, 26), and silencing of G6PT, a microsomal resident 

protein, has recently been shown to induce cell death in U87 glioma cells (13). We 

thus isolated total RNA from ConA-treated cells and from MT1 -MMP-transfected 

cells since cell necrosis was a common event in both conditions. RT-PCR was 

perfom1ed as described in the Methods section and we found that G6PT gene 

expression was significantly reduced in ConA-treated and in the MT1 -MMP­

transfected cells (Fig.5a). Interestingly, in agreement with its inability to trigger cell 

death, deletion of MT1-MMP's cytoplasmic domain was also ineffective in reducing 

G6PT gene expression. Gene expression of G6Pase-~, the only other component of 

the gluscose-6-phosphatase system that was expressed in U87 cells (12) and of 

GAPDH remained unaffected and can be considered as unaffected intemal controls 

(Fig.5a). Con-A treatment and MT1 -MMP overexpression resulted, as expected, in an 

increase in MTl-MMP transcript levels. Altogether, this demonstrates that necrosis­

inducing conditions, such as those triggered by ConA or overexpression of 

recombinant MT1 -MMP, are molecularly linked to the pro-survival functions of 

G6PT. Interestingly, when MT1-MMP gene expression was silenced, the expression 

of G6PT increased significantly in comparison to the mismatched siRNA-transfected 

cells (Mock), suggesting that MT1-MMP exerted a repressive effect on G6PT gene 

regulation (Fig.5b ). G6PT gene expression modulation was further confirmed at the 

protein level. We showed that ConA treatment or Wt-MT1-MMP overexpression 

downregulated G6PT protein expression (Fig.5c) . Thus, our results show that G6PT 

gene regulation is signalled by the intracellular MT1-MMP cytoplasmic domain. 



101 

G6PT overexpression antagonizes the Co nA -mediated lethal effect and 

rescues cells from MTJ -MMP-mediated cell death. In order to characterize the 

molecular mechanism linking MTl-MMP to G6PT, we next assessed whether 

constitutively expressed recombinant G6PT could overcome the lethal effect of 

ConA. MTl -MMP synthesis by a mechanism that involves Phosphatidylinositol-3 

kinase (PBK)/Akt/mTOR was recently highlighted (27) and Akt phosphorylation 

state explored. U87 cells were transiently transfected with eDNA encoding G6PT and 

then treated with the cell death-inducer ConA. Immunodetection of total and 

phosphorylated Akt was performed on Mock and G6PT -transfected cell lysates. We 

observed that ConA decreased the basallevels of phosphorylated Akt by up to 50%, 

though not of total Akt protein expression, in Mock-transfected cells (Fig.6a). 

Transient overexpression of recombinant G6PT completely reversed the effects of 

ConA on Akt phosphorylation (Fig.6b ). These observations confirm the G6PT 

prosurvival activity (13) and show that targeting PB KI Akt signaling by ConA 

induces apoptosis (28) . Finally, we showed by zymography that G6PT 

overexpression significantly antagonized ConA-mediated proMMP-2 activation 

(Fig.6c), an effect that may involve inhibiting MTl-MMP functions. 
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DISCUSSION 

Gliomas remain a great challenge in oncology today as they account for more 

than 50% of all brain tumors and are by far the most common primary brain tumors in 

adults (29). More importantly, the mechanisms involved in the resistance of migrating 

glioblastoma cells to chemotherapy orto radiation-induced cell death have long been 

recognized (30), and still receive much attention in order to optimize future cellular 

targets for the treatment of glioblastomas (31). A relationship between cell migration 

and apoptosis was highlighted by the observations that resistance to apoptosis is 

closely linked to tumorigenesis, but that paradoxically migrating tumor cells can also 

still be induced to die by non-apoptotic mechanisms such as necrosis (32). In fact, 

tissue necrosis is a characteristic feature of malignant gliomas, in particular 

glioblastoma, and is most likely the consequence of rapidly increasing tumor mass 

that is inadequately oxygenated by the pre-existing vasculature (33) . Because tumor 

cells respond to hypoxic stress by upregulating a variety of genes involved in glucose 

uptake, glycolysis and angiogenesis, all essential to maintaining nutrient availability 

and intracellular ATP levels (34), the intracellular metabolic compartments regulating 

cell survival and invasiveness are of particular interest. Besides mitochondria and 

lysosomes, the ER is very important in this respect as it is now recognized as an 

important sensor of cellular stress and it plays a key role in the release and activation 

of death factors such as cathepsins, calpains, and other proteases through intracellular 

calcium flux (35) . For instance, migrating glioblastoma cells have recently been 

shown to overexpress death-associated protein-3 (36). Therefore new routes should 

be investigated as possible issues to combat apoptotic-resistant migrating 

glioblastoma cells. 

Given the ER localization of G6PT and the crucial role that the ER plays as a 

metabolic compartment, we suggest that G6PT is a key mediator in the regulation of 

cancer cell survival and ECM degradation signalling. In fact, regulation of G6PT 



103 

expression may function as a "bio-switch" (Fig. 7a) enabling cells to promo te either 

migration or cell death processes. Switching from one state to another may occur in 

response to extemal stimuli, such as hypoxia, or as a result of intracellular metabolic 

changes (37). Intracellular regulation of Ca2+ flux, cytosolic ATP and G6P levels are 

among the parameters that G6PT may modulate in the transformed proliferating cells. 

As such, metabolic profiling of cell growth and death in cancer is already used in 

order to identify the changes in glucose utilization for macromolecule synthesis in 

cancer (38, 39). Arnong the several brain tumor-derived cell lines tested, G6PT 

expression was found the highest in the highly infiltrating and angiogenic U87 glioma 

cells (13). This potentially suggests that metabolic adaptative capacity, in part 

through G6PT, may regulate the invasive phenotype of aggressive cancer cells . 

Documenting the pleiotropic roles of G6PT in cancer cells will thus help optimize or 

design new anti-tumor therapies. 

We previously showed that inhibiting G6PT function by chlorogenic acid or by 

ATP-depleting agents such as 2-Deoxyglucose in brain-tumor-derived cells did not 

directly affect MTl-MMP catalytic function but still resulted in decreased 

invasiveness (13). Moreover, cancer cells frequently display high rates of aerobic 

glycolysis, in comparison to their nontransformed counterparts, and the possible 

applications of 2-Deoxyglucose in anticancer therapies further supports the theory 

that inhibiting G6PT function in cancer cells could decrease tumor progression. Sorne 

evidence also suggests that ER stress-inducing agents are useful as cancer agents, and 

that excessive ER stress leads to apoptosis. These agents include glycosylation 

inhibitors (e.g. tunicamycin and 2-Deoxyglucose), agents that deplete ER Ca2+ (e.g. 

the sarcoendoplasmic-reticulum Ca2+-ATPase inhibitor thapsigargin and various 

ionophores) and agents that induce reductive stress ( dithiotreitol and ~­

mercaptoethanol) ( 40). 
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W e also found that cytoskeleton remodeling is among the first events m a 

cascade of activation that leads to MT1-MMP-mediated downregulation of brain 

cancer cell survival, in part through PI3K/ AKT -mediated plasma membrane to 

nucleus signaling. Interestingly, part of the switch between cell migration and cell 

death cornes under the control of the PTEN/ Akt/PI3K/mTOR pathway (30). Survival 

through PI3K/ Akt signaling is complex ( 41) and the activity of the PB KI Akt pathway 

is, in fact, often upregulated in brain tumors as a result of excessive stimulation by 

growth factor receptors and Ras ( 42). Moreover, glioblastomas frequently carry 

mutations in the PTEN tumor suppressor gene, wh ose tumor suppressor properties are 

closely related to its inhibitory effect on the PI3K-dependent activation of Akt 

signaling (43). The activation of the PI3K pathway is significantly associated with 

increasing tumor grade, lower levels of apoptosis and an adverse clinical outcome in 

the case of human gliomas (44). All these factors indicate that aberrant PI3K/Akt 

signaling means that both cell proliferation in glioma cells and cell migration have 

become abnormal. A number of publications have already reported that an aberrant! y 

activated PB KI Akt pathway renders tumor cells resistant to cytotoxic insults, 

including those related to anticancer drugs ( 45, 46). In light of these results and 

because G6PT was able to reverse the cytotoxic effects of ConA, it is tempting to 

suggest that functional targeting of G6PT such as by the use of chlorogenic acid or by 

its analogs, the most potent G6PT inhibitors, could augment the effectiveness of 

chemotherapy on glioma cells. 

Maintenance of cytoarchitecture 1s required for cell survival, smce its 

perturbation by Cytochalasin-D- or ConA-mediated MT1-MMP mechanisms 

diminished cell survival and were correlated to proMMP-2 activation (21, 22, this 

study). In fact, silencing of the MT1-MMP gene prevented ConA from activating 

proMMP-2. Moreover, we showed that the intracellular domain of MT1-MMP is an 

absolute requirement for transducing the intracellular signaling that leads to cell 

death. Although the exact identity of the amino acid residues from the MTl-MMP 



105 

intracellular domain remains to be addressed, speculations about the Tyr-573 , Cys-

574, and Val-582 have been put forward as important for MT1 -MMP signaling (47, 

48). Similarly, a caspase-dependent mechanism has recently been associated with 

MT1-MMP function in endothelial cell morphogenie differentiation (49). This 

suggests that MT1-MMP acts as a potential cell death sensor/effector that signais 

ECM degradation processes to be activated. Interestingly, hypoxia increased MT1-

MMP and the MT1-MMP transcription factor regulator Egr-1 levels in bone marrow­

derived stromal cells (50), a condition that led to cell death (51). Moreover, ConA 

was found ineffective in activating proMMP-2 or inhibiting G6PT gene expression in 

bone marrow stromal cells isolated from Egr-1_,_ mouse (11). 

The fact that G6PT overexpresswn inhibited ConA-induced proMMP-2 

activation, but not cell death, further suggests that complex differentiai regulation 

takes place and highlights the pleiotropic intracellular functions of G6PT. Moreover, 

this observation also provides insight into the cellular event chronology, confirming 

that MT1-MMP-mediated activity and signaling are among the first steps that inhibit 

G6PT expression, ultimately leading to cell death. Interestingly, our data are 

consistent with sorne of the abnormal polymorphonuclear neutrophil (PMN) 

phenotypes observed in GSD type 1 b, a clinical condition where the G6PT gene 

and/or protein activity is defective (52, 53). In fact, it has been hypothesized that 

G6PT might function as a G6P receptor/sensor (53) or that it could favor calcium 

sequestration in the endoplasmic reticulum lumen (17). Finally, although no effects in 

response to MT1 -MMP or cytoskeleton disruption was observed on the ER­

embedded G6Pase- ~ , recent evidence regarding G6Pase;_~ involvement in cell 

survival was demonstrated in neutrophils as disruption of the G6Pase-~ gene 

expression also lead to cell death, an event suggestive of a vital interaction between 

G6PT and G6Pase-~ (54). 
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In summary, we highlight new functions of MT1-MMP in cell death signalling 

which may potentially be linked to those of the ER-embedded functions of G6PT. In 

fact, we believe that this signaling axis may not be exclusive to one cell line, but that 

it may rather regulate cell mobilization processes through metabolic and/or cell 

survival control such as similarly demonstrated for bane marrow-derived stromal 

cells (11). Our study further shows a molecular axis linking the invasive phenotype of 

brain tumor cells to their potential metabolic control by G6PT and supports the notion 

of an MT1-MMP/G6PT "bio-switch" (Fig.7b) that could regulate glucose 

homeostasis and thus restrain cancer cell proliferation, inhibit ECM degradation, or 

induce cell death. By revealing tumor-specific metabolic shifts m tumor cells, 

metabolic profiling studies will further enable drug developers to identify the 

metabolic steps that control cell proliferation, thus aiding the identification of new 

anti-cancer targets and screening of lead compounds for anti-proliferative metabolic 

effects. 
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Figure 1. Differentia! induction of cel! necrosis and cel! apoptosis by 
cytoskeleton disrupting agents. U87 glioblastoma cells were cultured as described in 
the Methods section until they reached ~75 -90% confluence. They were then serum­
starved for 24 hours prior to the addition of 10 1-.1.g/ml Concanavalin-A (CanA) or 1 
1-.1.M Cytochalasin-D (CD). Incubation was continued for another 24 hours . (A) Flow 
cytometry was then used to either assess cell morphology changes (three upper 
panels), or cell death from Annexin-V/propidium iodide (PI) stained cells (three 
lower panels). (B) Cell viability (white boxes) was assessed as the percentage of total 
cells present in the lower left quadrants. Cell death (black boxes) represents the 
combined cells present in necrosis, early/late apoptosis (black boxes). (C) The 
respective cell death proportions attributable to either necrosis or apoptosis (earl y and 
late) are shawn. Data are the averages ± SEM of 4 independent experiments. 
Statistical significance is represented by (*). 
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Figure 2. Recombinant MTI-MMP and cytoskeleton disrupting agents induce 
proMMP-2 activation. U87 glioblastoma cells were treated as described in the legend 
to Fig.l . Transfections of eDNA plasmids encoding full- length Wt-MTl-MMP and 
cytoplasmic domain-truncated MTl-MMP both fused to GFP were carried out as 
described in the Methods section. (A) Changes in cell morphology are shown through 
phase contrast microphotography (visible light), while transfection efficiency was 
validated using fluorescence microscopy. (B) Gelatin zymography was carried out to 
assess the extent of proMMP-2 activation levels, as described in the Methods section, 
using conditioned media isolated from each of the serum-starved cells conditions. 
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Figure 3. Concanavalin-A-mediated activation is an MTJ-MMP-mediated event. 
Since proMMP-2 activation is thought to proceed through an MTl-MMP-mediated 
event, U87 glioblastoma cells were transfected with siRNA against MTl-MMP or 
mismatched siRNA (Mock) for 48 hours as described in the Methods section, prior to 
treatment with increasing concentrations of ConA. (A) Total RNA was isolated and 
MTl-MMP gene expression was assessed by RT-PCR as described in the Methods 
section. The gene expression level of GAPDH was used as the internai control. (B) 
Gelatin zymography was performed to assess the extent of proMMP-2 activation in 
the conditioned media of serum-starved Mock and siMTl-MMP cells treated with 
increasing concentrations of ConA. 
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Figure 4. MTI-MMP overexpression triggers cel! death and is signalled through its 
intracellular cytoplasmic domain. U87 glioblastoma cells were transfected with 
eDNA encoding full length wild type (Wt) MTl -MMP or its cytoplasmic domain­
truncated form as described in the Methods section. (A) Flow cytometry was used to 
assess the extent of cell death in Annexin-V /Propidium iodide (PI)-stained ce lis. (B) 
Quantification of cell death caused by either combined earl y and late apoptosis (upper 
and lower right quadrants) or necrosis (upper left quadrants) was performed for cells 
transfected with cytoplasmic domain-truncated MTl-MMP (~-cyto) or full length 
(Wt) MTl-MMP. 
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Figure S. Bath MTJ-MMP overexpression and Concanavalin-A treatment 
downregulate G6PT gene and protein expression. (A) Total RNA was isolated from 
untreated (Mock), ConA-treated, or U87 glioblastoma cells transfected with either the 
cytoplasmic domain-truncated MTl-MMP (.6.-cyto) or full length (Wt) MTl-MMP 
eDNA RT-PCR was performed in order to assess the changes in G6PT, G6Pase- ~, 

GAPDH, or MT1-MMP gene expression in each condition. (B) MT1 -MMP gene 
expression was specifically downregulated in U87 glioblastoma cells transfected with 
siMTl-MMP but not in mismatched siRNA-transfected cells (Mock) as described in 
the Methods section. Total RNA and RT-PCR were performed as in (A). (C) Cell 
lysates were isolated from U87 cells transfected with eDNA encoding G6PT, Wt­
MT1 -MMP, or .6.-cyto MT1-MMP, or treated with ConA. Western blotting and 
immunodetecetion was performed with anti-G6PT and anti-GAPDH antibodies. 
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Figure 6 . G6PT overexpression antagonizes the ConA-mediated lethal effect and 
rescues cells from MTI -MMP-mediated cel! death. (A) Mock or G6PT-transfected 
U87 cells were treated with increasing ConA concentrations and cell lysates were 
used to immunodetect the levels of total or phosphorylated Akt (p-Akt). (B) Scanning 
densitometry was used to quantify the Akt immunoreactive bands, and results were 
expressed as the ration of p-Akt over Akt. (C) Conditioned media isolated from 
serum starved Mock, siMTl -MMP (siMTl), or G6PT-transfected U87 cells were 
used to perform gelatin zymography. 
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Figure 7 . G6PT as a "bio-switch" intermediate in the regulation of cel! invasion and 
cel! death signalling. (A) Summarized scheme ofthe events that lead to MTl-MMP­
mediated signalling in cell invasion and cell death. Concanavalin-A (ConA) 
upregulates MTl-MMP gene and protein expression, which in tum downregulates 
G6PT expression (1). Low levels of G6PT release the inhibitory effect on MTl­
MMP-mediated proMMP-2 activation (2) which altogether leads to ECM degradation 
and cell invasion. When a specifie balance is reached between MTl-MMP and G6PT 
expression (i.e. high MTl-MMP expression, low G6PT expression), cell death 
signalling is then activated (3) . (B) Our data currently show that MTl-MMP 
expression leads to both proMMP-2 activation (full line) and to concomitant 
downregulation of G6PT expression (dashed line). Conceptually, we suggest that a 
balance between the early invasive processes that are initiated by the increased MTl­
MMP expression correlate with proMMP-2 activation in order to hydrolyse the ECM 
and promote cell migration (left shaded area). Concurrently, G6PT expression 
decreases until it reaches a threshold where its inhibitory effect upon proMMP-2 
activation is released, which then leads to cell death (right area). The intersection 
between the G6PT expression curve and that of the proMMP-2 activation is the "bio­
switch" that refi.ects the balance between cell invasion and cell death signalling. 



CONCLUSIONS ET PERSPECTIVES 

Les travaux présentés dans ce mémoire illustrent bien la complexité des 

mécanismes pouvant réguler le phénotype invasif et infiltrant des glioblastomes. Le 

but principal de notre recherche est de trouver le traitement le plus efficace, certains 

produits naturels étant de bons candidats vu leur grande teneur en molécules anti­

angiogéniques et anti-cancéreuses dont les fonctions demeurent néanmoins souvent à 

être caractérisées. En ce sens, l'acide chlorogénique (CHL), une molécule retrouvée 

généralement dans le café, la tomate et le thé, semble avoir des propriétés anti­

cancérigènes (Mori et al., 2000; Jin et al., 2005). Dans nos travaux, nous donnons 

pour la première fois une explication moléculaire à ses propriétés anti-cancéreuses. 

L'étude publiée dans Cancer Cel! International démontre une nouvelle 

fonction de G6PT dans la régulation du phénotype invasif des glioblastomes, tout en 

postulant que G6PT puisse être une cible pharmacologique potentielle pour le CHL. 

Il a été maintes fois rapporté que le CHL, un inhibiteur fonctionnel de G6PT, avait 

des propriétés anti-cancérigènes, mais on n'a jamais associé ces dernières avec les 

fonctions de G6PT dans la tumorigenèse. En plus de mettre en évidence l'existence 

de G6PT dans les glioblastomes, nos travaux ont démontré une diminution 

significative de la migration cellulaire et de la sécrétion des métalloprotéases (MMP-

2) lors de traitements avec le CHL, deux pré-requis pour 1 ' invasion tumorale. Ces 

résultats corrèlent avec l'effet anti-cancérigène attribué au CHL. 

Par ailleurs, nous mettons en évidence de nouvelles fonctions insoupçonnées 

de G6PT dans la régulation du phénotype invasif, en plus de sa fonction primaire de 

transport microsomal de G6P. Etant donné l'implication secondaire de G6PT dans la 

régulation de la concentration du calcium intracellulaire, il est possible de présumer 

son implication dans la signalisation cellulaire médiée à travers un flux calcique. Nos 
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résultats nous ont permis de déduire que l'inhibition de G6PT par le CHL aurait des 

répercutions sur des voies clés de signalisation régulant l'invasion des glioblastomes. 

Dans un deuxième temps, nous nous sommes penchés sur le rôle de G6PT 

dans la survie des glioblastomes. Il est intéressant de noter que l'activité de G6PT 

dans la lumière du RE va de pair avec celle de l'hexose-6-phosphate déshydrogénase, 

retrouvée aussi dans tous les tissus et qui serait responsable de la protection du RE 

contre les agents du stress oxydatif (Van schaftingen et al. , 2002). Toute perte 

d' intégrité du RE serait responsable d'une mort cellulaire prématurée par apoptose. Il 

est déjà connu que toute déficience de G6PT cause la GSD-1 b, et toute mutation 

responsable d'une diminution ou abolition de ces fonctions causeraient une mort 

cellulaire certaine (Chou et al., 2002; Chen et al., 2002; Chen et al., 2003). Nos 

travaux démontrent clairement qu'une inhibition ciblée de l'expression de G6PT 

serait une bonne alternative pour un contrôle efficace de la croissance tumorale. 

Finalement, on s'est intéressé à l'implication moléculaire de G6PT dans la 

décision "mort cellulaire" versus "invasion tumorale". Différentes voies de 

signalisation sont étudiées pour tenter d'expliquer l'action de G6PT dans ces 

processus. Il semble exister une relation paradoxale entre les cellules cancéreuses et 

1 'apoptose. En effet, dans certains cas, la cellule cancéreuse est une cellule résistante 

à l'apoptose, mais chaque masse tumorale possède un centre hypoxique avec des 

cellules nécrotiques autour en réponse à une insuffisance d'oxygénation. Dans ce cas, 

la cellule réagit en augmentant l'expression de différents gènes impliqués dans la 

glycolyse et l'angiogenèse, afin d'assurer des nivaux d'ATP convenables et un apport 

en oxygène suffisant pour sa survie (Neurath et al., 2006). Mis à part la mitochondrie 

et les lysosomes, le RE est une organelle importante dans la régulation de la survie 

cellulaire, elle serait responsable de la sécrétion de certains facteurs de mort tels que 

les cathepsines, les calpaines, et d'autres protéases par son contrôle du flux calcique 

intracellulaire (Broker et al. , 2004). Vu que G6PT est une protéine du RE, et que ce 
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dernier joue un rôle clé dans la signalisation cellulaire, il serait opportun de revoir les 

fonctions de G6PT dans un cadre autre que celui du contrôle du métabolisme 

glucidique. 

La ligne est mince entre le passage d'une cellule en mode survie avec une 

mort cellulaire programmé à un mode invasif (angiogenèse et migration cellulaire). 

Ce contrôle serait attribué à des changements dans le métabolisme intracellulaire en 

réponse à des stimuli extérieurs (Slepchenko et al. , 2004). Par ailleurs, l'élément 

déclencheur pourrait commencer par la perte de l'organisation structurale cellulaire, 

responsable d'une cascade d'évènements aboutissant à l'activation de la pro-MMP2 

via un mécanisme MT1-MMP. D'autres études ont avancé que l'hypoxie induisait 

1' expression de MT 1-MMP en augmentant son facteur de transcription Egr -1 et par le 

fait même la mort cellulaire (Zhu et al. , 2006). Nos travaux , démontrent qu'une 

surexpression de MT1-MMP pourrait contribuer de par sa signalisation, à inhiber 

l'expression de G6PT ce qui induirait une mort cellulaire. 

D'un point de vue signalisation, une activation soutenue de MT1-MMP 

diminuerait, probablement, les chances de survie des cellules cancéreuses en partie 

via la voie PI3K/ AKT. Il est intéressant de souligner l'importance de cette dernière 

voie dans le passage d'une cellule d'un fonctionnement normal à un état invasif 

(Lefranc et al. , 2005). L' activation de la voie PI3K est souvent associée à un niveau 

élevé de malignité, des nivaux bas d'apoptose, et une résistance au traitement. 

Toutefois, les glioblastomes présentent des mutations pour le gène suppresseur de 

tumeur PTEN, un inhibiteur de la voie PI3K/AKT (Knobbe et al., 2003). Il a 

d'ailleurs été rapporté que MT1-MMP serait impliqué dans la mort cellulaire 

(Langlois et al :, 2005), ce qui pourrait confirmer l' existence d'un lien moléculaire 

entre ce dernier et G6PT. Une description de ce lien et l' étude de son spectre d' action 

est nécessaire pour identifier l'étape clé du métabolisme responsable du contrôle de la 
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prolifération cellulaire (voir le schéma tiré de l'article 3 figure 7 du journal 

NEOPLASIA) . 
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Des études effectuées ultérieurement dans notre laboratoire ont perm1s 

d'établir une certaine similarité des propriétés anti-cancérigène, en plus de la 

ressemblance dans la structure chimique, entre l'épigallocatéchine-gallate (EGCg) et 

CHL (Annabi et al., 2005; Baatout et al., 2004; McLaughlin et al. , 2006). L'échec de 

la radiothérapie face aux glioblastomes est dû essentiellement à leur caractère 

infiltrant et à la présence d'un centre hypoxique. Des études ont prouvé que toute 

augmentation du métabolisme glucidique chez les glioblastomes est aussi associée à 

un haut niveau de malignité et à un mauvais pronostic (Timperley, 1980). De récentes 

études ont par ailleurs révélé que le CHL serait un hypoglycémiant (Nicasio et al., 

2005). L'usage du 2-D-Deoxyglucose (2DG) et du 5-Thioglucose (5TG), deux agents 

déplétant l' ATP cellulaire, en association avec la radiothérapie donnerait des résultats 

significatifs en augmentant les dommages causés à la cellule cancéreuse (Singh et al., 

2005 ; Xu et al., 2005). Ceci laisse supposer qu'une combinaison entre le CHL et/ou 

le 2DG lors des traitements de radiothérapie serait efficace, car cela pourrait causer 

un déséquilibre dans 1' apport énergétique de la cellule cancéreuse. 
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Un autre volet d'étude pourrait aborder l'effet du 2DG et du STG sur le RE. 

Ces derniers semblent exercer un stress au niveau du RE. Ce qui est particulièrement 

intéressant, c'est leur capacité à diminuer les niveaux extracellulaires de la MMP-2. 

Les résultats de récentes études associent le stress du RE avec des désordres 

métaboliques, des maladies insulinodépendantes et avec la progression tumorale 

(Marciniak et al., 2006; Koumenis, 2006). L'avantage de cette approche 

thérapeutique via le RE serait non seulement d'affecter G6PT mais aussi le RE, une 

organelle impliquée dans la synthèse protéique, et le contrôle du flux calcique 

intracellulaire et par ce fait avoir des effets sur la signalisation cellulaire. 

Durant nos travaux, on a démontré une implication de G6PT dans divers 

processus d'invasion tumorale (Belkaid et al., 2006). D'autres maladies sont aussi 

causées par des déficiences de G6PT notamment la GSD lb. Cette dernière est 

provoquée par des mutations causant la diminution ou 1' abolition totale de 1 'activité 

de G6PT. Il serait pertinent pour des travaux futurs de déterminer quelles mutations 

sur le gène régulent l' invasion tumorale, et lesquelles induisent une mort cellulaire. Il 

nous semble intéressant d'amorcer une étude génétique chez des patients atteints de 

GSD lb afin d'évaluer leurs risques de cancer, et de comparer ces résultats avec ceux 

obtenus chez des patients dont la fonction de G6PT n'est pas affectée. 

D'autres travaux futurs pourront tenter d' expliquer la présence de G6PT 

particulièrement dans les glioblastomes (cancer de l'adulte), car durant nos 

recherches nous avons constaté l'absence de celui-ci dans les médulloblastomes qui 

sont des tumeurs pédiatriques (Belkaid et al., 2006). Ceci semble corréler avec l'étude 

du groupe de Benedetti sur des fœtus de rat (Puskas et al., 1999). Il semblerait que 

l'ARNm de G6PT est déjà exprimé dans les tissus du fœtus aux environs du 19éme 

jours de vie intra-utérine, et que sa concentration s'accroît dans les premiers jours de 

la vie extra-utérine. Une autre étude supporte la théorie selon laquelle G6PT aurait 
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des niveaux d'expression intra-utérine assez élevés pour rester stable jusqu'après la 

naissance (Mechin et al., 2000). L'expression de G6PT dans les glioblastomes et son 

absence dans les médulloblastomes aurait-elle un lien avec son expression et son 

activité durant la vie intra et extra-utérine? 

La compréhension des fonctions de G6PT dans l' invasion tumorale pourrait 

donc représenter une percée dans le traitement des glioblastomes, puisque c'est une 

protéine avec diverses fonctions dont seules les implications dans le métabolisme 

glucidique ont été à ce jour documentées. Nos recherches ont permis d'attribuer à 

G6PT des rôles clés dans l'invasion tumorale. Le fait de le placer comme nouvelle 

cible thérapeutique pourrait contribuer au développement de médicaments contre ce 

dernier afin d'améliorer le traitement des glioblastomes. 



CONCLUSION FINALE 

L'identification d'autres protéines que G6PT, susceptibles d'être affectées par 

le CHL, pourrait permettre le développement éventuel de nouvelles cibles 

thérapeutiques. De plus, l'étude de l'impact du CHL sur d'autres phénomènes 

associés à l'invasion tumorale tel que la tubulogenèse, qui n'a pas été abordée au 

cours de nos travaux, pourrait être une bonne piste pour une meilleure compréhension 

des mécanismes d'action de ce produit anti-cancérigène. 

Un autre volet d'étude pourrait aborder l'effet du CHL sur des glioblastomes 

ayant subit des irradiations représentatives du traitement de radiothérapie. L'étude de 

la protéine G6PT et l'impact du CHL sur les propriétés radiorésistantes de ces 

cellules, ajouterait de nouvelles données qui mettraient en valeur le potentiel de 

l'usage du CHL et l'importance de cibler G6PT dans les nouvelles stratégies 

thérapeutiques. 

Nos travaux ont permis de démontrer que G6PT a des implications plus 

complexes dans l'invasion tumorale, au delà du transport du G6P vers le RE, et ceci 

en partie par le contrôle du calcium intracellulaire. Ces projets, qui seront poursuivis 

au cours des prochaines années, permettront sans aucun doute d'améliorer notre 

connaissance de l'angiogenèse et de l'invasion tumorale, afin de développer de 

nouvelles cibles thérapeutiques dans la lutte contre le cancer. 
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