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Le récepteur Met et son ligand l’HGF/SF sont essentiels pour le développement 

embryonnaire tandis que la dérégulation de la signalisation du récepteur Met est associée à la 

progression tumorale. Activé par son ligand, Met induit un large panel de réponses 

biologiques telles que la survie cellulaire, la migration ou la prolifération. En revanche, le 

fragment p40 Met issu du clivage du récepteur par les caspases participe à l’apoptose. Cette 

dualité fonctionnelle est caractéristique de la famille des récepteurs à dépendance. Bien que la 

signalisation positive des RTK soit bien décrite, les mécanismes moléculaires leur permettant 

de participer aux processus de mort restent encore méconnus. 

Nous avons montré que le fragment p40 Met est capable d’amplifier l’apoptose 

indépendamment de l’activité kinase bien qu’il comprenne l’intégralité du domaine 

catalytique. Au cours de l’apoptose, nous avons montré à partir de lignées cellulaires 

épithéliales ou dans des foies de souris que p40 Met présente une localisation mitochondriale 

indispensable à ses fonctions apoptotiques. De manière intéressante, p40 Met possède au sein 

du site de fixation de l’ATP un domaine BH3 comparable à celui des protéines 

pro-apoptotiques Bcl-2 de type BH3-only. A l’image des BH3-only, ce domaine est impliqué 

à la fois dans l’activité apoptotique du fragment et dans son association avec la protéine 

Bcl-2. Le fragment p40 Met est capable d’induire également la perméabilisation 

mitochondriale de manière caspase-indépendante, conduisant au relargage du cytochrome c. 

Enfin, au cours de l’apoptose, l’extinction de l’expression de Met entraîne un retard du 

relargage du cytochrome c, démontrant ainsi la participation du récepteur dans la voie 

intrinsèque de l’apoptose. 
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The receptor tyrosine kinase Met and its ligand, the hepatocyte growth factor/scatter 

factor, are essential to embryonic development, whereas deregulation of Met signaling 

pathways is associated with tumorigenesis and metastasis. Ligand-activated Met induces 

multiple cellular responses including cell survival, migration and proliferation. Nonetheless, 

Met is cleaved under stress conditions by caspases within its intracellular region, generating a 

40 kDa fragment (p40 Met) which is able to induce apoptosis. By triggering both survival and 

apoptosis responses in presence or absence of ligand respectively, Met belongs to the family 

of the dependence receptor. While the survival responses induced by membrane full length 

RTK are well known, the molecular mechanisms initiated by dependence receptors to 

promote apoptosis are poorly understood. 

We demonstrate in Tet-on inducible epithelial cells that p40 Met expression 

accelerates cell death only when apoptosis is induced beforehand. Consistently, using an 

antibody directed specifically against the fragment, we observed that it is generated early 

during apoptosis when caspase activity is not maximal yet. Although p40 Met contains the 

entire kinase domain, it is not a constitutive active kinase. However, p40 Met is able to 

translocate both in mitochondria and nucleus and its forced relocalisation at the plasma 

membrane decreases its apoptotic property. Interestingly, p40 Met contains a BH3 domain 

required for both its pro-apoptotic property and association to the anti-apoptotic Bcl-2 

proteins. In addition, p40 Met is able to induce mitochondrial permeabilization in a 

caspase-independent manner, leading to cytochrome c release and further caspase activation. 

Extinction of Met expression in epithelial cells delays cytochrome c release during apoptosis, 

showing indeed its involvement in the regulation of mitochondrial cell death. 
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I) L’HGF est le ligand du Récepteur Tyrosine Kinase Met 
 

A) Découverte de Met 

 

Le Récepteur Tyrosine Kinase (RTK) Met a été initialement découvert en 1984 sous la 

forme oncogénique TPR-Met (Translocated Promoter Region) à partir de cellules HOS 

(Human osteosarcoma) traitées par un carcinogène chimique (Cooper et al., 1984). Cette 

protéine chimérique est le résultat d’un réarrangement chromosomique entre un premier 

fragment de 10 kb du chromosome 1 et un second fragment de 9 kb du chromosome 7 (Park 

et al., 1987). Le premier correspond à une séquence codant un domaine de dimérisation d’une 

nucléoporine appelée TPR (Translocated Promoter Region) (Rodrigues and Park, 1993). La 

séquence du second fragment possède une forte homologie avec celle du domaine 

intracellulaire des récepteurs de la famille des RTK (Park et al., 1987). Ce nouveau récepteur 

est baptisé Met en référence à l’agent carcinogène utilisé le N-Methyl-N'-nitro-N-nitroso-

guanidine (MNNG) (Rhim et al., 1975). Le domaine TPR induit une dimérisation permanente 

des protéines TPR-Met ce qui a pour conséquence d’activer Met de manière constitutive, et, 

de ce fait, la protéine est transformante (voir pour revue (Peschard and Park, 2007)). 

Le gène humain c-met est localisé sur la région q21-31 du chromosome 7 et couvre 

120 kb, répartis en 21 exons séparés par 20 introns (Lin et al., 1998). La protéine Met 

fonctionnelle de 190 kDa est le résultat de la glycosylation d’un précurseur de 170kDa puis de 

son clivage en une sous-unité α de 50 kDa et d'une sous-unité β de 140 kDa qui restent 

associées par des ponts disulfures (Tempest et al., 1988). La chaîne α, exclusivement 

extracellulaire, et les 500 premiers acides aminés de la chaîne β forment un domaine 

caractéristique de la sémaphorine, le domaine Sema (Winberg et al., 1998). La 

cristallographie de ce domaine révèle une structure de celui-ci en 7 pales d’hélices composées 

de feuillets β. Il est immédiatement suivi d’un domaine riche en cystéines baptisé PSI car 

commun aux Plexines, Sémaphorines et Intégrines, et de quatre domaines IPT (domaine 

homologue aux immunoglobulines) noté 1 à 4 qui forment une structure longitudinale 

séparant le domaine Sema du domaine transmembranaire (Benvenuti and Comoglio, 2007). 

La région intracellulaire de la chaîne β porte le domaine tyrosine kinase. Sa structure bilobée 

avec une partie N-terminale constituée de feuillets β qui s’articulent sur une partie C-

terminale composée d’hélices α est classique parmi les récepteurs tyrosine kinase (RTK) 

(Birchmeier et al., 2003 ; Cristiani et al., 2005; Wang et al., 2006) (Figure 1). 
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Figure 1 : Domaines et structures tridimensionnelles de Met 

Structure du récepteur Met : S=domaine Sema, C=domaine riche en cystéines (PSI), Ig= 

domaine homologue aux immunoglobulines (=IPT), K=domaine kinase. α et β représentent 

les sous-unités du récepteur Met après maturation. D’après (Birchmeier et al., 2003). 

B) L’HGF/SF : deux noms, un même facteur  

 

La double dénomination du ligand de Met, HGF/SF, vient de la désignation du même 

facteur de croissance par deux équipes différentes. Il a tout d’abord été identifié comme un 

facteur capable d’induire la prolifération des hépatocytes de rat (« Hepatocyte Growth 

Factor ») (Birchmeier 2003, nakamura 1984). Trois ans plus tard, il est identifié comme un 

facteur sécrété par les fibroblastes embryonnaires capable d’induire la dispersion (« Scatter 

Factor ») des cellules épithéliales (Stoker et al., 1987 ; Birchmeier et al., 2003). 

En 1991, une équipe a montré que ces deux facteurs étaient codés par la même 

séquence,qu’ils possédaient la même spécificité pour le récepteur Met et que les réponses 

biologiques qu’ils induisaient étaient interchangeables (Naldini et al., 1991). 
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Le gène hgf/sf est situé sur la bande q21.1 du chromosome 7 et est constitué de 18 

exons et de 17 introns (Seki et al., 1991). L’HGF/SF est une glycoprotéine qui est sécrétée 

sous la forme d’un précurseur (pro-HGF). Il devient biologiquement actif après un clivage 

protéolytique unique libérant deux chaînes polypeptidiques (α et β) qui s’associent par un 

pont disulfure. L’activation de l’HGF/SF peut être assuré par différentes protéases comme la 

matriptase, l’activateur de l’HGF (HGF-A), l’hepsine ou le facteur XIIA (Owen et al.).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 : Domaines et structures tridimensionnelles de l’HGF/SF 

Structure de l’HGF/SF : �=domaine �-terminal, K1-4=domaines Kringle, 

SPH=domaine homologue aux sérines protéase. Structure cristallographique de �K1 et du 

domaine SPH.D’après (Birchmeier et al., 2003). 

L’HGF/SF est composé d’un domaine N-terminal suivi de quatre domaines « kringle » 

(structure en triple boucles stabilisée par des ponts disulfures) et d’un domaine carboxy-

terminal apparenté au domaine catalytique des protéases à sérines (SPH) mais dépourvu 

d’activité enzymatique (Birchmeier et al., 2003). La sous-unité α couvre la région N-

terminale et les 4 domaines « kringle ». Quant au domaine SPH, il constitue à lui seul la 

chaîne β (Figure 2). 

 

C) Activation de Met par l’HGF/SF 

 

En 1991, Met est identifié comme étant le récepteur à l’HGF/SF. En effet, suite à une 

stimulation à l’HGF/SF, une protéine phosphorylée de 145 kDa a été détectée puis identifiée 
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comme étant la sous-unité β du récepteur Met (Bottaro et al., 1991). D’autres résultats ont 

montré que des cellules COS-7 exprimant le récepteur Met après transfection fixaient 

l’HGF/SF avec une haute affinité (constante de dissociation ou Kd = 30 pM), contrairement 

aux cellules non-transfectées (Higuchi et al., 1992). 

De nombreuses études ont été réalisées pour déterminer l’interaction entre ces deux 

partenaires et ont montré que les domaines Sema et IPT du récepteur Met constituent 

respectivement des sites de basse et de haute affinité pour la fixation du ligand (Basilico et al., 

2008). La sous-unité β de l’HGF/SF reconnaît une zone située entre les pales 2 et 3 du 

domaine Sema avec une faible affinité (Kd = 90 nM). Cette interaction permet la 

phosphorylation de Met malgré cette faible affinité (Kirchhofer et al., 2004). La sous-unité α 

permet une interaction de forte affinité avec les domaines IPT 3 et 4 (Stamos et al., 2004; 

Basilico et al., 2008). La forme pro-HGF, tout comme la sous-unité α, possède une forte 

affinité (Kd : 0.2-0.3 nM) pour Met mais n’induit pas la phosphorylation du récepteur (Lokker 

et al., 1992). De manière intéressante, aucune de ces trois formes (sous-unité α, sous-unité 

β, pro-HGF) n’induisent de réponses biologiques et seul l’HGF/SF mature, qui interagit à la 

fois avec le domaine PSI et le domaine Sema, est capable d’activer le récepteur et d’induire 

des réponses biologiques (Matsumoto et al., 1998).  

Met est capable de fixer une molécule d’HGF/SF. Cette fixation permet la 

dimérisation de 2 molécules d’HGF/SF entraînant la dimérisation des récepteurs (Figure 3) 

qui permet alors la trans-autophosphorylation des récepteurs sur des résidus tyrosines 

(Gherardi et al., 2006). 
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Figure 3 : Modélisation de l’interaction HGF/SF-Met 

Le récepteur Met est capable de fixer une molécule d’HGF/SF formant ainsi des dimères. Ces 

dimères s’associent ensuite tête-bêche à travers une interaction entre chaque molécule 

d’HGF/SF via les domaines �-terminaux et Kringle 1. 

sp : domaine d’homologie à la sérine protéase, k : domaine kringle, n : domaine �-terminal. 

D’après (Gherardi et al., 2006) 

 

Met se phosphoryle sur les tyrosines 1234 et 1235 situées au niveau du domaine 

kinase. La phosphorylation de ces résidus permet une meilleure accessibilité de l’ATP à ce 

domaine et par conséquent participe à l’amplification de l’activité enzymatique (Ferracini et 

al., 1991)  (Naldini et al., 1991). Ces résidus sont indispensables à l’activité catalytique du 

récepteur puisque leur mutation abolit toute activité du récepteur Met (Longati et al., 1994). 

L’activation de Met permet à son tour la phosphorylation de la tyrosine 1003 située dans la 

dans la région juxtamembranaire mais aussi dans la région C-terminale avec la 

phosphorylation des tyrosines 1349 et 1356 (Ponzetto et al., 1994). Les tyrosines C-terminales 

phosphorylées et les acides aminés environnants constituent alors un site d’interactions 

protéines-protéines qui intervient dans le recrutement de la majeure partie des protéines de 

signalisation activées par Met. Le recrutement de ces protéines est à la base de la transduction 

du signal intracellulaire qui mènera à l’élaboration d’une réponse biologique. Depuis, il a été 

montré que d’autres tyrosines (Y1313, Y1365) pouvaient être phosphorylées et impliquées 
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dans les réponses biologiques induites par Met (Maulik et al., 2002 ; Cristiani et al., 2005). 

Dans le même temps, la liaison de l’HGF/SF par Met induit sa phosphorylation sur le résidu 

tyrosine 1003 situé au niveau du domaine juxtamembranaire. Ce résidu phosphorylé recrute 

alors la protéine c-CBL, une E3 ubiquitine ligase connue pour être impliquée dans la 

dégradation de nombreux RTK (Weidner et al., 1995). La protéine c-CBL est à l’origine de 

l’ubiquitination de Met et  permet son internalisation ainsi que son adressage vers les voies de 

dégradation (Schmidt and Dikic, 2005). Le domaine juxtamembranaire intervient donc 

directement dans la régulation négative du récepteur et dans le contrôle des réponses 

biologiques induites par le ligand tandis que le domaine C-terminal de Met intervient dans 

l’inititation des réponses biologiques. 

 

II) Implications physiologiques du couple HGF/SF-Met 
 

A) Au cours de l’embryogenèse 

 

Au cours de l’embryogenèse, l’HGF/SF et Met sont exprimés de manière précoce et 

conjointement dans l’endoderme ainsi que dans une partie de la ligne primitive du 

mésoderme. Après la gastrulation, processus qui fait intervenir plusieurs mouvements 

cellulaires permettant la mise en place des différents feuillets embryonnaires, leur co-

expression perdure dans la corde et la notocorde. Il a été proposé que l’action autocrine de 

l’HGF/SF sur Met intervient dans ces mouvements cellulaires. Au cours de l’organogenèse, 

leur expression concomitante persiste dans le cœur, les somites et les cellules des crêtes 

neurales avant de se dichotomiser (Andermarcher et al., 1996). L’HGF/SF est alors exprimé 

dans les tissus mésenchymateux tandis que Met est retrouvé dans les tissus épithéliaux. Cette 

particularité suggère un mode d’action paracrine et un rôle important de ce couple dans les 

interactions épithélium-mésenchyme au cours de l’organogenèse (Andermarcher et al., 1996; 

Wilhelmsen et al., 2006 ). 

Afin de déterminer le niveau d’implication de ce couple dans le développement, des 

invalidations de met ou de l’hgf/sf par knock out (KO) ont été réalisées chez des souris. 

L’extinction de l’un ou l’autre de ces gènes entraîne la mort in utero des embryons dès le 

15
ème 

jour de développement (E15), démontrant leur rôle essentiel au cours du développement  

4). Ces embryons présentent alors des phénotypes tout à fait similaires, ce qui confirme le lien 

fonctionnel entre le récepteur et son ligand. Les embryons présentent un défaut d’organisation 
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Figure 5 : Effet du KO HGF/SF ou Met 
-/-

 dans le développement des muscles 

(A, B, C, D) Hybridation in situ de Pax3 sur des embryons in toto de souris à E10, Barre 

d’échelle (A) 500 µm, (B) 300 µm. 

(E) Schéma des bourgeons des membres et détection des précurseurs myogéniques chez des 

embryons E9,5. My :Myotome, Dmy : Dermomyotme, Sc : Sclérotome  

D’après (Epstein et al., 1996; Birchmeier et al., 2003). 

 

Le couple HGF/SF-Met agit également au niveau du système nerveux. L’expression 

de Met et de l’HGF/SF est détectée au cours du développement du cerveau et persiste à l’âge 

l’adulte. Met est également exprimé dans de nombreuses structures du système nerveux à 

différents stades du développement. Ainsi, on observe son expression dans les cellules des 

crêtes neurales, les motoneurones de la moelle épinière et les ganglions de la racine dorsale 

(Sonnenberg et al., 1993; Jung et al., 1994; Andermarcher et al., 1996; Yamamoto et al., 

1997).  

In vitro, l’HGF/SF est capable d’induire la croissance des neurites à partir de neurones 

issus d’explants du néocortex. En plus de son rôle de facteur de croissance, il est également 

capable d’orienter la trajectoire des axones issus des motoneurones et agit donc sur les 

cellules comme facteur chimioattractant (Ebens et al., 1996; Hamanoue et al., 1996). De plus, 

in vitro, l’HGF/SF induit la survie et la prolifération des neuroblastes mais aussi leur 

différenciation. Ainsi, l’utilisation d’anticorps dirigés contre l’HGF/SF réduit le nombre de 
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neurones sympathiques issus de la différentiation des neuroblastes tandis que l’invalidation de 

met dans ces cellules provoque une apoptose massive (Maina et al., 1998). 

De nombreuses études ont été réalisées in vivo afin de mieux comprendre le rôle de ce 

couple dans la neurogenèse. Ainsi, à la suite d’un knock in (KI) de met, où le gène sauvage est 

remplacé par une version codant un récepteur dépourvu d’activité kinase, les embryons 

présentent des défauts dans l’innervation sensorielle des muscles des membres (Maina et al., 

1997). D’autres études ont utilisé la stratégie du KO conditionnel afin d’étudier le rôle de 

Met. Le gène d’intérêt est alors flanqué par des séquences de recombinaison de l'ADN (Lox) 

tandis que l’expression de l’enzyme capable de recombiner ces sites, la recombinase Cre, est 

sous le contrôle d’un promoteur spécifique. Ainsi, en utilisant le promoteur de la nestine, une 

protéine exprimée spécifiquement dans les cellules nerveuse, une équipe a pu réaliser le KO 

conditionnel de Met dans les cellules neuroépithéliales. Ce KO conditionnel entraîne des 

défauts dans la survie d’une sous-catégorie de motoneurones qui interviennent dans 

l’innervation du petit pectoral ou le maintien de l’expression du facteur de transcription runx1 

et souligne l’importance de la signalisation HGF/SF-Met dans ces processus (Lamballe et al.). 

Enfin au niveau du cerveau, le KO inductible du récepteur Met empêche la migration des 

neurones dépendants de GABA (Gamma-AminoButyric Acid) dans l’hippocampe (Martins et 

al., 2007). 

 

B) Chez l’adulte 

 

Chez l’adulte, le couple HGF/SF-Met joue un rôle majeur dans la régénération de 

nombreux organes. Ainsi, lors de la régénération du foie de souris après hépatectomie, 

l’extinction de Met provoque un délai de régénération plus long ce qui corrèle avec une 

diminution des capacités de prolifération des hépatocytes (Borowiak et al., 2004; Huh et al., 

2004 ; Phaneuf et al., 2004). D’autres organes bénéficient également de l’effet régénérateur 

de la signalisation HGF/SF-Met. Ainsi, chez la souris, l’ablation partielle du rein ou 

l’induction de lésions rénales aigües par l’administration de chlorure de mercure en 

intraveineuse, corrèle avec une augmentation du taux d’HGF/SF, suggérant une implication 

du couple HGF/SF-Met dans la régénération de ces organes. In vivo, l’injection en 

intraveineuse d’HGF/SF accélère la régénération rénale et la réparation des lésions tissulaires 

(Kawaida et al., 1994). De la même façon, on observe une augmentation du taux d’HGF/SF 

après un infarctus du myocarde, des blessures pulmonaires ou une section de la moelle 
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épinière (Ohmichi et al., 1996 ; Jin et al., 2003 ; Shimamura et al., 2007), tandis que 

l’administration d’HGF/SF accélère leur régéneration. Le couple est également impliqué dans 

le processus de cicatrisation. En effet, après une blessure cutanée, le taux d’HGF/SF 

augmente et permet aux cellules exprimant Met de migrer et de proliférer sur le site de la 

blessure. Ainsi, à la suite d’un KO conditionnel de met obtenu au niveau kératinocytes 

(l’expression de la recombinase est alors sous le contrôle du promoteur de la kératine 14), on 

observe une inhibition du processus de cicatrisation au niveau de l’épiderme (Chmielowiec et 

al., 2007). Enfin, en période de gestation, le niveau d’expression de l’HGF et de Met 

augmente au niveau de la glande mammaire pendant la période de tubulogenèse, suggérant 

que ce couple régule également la morphogénèse de branchement. En revanche, leurs 

expressions diminuent après la grossesse, ce qui coïncide avec la période de lactation lorsque 

démarre la phase de différenciation cellulaire mammaire (Pepper et al., 1995; Soriano et al., 

1998 ). Plus récemment, il a été montré que les cellules à caractère souche situées dans la 

zone sous ventriculaire du cerveau (une des zones connues où persiste la neurogenèse chez 

l’adulte) exprime le récepteur Met. In vivo, l’administration d’HGF par injection 

intracérébroventriculaire entraine une prolifération des cellules souches mesurables à l’aide 

d’un marquage à la BrdU. Ces mêmes cellules, isolées et cultivées après l’injection 

d’HGF/SF, prolifèrent et sont capables de former des amas appelés neurosphères. De plus, par 

l’utilisation d’anticorps capables de neutraliser l’HGF/SF, les auteurs montrent que l’HGF 

agit de manière endogène puisqu’ils observent une diminution d’incorporation de la BrdU par 

les cellules de la SVZ (zone sous-ventriculaire) par rapport à la condition contrôle (injection 

d’anticorps aspécifiques) ce qui est synonyme d’une baisse de la prolifération de ces cellules 

(Nicoleau et al., 2009). Ces travaux ouvrent ainsi des perspectives sur des stratégies 

thérapeutiques basées sur l’utilisation de ces cellules. 

III) Signalisation du couple HGF/SF-Met 
 

A) Un couple ligand-récepteur, de nombreuses réponses cellulaires 

 

Activé par son ligand, le récepteur Met est capable d’induire de nombreuses réponses 

biologiques dans des cultures cellulaires. Ainsi, l’HGF/SF est un puissant mitogène pour les 

cellules hépatiques (Nakamura et al., 1984) mais également un facteur capable d’induire la 

dispersion de nombreux types cellulaires (Maulik et al., 2002). Ces différents mécanismes ont 

d’ailleurs été à l’origine de la découverte de l’HGF/SF. Le ligand permet aussi la mise en 
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place d’une réponse biologique plus complexe comme la morphogenèse lorsque les cellules 

épithéliales sont cultivées en présence de composants de la matrice extracellulaire. Ainsi, des 

cellules épithéliales cultivées dans un gel de collagène s’organisent sous forme de kystes et 

forment des branchements au sein du gel en réponse à l’addition de l’HGF/SF (Montesano et 

al., 1991). L’HGF/SF est alors le premier facteur de croissance identifié capable d’induire 

cette croissance en trois dimensions. De la même façon, de nombreuses lignées cellulaires 

sous l’effet de l’HGF/SF sont capables de reproduire in vitro des structures proches de leur 

tissu d’origine (Brinkmann et al., 1995). 

L’HGF/SF protège également les cellules de l’apoptose induite par une déplétion en 

sérum et/ou des inducteurs d’apoptose (TNF-α, cis-platine…) (Kosai et al., 1998 ; Yo et al., 

1998). Cependant, malgré le rôle de survie largement illustré dans la littérature, des fonctions 

pro-apoptotiques et cytotoxiques du couple HGF/SF-Met ont été décrites dans plusieurs 

lignées cellulaires transformées (Tajima et al., 1991), notamment la lignée de sarcome-180 où 

le couple HGF/SF-Met est capable d’activer la caspase-3 (Arakaki et al., 1998). Les travaux 

portant sur ces fonctions ont d’ailleurs été à l’origine de l’identification d’un facteur baptisé 

F-TCF (pour Fibroblast-derived Tumor Cytotoxic Factor) qui n’était autre que l’HGF/SF 

(Higashio et al., 1990; Shima et al., 1991a ; Shima et al., 1991b ). 

Pour conclure, les réponses cellulaires observées in vitro sont cohérentes avec les rôles 

du couple HGF/SF-Met observés in vivo. 

B) La signalisation de Met 

 

Nous l’avons vu précédemment, la mise en place d’une réponse biologique contrôlée 

par Met nécessite sa trans-autophosphorylation sur des résidus tyrosines. Ces résidus et les 

acides aminés environnants vont alors constituer des sites de recrutement reconnus par des 

protéines portant des domaines spécifiques SH2 (Src Homology 2), SH3 (Src Homology 3) ou 

PTB (PhosphoTyrosine Binding) (Figure 6). En effet, des souris exprimant par knock-in une 

séquence codant Met dont les tyrosines C-terminales ont été remplacées par des résidus non 

phosphorylables présentent des défauts similaires aux souris n’exprimant pas le récepteur, 

preuve du rôle majeur de ce site de recrutement (Maina et al., 1997). Pour autant, toutes les 

réponses ne sont pas abolies puisqu’il a été montré que des récepteurs mutés sur ces tyrosines 

étaient capables d’induire des réponses de dispersion, suggérant que des signaux pouvaient 

être transmis indépendamment de la présence d’un site de recrutement multisubstrat 

fonctionnel (Tulasne et al., 1999).  
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Figure 6 : Partenaires recrutés par le récepteur Met activé par l’HGF/SF 

D’après (Hammond et al., 2004) 

Met recrute un nombre important de protéines qui initient les voies de signalisation 

permettant l’intégration du signal perçu par le récepteur. Parmi ces recrutements, on distingue 

les recrutements directs de protéines effectrices comme celui de la protéine PI3-K 

(Phosphatidyl Inositol 3 Kinase) ou le recrutement indirect par l’intermédiaire de protéines 

adaptatrices comme GAB1 (Grb2 Associated Binding 1) ou Grb2 (Growth factor Receptor-

Bound 2). Ces adapatateurs, contrairement à la PI3-K, ne possèdent pas d’activité 

enzymatique et sont capables de participer au recrutement d’autres partenaires protéiques 

impliqués dans la signalisation de Met. Enfin, Met peut également recruter le facteur de 

transcription STAT 3 (Signal Transducers and Activator of Transcription 3) et réguler ainsi de 

manière directe l’expression de gènes cibles. Ces partenaires sont retrouvés de manière 

récurrente et vont servir d’exemple pour détailler l’importance des différentes voies de 

signalisation participant à la mise en place des réponses biologiques induites par le couple 

HGF/SF-Met.  
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1) GAB1 

 

GAB1 est une protéine adaptatrice impliquée dans la signalisation de Met. Elle 

interagit directement avec la phospho-tyrosine 1349 de Met par son domaine MBD (Met 

Binding Domain). GAB1 est également recrutée par la tyrosine 1356 via une interaction avec 

Grb2. Ce recrutement indirect semble prépondérant puisque la mutation dans Gbr2 du site de 

liaison à Met réduit fortement le recrutement de GAB1 (Bardelli et al., 1997; Fixman et al., 

1997 ). GAB1 possède également un domaine PH (Pleckstrin Homology) lui permettant 

d’interagir à la membrane avec les PIP3 (phosphatidylinositol 3, 4, 5 triphosphate) qui sont 

produits par la PI3-K, recrutée elle aussi par Met (Rodrigues et al., 2000). L’inhibition du 

recrutement de GAB1 à la membrane réduit fortement les réponses de morphogenèse. La 

localisation membranaire intervient donc directement dans la signalisation du récepteur Met 

(Maroun et al., 1999a; Maroun et al., 1999b ). Le phénotype des souris GAB1
-/-

, qui est très 

proche de celui des souris Met
-/-

, témoigne du rôle majeur de cette protéine dans la 

signalisation de Met. Arrimée à Met, GAB1 est phoshorylée et peut alors servir de plateforme 

de recrutement aux protéines de signalisation telles que PLCγ (PhosphoLipase Cγ), SHP2 (Src 

Homology 2-containing tyrosine Phosphatase) ou encore PI3-K (Lock et al., 2000 ; Schaeper 

et al., 2000; Lock et al., 2003 ) induisant certaines réponses biologiques. Ainsi, Src est plutôt 

associée à la croissance sans ancrage (Rahimi et al., 1998), SHC (Src Homology 2 domain-

Containing) à l’angiogenèse (Saucier et al., 2004), PLCγ (PhosphoLipase Cγ) à la 

morphogenèse (Gual et al., 2000). 

2) Grb2 
 

Grb2 est recrutée par Met et possède également un rôle d’adaptateur. La tyrosine 1356 

phosphorylée de Met constitue un site de recrutement direct pour la protéine Grb2 qui peut 

également être recrutée indirectement via la protéine SHC (Pelicci et al., 1995). Le 

recrutement de Grb2 associée à l’échangeur de guanidine SOS (Sons Of the Sevenless), va 

permettre l’activation de la GTPase membranaire Ras en catalysant le remplacement du GDP 

en GTP (Li et al., 1993 ; Ponzetto et al., 1994). La forme active Ras-GTP active alors Raf, 

une sérine/thréonine kinase qui active MEK1 (MAP/ERK kinase 1) qui active à son tour ERK 

(Extracellular signal Regulated Kinase). Cette activation en cascade constitue la voie des 

MAPK (Mitogen-Activated Protein Kinase). ERK activée constitue alors un centre à partir 

duquel rayonnent différentes voies, impliquées entre autres dans le réarrangement du 
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cytosquelette et l’activation des facteurs de transcription ETS-1 (E Twenty-Six 1) et c-Fos 

(Furge et al., 2000 ; Tulasne et al., 2002). 

L’importance de cette voie de signalisation a été démontrée par l’utilisation de souris 

KI exprimant un récepteur Met incapable de recruter Grb2. Ces souris sont viables jusqu’à la 

naissance. Elles ne présentent pas de malformation au niveau du placenta contrairement aux 

souris KO pour Met ou pour l’HGF/SF. Cependant, ces souris meurent après leur naissance, 

probablement par un défaut respiratoire (aspect cyanosé des embyrons) et présentent 

notamment une insuffisance musculaire au niveau des membres. Contrairement au KO de 

met, ce KI n’affecte pas la migration des précurseurs myoblastiques mais plutôt leur 

prolifération (Maina et al., 1996). Ces résultats rejoignent d’autres résultats obtenus in vitro 

puisqu’une version de Met mutée, toujours capable de lier les protéines comme SHC, ou 

PLCγ mais incapable de recruter Grb2, ne modifie pas la migration induite par l’HGF/SF 

(Ponzetto et al., 1996). 

 

3) La PI3-K 

 

La protéine PI3-K est composée d’une sous-unité qui porte l’activité catalytique et 

d’une seconde spécialisée dans l’interaction avec les deux tyrosines du domaine de 

recrutement multisubstrat de Met (Vanhaesebroeck et al., 2005). Une fois complexée à Met, 

la PI3-K produit le PIP3, un second messager lipidique localisé à la membrane. Le PIP3 

permet alors le recrutement de la protéine Akt à la membrane pour y être activée par la kinase 

membranaire PDPK1 (3-PhosphoInositide Dependent Protein Kinase-1). Akt est alors capable 

de phosphoryler de nombreux effecteurs sur des résidus sérines et thréonines, comme la 

protéine BAD (Bcl-2-Associated Death promoter) ou la pro-caspase-9 qui perdent alors leurs 

capacités pro-apoptotiques (Fresno Vara et al., 2004). 

 

4) STAT3  

 

Suite à son activation par l’HGF/SF, Met est ubiquitinylé et internalisé. 

L’internalisation de Met est un mécanisme connu pour initier la voie de dégradation. Ce 

même mécanisme intervient également dans la signalisation contrôlée par Met. Ainsi, 

l’internalisation de Met activé entraîne sa colocalisation avec le facteur de transcription 

STAT3, induit sa phosphorylation puis la translocation de la forme active de STAT3 dans le 

noyau (Boccaccio et al., 1998; Kermorgant and Parker, 2008). STAT3 est alors capable 
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d’induire la transcription de différents gènes cibles dans le compartiment nucléaire (Levy and 

Darnell, 2002). Bien que les gènes cibles contrôlé par STAT3 en réponse à une stimulation à 

l’HGF/SF soient méconnus, les études ont déterminé qu’il intervenait dans les réponses de 

morphogenèse (Zhang et al., 2002). 

 

5) Cibles transcriptionnelles 

 

Il a été montré que les réponses induites par Met nécessitent la néo-synthèse de 

protéines puisque l’inhibition de la traduction protéique par l’utilisation de cycloheximide sur 

des MDCK (Madin-Darby Canine Kidney) bloque la dispersion induite par l’HGF/SF (Ridley 

et al., 1995). En effet, Met contrôle ses réponses biologiques en régulant au niveau 

transcriptionnel l’expression de nombreux acteurs de signalisation directement impliqués dans 

le mécanisme de dispersion et de migration. Ainsi, l’HGF/SF peut activer l’expression de 

diverses protéases comme MMP 1 et 9, ainsi que l’UPA (Urokinase-type Plasminogen 

Activator) qui sont capables de dégrader les composants de la matrice extracellulaire (Fafeur 

et al., 1997; Hanzawa et al., 2000). Des études montrent également que la dispersion induite 

par l’HGF/SF est dépendante de l’expression des intégrines α2 et α3 qui corrèle avec 

l’activation de la protéine ERK et sa translocation dans le noyau (Liang and Chen, 2001).  

Enfin, l’HGF/SF protège également de l’apoptose par différents mécanismes. Il a été 

observé que l’HGF/SF active l’expression des IAP (X-chromosome-linked inhibitor of 

apoptosis protein), des inhibiteurs des caspases et de la protéine Mdm 2, une ubiquitine ligase 

impliquée dans la dégradation de la protéine p53, facteur de transcription aux propriétés 

apoptotiques (Yamamoto et al., 2001; Moumen et al., 2007). 

 

C) Les partenaires membranaires de la signalisation de Met 

 

L’induction des réponses biologiques nécessite le recrutement de nombreux 

partenaires intracellulaires. D’autres études montrent également que les réponses biologiques 

induites par Met dépendent également de co-récepteurs situés à la membrane plasmique 

(Figure 7). 
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Figure 7 : Les différents partenaires membranaires du récepteur Met 

D’après (Hanna et al., 2009) 

 

1) Les intégrines 
 

Les intégrines constituent une superfamille qui participe à l’adhésion des cellules aux 

composants de la matrice extracellulaire, favorisant ainsi leur survie et leur prolifération. Elles 

sont également à l’interface entre le cytosquelette et la matrice extracellulaire (Wilhelmsen et 

al., 2006). Ces protéines sont composées d’une sous-unité α et une sous-unité β. A ce jour, les 

18 sous-unités α et β connues peuvent s’associer et former 24 dimères distincts. La 

complémentarité de leurs domaines extracellulaires permet la spécificité au ligand. De par 

cette spécificité, les intégrines ont été classées en différents groupes : les intégrines à 

laminine, les intégrines à collagène, les intégrines leucocytaires et les intégrines reconnaissant 

des motifs protéiques RGD (Arginine-Glycine-Aspartate) (Takada et al., 2007). Ces 

hétérodimères interviennent également dans les liaisons cellule-cellule puisque l’intégrine 

α6β4 participe majoritairement à l’architecture des hémidesmosomes (van der Neut et al., 

1996). En accord avec ses fonctions motogènes, l’HGF/SF induit la phosphorylation de la 

sous-unité β, déstabilisant ainsi les hémidesmosomes et prévenant leur formation. Cette 

phosphorylation convertit l’intégrine α6β4 en une plateforme de signalisation capable de 

recruter les protéines de signalisation PI3-K et SHC. Ces recrutements initient alors des voies 

de signalisation qui aboutissent à des réponses de migration (Trusolino et al., 2001). 

De la même façon, il a été montré que l’integrine α3β1 et Met s’associent 

physiquement. En réponse à l’HGF, ce complexe permet de recruter les protéines de 

signalisation GAB1 et PI3-K. Cette association permet alors le contrôle de la voie Wnt qui 

intervient dans la tubulogenèse rénale et la survie cellulaire. Les explants de papilles rénales 
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issus de souris KO pour l’integrine α3β1 présentent alors un défaut de croissance qui corrèle 

avec une chute d’expression des gènes contrôlés par la voie Wnt. Ainsi, Met peut coopérer 

avec les intégrines pour médier des fonctions biologiques (Liu et al., 2009). 

Met peut également être activé par les intégrines. En effet, après stimulation de 

l’intégrine α5β1 par son ligand, la fibronectine (un composant de la matrice extracellulaire), 

Met est activé en absence d’HGF/SF par la sous-unité α5. Ce mécanisme d’activation est 

étroitement lié au processus de métastatisation dans un modèle cancereux de l’ovaire puisque 

l’utilisation d’anticorps dirigés contre la sous-unité α de l’intégrine α5β1 contrecarre 

l’activation de Met en absence d’HGF/SF dans ces cancers ainsi que le développement de 

métastases (Mitra et al., 2003). 

 

2) CD44 

 

CD44 regroupe les nombreuses isoformes d'une protéine transmembranaire qui 

peuvent résulter de l'épissage alternatif de 20 exons. CD44 a été localisé pour la première fois 

à surface des lymphocytes T et sa première fonction décrite est celle de récepteur à l’acide 

hyaluronique (Toole, 1990). Ensuite, il a été montré que CD44 est capable de fixer des 

facteurs de croissance tels que le FGF-2 (Fibroblast Growth Factor-2), HB-EGF (Human 

Heparin Binding Epidermal Growth Factor) et l’HGF/SF (Bennett et al., 1995 ; Jackson et al., 

1995 ; van der Voort et al., 1999). 

Cette capacité de fixation de l’HGF intervient dans la signalisation HGF/SF-Met 

puisqu’elle favorise la phosphorylation de Met et par conséquent l’activation de la voie de 

signalisation MAPK (van der Voort et al., 1999). Il a été proposé que le CD44 permettait de 

faciliter la présentation de l’HGF/SF au récepteur Met. L’isoforme CD44v6, qui possède 

spécifiquement l’exon 11, favorise quant à lui la signalisation de Met en deux étapes. Par son 

domaine extracellulaire, il favorise l’activation entre l’HGF/SF et Met au sein d’un complexe 

ternaire et l’utilisation d’anticorps dirigés contre CD44v6 bloque alors cette activation. Enfin, 

par son domaine intracellulaire, CD44v6 recrute les protéines de la famille ERM (Ezrine, 

Radixine et Moesine) qui s’associent à l’actine du cytosquelette et favorisent l’activation de la 

protéine Ras et de la voie des MAPK (Orian-Rousseau et al., 2002; Orian-Rousseau et al., 

2007). 

Des souris KO pour CD44 ont été développées afin de démontrer ce rôle de co-

récepteur de Met dans un contexte in vivo. Malgré l’importance du CD44 dans les réponses 
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induites in vitro par l’HGF/SF, les souris CD44
-/-

 sont viables et ne présentent aucun des 

défauts observés dans les souris Met
-/-

. Ce phénotype a permis aux auteurs de suggérer 

l’existence d’un mécanisme de compensation pour pallier l’absence de CD44. Dans les 

cellules issues des souris CD44
-/-

, la protéine ICAM-1 est capable d’interagir avec le récepteur 

Met, de plus cette interaction intervient dans l’activation de Met en réponse à l’HGF/SF. Il a 

donc été proposé qu’ICAM-1 pouvait compenser le déficit de la protéine CD44 en jouant le 

rôle de co-récepteur de Met et ce exclusivement dans les souris CD44
-/- 

(Olaku et al.). 

 

3) Les plexines/sémaphorines 
 

Nous l’avons vu précédemment, le récepteur Met possède dans sa région 

extracellulaire un domaine Sema qui partage une forte homologie de séquence avec celui des 

sémaphorines et des plexines. Les sémaphorines constituent une famille de protéines secrétées 

ou associées à la membrane. Les plexines, une famille de protéines transmembranaires, sont 

les récepteurs aux sémaphorines. Elles s’associent par leur domaine Sema et sont impliquées 

dans la motilité, la guidance des axones ou l’angiogenèse (Kruger et al., 2005). De par leurs 

homologies pour ce domaine, trois membres des plexines type B sont ainsi capables 

d’interagir avec Met (Conrotto et al., 2004). En absence de leur ligand respectif, il a été 

montré que Met s’associe avec la plexine B1. La fixation de la sémaphorine 4D par la plexine 

B1 entraîne l’activation de Met et leur phosphorylation respective. Cette activation en relais 

de Met par la plexine B1 est même nécessaire pour la réponse biologique en réponse à la 

sémaphorine 4D (Giordano et al., 2002 ; Artigiani et al., 2004). De même, il a été montré que 

l’effet angiogénique de la sémaphorine 5A, qui comprend la migration des cellules 

endothéliales, est sous le contrôle de Met. (Sadanandam et al.). Pourtant, plus récemment, des 

études dans des mélanomes qui surexpriment Met ont montré que la surexpression de la 

plexine B1 abolit les réponses biologiques induites par l’HGF/SF. Cette activité de 

suppresseur de tumeurs portée par la plexine B1 serait liée à sa capacité à interagir avec Met, 

ce qui entraînerait une diminution de l’affinité de Met pour l’HGF/SF (Stevens et al.). 
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4) Les récepteurs tyrosine kinase 

 

Met dialogue également avec plusieurs récepteurs membranaires à activité tyrosine 

kinase comme la famille des récepteurs à l’EGF 1et 3 (Epidermal Growth Factor), le récepteur 

VEGFR (Vascular Endothelial Growth Factor) et Ron, un homologue de Met (Récepteur 

d’Origine Nantais). Ainsi, il a été observé qu’une stimulation à l’HGF/SF pouvait activer les 

récepteur RON et EGFR. Inversement, on observe une activation de Met suite à stimulation 

au MSP (Macrophage Stimulating Protein), le ligand du récepteur RON, ou par le GDNF 

(glial cell derived neurotrophic factor), le ligand du récepteur RET (REarranged during 

Transfection) (Follenzi et al., 2000 ; Popsueva et al., 2003; Spix et al., 2007 ; Ishibe et al., 

2009 ). Ces interactions sont importantes dans des processus physiologiques comme le 

développement du rein puisque l’inhibition de Met ou l’EGFR entraîne un défaut de 

formation de cet organe. Ces mêmes coopérations ont été retrouvées dans plusieurs cancers. 

Ainsi, dans les cancers gastriques où Met est surexprimé suite à une amplification génique, on 

observe une phoshorylation basale de EGFR3 et de l’EGFR qui peut être inhibée par un 

inhibiteur spécificique de l’activité de Met (Bachleitner-Hofmann et al., 2008). Certaines 

études ont montré que Met et l’EGFR pouvait former des complexes hétéro-dimériques, 

suggérant une activation directe des deux entités (Jo et al., 2000 ; Guo et al., 2008). 

Cependant, d’autres données suggèrent plutôt un mécanisme d’activation indirecte par 

l’intermédiaire de Src. Activée par Met, Src pourrait alors phosphoryler l’EGFR ce qui 

conduirait à son activation (Mueller et al., 2008). 

 

5) Fas R 
 

Met est également capable de s’associer avec le récepteur Fas (Fas-R) par son domaine 

extracellulaire. En présence de son ligand, le Fas-Ligand (Fas-L), Fas-R se trimérise et permet 

l’activation de caspases initiatrices qui mèneront à la mort cellulaire par apoptose. Cette 

association FasR-Met permet de séquestrer le récepteur de mort et l’empêche d’interagir avec 

son ligand, entraînant ainsi une résistance des cellules à la mort médiée par Fas-L. A 

l’inverse, une forte dose d’HGF/SF déstabilise l’association de Met avec Fas-R, ce qui permet 

à ce dernier d’interagir avec Fas-L, sensibilisant ainsi les cellules à l’apoptose (Wang et al., 

2002). Les données in vivo montrent que des souris surexprimant le domaine extracellulaire 

de Met sont plus résistantes à l’apoptose hépatique dépendante de Fas. Cette interaction a 
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également été démontrée dans des cellules endothéliales (HUVEC) ce qui leur permet dans de 

résister à l’apoptose induite par Fas (Smyth and Brady, 2005). 

 

IV) Implications du couple HGF/SF-Met dans le cancer 
 

Selon Weinberg et Hanahan la transformation cellulaire qui permet le passage d’une 

cellule normale à une cellule tumorale nécessite l’acquisition d’une dizaine de propriétés 

(Hanahan and Weinberg) (Figure 8). Parmi ces caractéristiques, on retrouve, entre autres, 

l’indépendance vis-à-vis des signaux stimulant la prolifération, la protection contre 

l’apoptose, une angiogenèse importante ou l’invasion métastatique. Plusieurs travaux ont 

montré que Met pouvait être directement impliqué dans les mécanismes de transformation 

cellulaire qui aboutissent au développement de cancers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 : Caractéristiques permettant la transformation cellulaire 

D’après (Hanahan and Weinberg) 

 

A) Réarrangement chromosomique  

 

Met a été découvert sous la forme d’une protéine de fusion oncogénique TPR-Met. 

Les domaines TPR situés en région N-terminale dimérisent constitutivement la région 
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intracellulaire de Met qui est dépourvue de la région juxtamembranaire. Cette protéine 

présente une phosphorylation continue synonyme d’une activité catalytique soutenue 

(Rodrigues and Park, 1993). Il en résulte une activation constitutive de Met dont le potentiel 

oncogénique a pu être évalué par la formation de foyers de fibroblastes transformés et par la 

formation de tumeurs dans des souris transgéniques (Liang et al., 1996). L’existence de cette 

protéine de fusion dans des cas de cancers est pourtant controversée. En 1991, une équipe a 

détecté l’existence de la protéine TPR-Met dans des biopsies et des lignées cellulaires issues 

de cancers gastriques. Cependant, des travaux similaires réalisés par une autre équipe n’ont 

pas permis de confirmer ces résultats (Soman et al., 1991 ; Heideman et al., 2001). 

 

B) Mutations de Met  

 

Plus tard, un lien direct entre Met et le cancer a pu être mis à jour par la découverte de 

mutations activatrices situées au niveau du domaine kinase dans des carcinomes papillaires 

rénaux héréditaires (Jeffers et al., 1997a; Schmidt et al., 1997). Depuis, plus d’une centaine 

de mutations de la séquence nucléotidique de Met a été répertoriée. Elles sont à l’origine 

d’une quarantaine de substitutions d’acides aminés dans la séquence protéique de Met. De 

manière intéressante, ces mutations sont majoritairement concentrées dans trois régions 

impliquées dans la régulation de l’activité de Met : la région extracellulaire (impliqué dans la 

fixation du ligand), le domaine juxtamembranaire (une zone de régulation négative) et le 

domaine kinase (Figure 9). 
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Figure 9 : Mutations de Met identifiées chez l’Homme 

Répartition des mutations le long de la séquence protéique de Met 

D’après la banque de données du site http://www.sanger.ac.uk/genetics/CGP/cosmic/ 

 

Comme l’indique le site Sanger, plus d’une vingtaine de mutations affecte le domaine 

kinase du récepteur. Ces mutations sont préférentiellement observées dans les tumeurs des 

voies aérodigestives supérieures (VADS) et des reins. Pour quelques unes de ces mutations, le 

mode d’action a pu être élucidé. Ainsi, il a été montré que certaines de ces mutations 

augmentent l’activité kinase de Met ou activent le récepteur sans phosphoryler les tyrosines 

1234 et 1235(Jeffers et al., 1997a; Jeffers, 1999; Cristiani et al., 2005). Le résidu Y1235, une 

des deux tyrosines située dans la poche catalytique et phosphorylée en réponse au ligand, est 

mutée en acide aspartique dans 10% des cancers des VADS. En mimant la charge négative 

d'un groupement phosphate, la mutation de la tyrosine 1235 en acide aspartique active 

constitutivement le récepteur, indépendamment de son ligand (Aebersold et al., 2003; 

Cristiani et al., 2005). Pour d’autres mutations du domaine kinase, on observe une diminution 

du seuil d’activation du récepteur permettant une phosphorylation de Met avec de faible 

concentration d’HGF/SF (Chiara et al., 2003). De manière globale, les récepteurs portant ces 

mutations sont constitutivement phosphorylés, induisent la transformation des NIH-3T3 et 

leur expression favorise la formation de tumeurs dans des souris immunodéprimées (Jeffers et 

al., 1997a). Enfin, des souris exprimant par KI une version de Met portant une mutation 

activatrice développent de nombreux cancers, principalement des lymphomes et des 

carcinomes mais aussi des sarcomes (Graveel et al., 2004). Ces études, en plus de confirmer 

les capacités tumorigènes de ces mutations, ont permis d’identifier une duplication du gène 
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met dans ces cellules tumorales. Il a ainsi été proposé qu’en plus de la mutation du récepteur, 

l’augmentation du nombre de copies de Met serait une étape nécessaire à la tumorigenèse.  

Les mutations de la partie extracellulaire concernent majoritairement le domaine 

Sema, un domaine non-catalytique de Met qui partage des homologies de séquences avec les 

plexines, les sémaphorines (Jagadeeswaran et al., 2006; Finegold et al., 2008; Ma et al., 

2008). Ces mutations ont été répertoriées dans des cancers du poumon. Contrairement aux 

mutations du domaine kinase, ces mutations n’activent pas le récepteur et, pour certaines 

d’entre elles, diminueraient même l’interaction du récepteur avec le ligand. Le mécanisme 

d’action de ces mutations reste donc à élucider et pourrait redéfinir l’implication du domaine 

Sema dans le contrôle de l’activité de Met (Ma et al., 2008). 

Comme nous l’avons décrit précédemment, le domaine juxtamembranaire de Met 

intervient dans la dégradation du récepteur après son activation par le ligand. Trois mutations 

du domaine juxtamembranaire, (R970C, P991S et T992I) ont été retrouvées dans des cancers 

des VADS, du poumon et de la thyroïde mais ne semblent pas induire l’activité kinase de Met 

(Tyner et al., ; Ma et al., 2003). Le caractère oncogénique de la mutation T992I a pu être 

illustré par l’injection de cellules NIH-3T3 exprimant cette forme mutée de Met à des souris 

immunodéprimées. Celle-ci produisent alors davantage de tumeurs que l’injection de NIH3T3 

exprimant une version sauvage de Met (Lee et al., 2000). De plus, il a été montré que la 

susceptibilité des souris SWR/J au cancer du poumon était liée à la mutation R970C de Met 

(Zaffaroni et al., 2005). Toutefois, en l’absence de mécanisme d’action clairement identifié, 

une équipe a suggéré que ces deux mutations puissent être de simples polymorphismes (Tyner 

et al.). Enfin, il a été montré que plusieurs mutations situées dans les régions introniques de 

Met induisent la délétion de l’exon 14 qui code pour le domaine juxtamebranaire de Met. Ces 

récepteurs délétés de l’exon 14 ne possèdent plus le résidu Y1003 et ne peuvent plus recruter 

la protéine c-CBL. Le récepteur présente alors un défaut de dégradation : la signalisation 

induite par l’HGF/SF est alors prolongée et aboutit à la transformation des fibroblastes 

(Asaoka et al., ; Ma et al., 2005; Kong-Beltran et al., 2006; Onozato et al., 2009). Des 

résultats similaires ont été obtenus suite à la mutation ponctuelle de la tyrosine 1003 

(Peschard et al., 2001; Abella et al., 2005). 
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C) Surexpression de Met et/ou de l’HGF/SF 

 

Malgré l’existence de ces mutations, il a été montré que dans la plupart des cancers 

liés à Met, on observe plutôt une surexpression de Met et/ou de l’HGS/SF. De façon 

cohérente, la surexpression de Met ou de son ligand par transgenèse chez la souris induit le 

développement de tumeurs et de lésions métastatiques (Takayama et al., 1997). A l’inverse, la 

diminution de l’expression de Met ou de l’HGF/SF dans des cellules tumorales humaines 

atténue leur potentiel tumorigène (Abounader et al., 2002). 

La surexpression de Met peut être due à une amplification génique. De multiples 

copies de met ont d’ailleurs été observées dans 10 à 20 % des cancers gastriques (Smolen et 

al., 2006), dans des cancers colorectaux et des métastases hépatiques (Zeng et al., 2008) ainsi 

que dans des cancers du poumon (Toschi and Cappuzzo). Cette amplification génique entraine 

alors une augmentation de l’expression de Met. Cette surexpression peut mener à une 

activation du récepteur en absence de ligand (Ponzetto et al., 1991). Ainsi, les cellules 

tumorales gastriques GTL-16 qui possèdent 11 copies du gène met surexprime le récepteur 

Met et présentent une phosphorylation constitutive (Herrick et al., 2000).  

D’autres mécanismes permettent la surexpression du récepteur. Ainsi, la transcription 

du gène met peut être activé par la voie MAPK sous le contrôle de l’oncogène Ras ou par le 

facteur de transcription Ets1. Dans les cellules tumorales, ces deux oncogènes permettent 

donc la surexpression de Met qui est retrouvé activé indépendamment du ligand. Une boucle 

d’auto-activation permet alors à Met d’amplifier l’action de Ras et d’Ets1 (Gambarotta et al., 

1996; Ivan et al., 1997). 

L’hypoxie est également un facteur capable d’induire la surexpression de Met. Les 

anomalies structurelles de la vascularisation tumorale qui entraîne une mauvaise oxygénation, 

associées au métabolisme intense des cellules tumorales, favorisent la présence de régions 

hypoxiques dans la tumeur. Cet environnement favorise la production d’espèces réactives de 

l’oxygène (ROS) par la mitochondrie (Guzy et al., 2005). La production de ces ROS permet 

la stabilisation du facteur HIF-1, un facteur de transcription très instable en conditions de 

normoxie. Stabilisé, ce facteur est alors capable de réguler l’expression de plus d’une centaine 

de gènes impliqués dans la survie, l’angiogenèse, l’érythropoïèse ou encore la résistance à 

l’anoïkie. L’expression de ces gènes favorise la croissance tumorale et la dissémination 

métastatique en dépit des conditions hypoxiques (Scarpino et al., 2004). Ainsi, on observe que 
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l’inhibition de l’expression de Met à l’aide de shRNA bloque la dissémination métastatiques 

induite par HIF-1 dans les conditions hypoxiques (Comito et al.). 

 

D) Autocrinie, paracrinie 

 

En conditions physiologiques, l’expression de l’HGF/SF par les cellules 

mésenchymateuses et de Met par les tissus épithéliaux entraine une activation paracrine de 

Met. Cette activation paracrine peut être impliquée dans des situations pathologiques suite à 

une production de manière anormale d’HGF/SF par les tissus mésenchymateux. Cette 

augmentation d’expression d’HGF/SF, souvent corrélée à un mauvais pronostic, a été 

observée dans les tumeurs ou dans le sérum de patients atteints de cancers du sein, du 

poumon, de l’estomac, du colon et des cellules gliales (Yamashita et al., 1994; Siegfried et 

al., 1997; Toi et al., 1998; Niki et al., 1999; Arrieta et al., 2002; Toiyama et al., 2009). 

L’activation autocrine a lieu quant à elle lorsque Met et l’HGF/SF sont exprimés 

conjointement et de manière aberrante par les cellules tumorales. Cette caractéristique a été 

observée dans des cancers du sein, du poumon, plusieurs myélomes, des leucémies et certains 

cas de sarcomes (Christensen et al., 2005). Des modèles cellulaires exprimant de manière 

ectopique l’HGF/SF et/ou Met forment alors des tumeurs en souris nude. De plus, 

l’expression conjointe de l’HGF/SF et de Met favorise l’angiogenèse et le développement 

métastatique (Rong et al., 1994; Navab et al., 2009). Cependant, peu de cellules cancéreuses 

expriment à la fois Met et son ligand, suggérant plutôt une activation paracrine de Met. Des 

études ont d’ailleurs montré que les cellules tumorales exprimaient tout un panel de facteurs 

capables d’induire l’expression de l’HGF/SF par les fibroblastes du stroma. Ainsi le caractère 

invasif de cellules issues de carcinomes dépend directement de la présence de fibroblastes et 

des facteurs qu’ils secrétent (Matsumoto et al., 1996). Ces mêmes facteurs favoriseraient la 

tumorigenèse en augmentant l’angiogenèse, la réponse inflammatoire et la prolifération des 

fibroblastes (Jiang et al., 1999; Matsumoto and Nakamura, 2006). 
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E) Thérapies 

 

Depuis quelques années, toute une batterie d’outils thérapeutiques a été développée 

pour inhiber l’activité de Met dans le but de thérapies ciblées anti-cancéreuses (Figure 10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 : Stratégies d’inhibition du couple HGF/SF-Met 

D’après (Cecchi et al.) 
 

Ces outils peuvent cibler le domaine extracellulaire et sa capacité de liaison au ligand 

Des molécules antagonistes inspirées de la molécule NK2, un variant naturel de l'HGF/SF qui 

fixe Met sans l'activer, sont développées pour cibler le domaine extracellulaire du récepteur et 

sa capacité de liaison au ligand (Montesano et al., 1998). La molécule NK2 comprend le 

domaine N-terminal et les deux premiers domaines kringles de la sous-unité α de l’HGF/SF 

(Chan et al., 1993). En se basant sur les caractéristiques de NK2, deux autres molécules 

compétitrices de l’HGF/SF mature ont été mises au point. Ainsi, NK4, qui correspond à la 

sous-unité α de l'HGF/SF, a pu être testée dans différents modèles de tumeurs murines où il a 

montré des activités anti-angiogéniques. De manière similaire, une forme non-activable de 

l’HGF/SF capable de se fixer sur Met diminue lui aussi la vascularisation des tumeurs et 
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limite la dissémination métastatique (Matsumoto and Nakamura, 2003; Mazzone et al., 2004; 

Matsumoto and Nakamura, 2008). 

D’autres molécules antagonistes, decoyMet et rSema, correspondant à la partie 

extracellulaire de Met et jouant le rôle de leurre, ont été développées. Ces molécules 

correspondant au domaine extracellulaire de Met sont capables d’inhiber les réponses 

biologiques en réponse au ligand mais aussi les réponses biologiques dans le cadre d’une 

activation de Met indépendante du ligand. En effet, elles peuvent former des hétérodimères 

non fonctionnels avec Met, déstabilisant ainsi les homodimères actifs et les réponses qu’ils 

contrôlent (Kong-Beltran et al., 2004; Michieli et al., 2004). 

D’autres stratégies d’inhibition ont été développées sur la base de l’ingénierie des 

anticorps monoclonaux. Certains des outils crées ciblent directement la liaison entre Met et 

l’HGF/SF. Cependant, comme c’est le cas pour l’anticorps 5D5, ils sont également capables 

d’induire la dimérisation et l’activation de Met puisque chaque bras est capable de fixer un 

récepteur. De ce fait, une version améliorée de cet anticorps, le 5D5 O.A (One Armed), 

baptisée MetMab, a été développée et empêche efficacement l’activation par l’HGF/SF sans 

induire la dimérisation du récepteur Met (Martens et al., 2006; Jin et al., 2008). 

MetMAB/5D5 est aujourd’hui au stade final de la phase II d’expérimentation clinique. 

Enfin, d’autres inhibiteurs ciblent quant à eux le domaine kinase de Met. Ce sont des 

molécules qui, en mimant la structure de l’ATP, sont capables de se loger dans la poche ATP, 

empêchant ainsi l’activation du récepteur. Suite au développement des premiers inhibiteurs de 

Met comme le SU1127 (IC50= 20 nM) et le PHA 665752 (IC50= 9 nM), largement utilisés en 

recherche fondamentale, plusieurs autres inhibiteurs de l’activité kinase de Met ont été 

développés (Underiner et al., ; Smolen et al., 2006). Ils permettent une meilleure tolérance, 

possède une IC50 inférieure au nM et font l’objet de différents essais cliniques sur des cancers 

gastriques, des cancers du poumon à non petites cellules et des cancers (Bagai et al., ; Munshi 

et al.). 

Nous l’avons vu précédemment, les RTK peuvent coopérer dans leur signalisation au 

profit de la croissance tumorale. Ces notions de « cross-talk » ont été particulièrement 

analysées entre Met et l’EGFR et ont conduit à des combinaisons thérapeutiques. Ainsi, in 

vitro, dans des cellules issues de carcinome bronchique, l’inhibition de Met permet 

notamment de lever la résistance observée avec les inhibiteurs de l’EGFR (Engelman et al., 

2007). De plus, l’homologie de structure partagée par les RTK a permis de développer des 
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molécules à large spectre capables d’inhiber plusieurs RTK dont Met. Les résultats obtenus 

sur un inhibiteur ciblant 6 RTK, le XL184/BMS90735, semblent confirmer l’efficacité d’un 

traitement ciblant plusieurs oncogènes. L’utilisation de cette molécule s’inscrit également 

dans le cadre des résistances aux inhibiteurs à l’EGFR comme l’Erlotinib (Zhang et al.). 

 

V) Dégradation du récepteur Met 
 

De nombreux groupes étudient les réponses biologiques induites par l’activation du 

récepteur Met. Ces travaux ont permis de décrypter le réseau des voies de signalisation induit 

par la fixation de l’HGF/SF à Met et décrit un peu plus haut. Ces travaux ont aussi montré que 

Met était également endocyté puis dégradé afin de contrôler dans le temps l’induction de ces 

réponses. Certains de ces travaux ont permis d’identifier de nombreux fragments du récepteur 

mais leurs rôles n’ont jamais été élucidés (Prat et al., 1991; Galvani et al., 1995; Jeffers et al., 

1997b; Wajih et al., 2002). Avant mon arrivée au laboratoire, l’équipe a montré que des 

fragments de Met peuvent provenir d’aux moins deux processus de clivages protéolytiques de 

Met (Tulasne et al., 2004; Foveau et al., 2007; Deheuninck et al., 2008; Foveau et al., 2009). 

Ces mécanismes de dégradation ne sont pas associés au mécanisme classique de dégradation 

dépendante du ligand et ont permis d’identifier des fonctions biologiques pour ces fragments, 

levant ainsi le voile sur la signalisation de Met en absence de d’HGF/SF. L’ensemble de ces 

clivages apporte ainsi une nouvelle vision de la signalisation et la dégradation du récepteur 

Met. Les mécanismes de dégradation du récepteur Met, induite par liaison de l’HGF/SF par 

Met ou induit indépendamment de cette fixation sont décrits dans la revue qui suit. Les 

caractéristiques du clivage de Met par les caspases seront reprises dans la partie résultats. 

 

A) Dégradation dépendante du ligand 

 

Voir la revue ci-après 

 

Publication 1: Met degradation: more than one stone to shoot a receptor down 

 

Lefebvre J., Ancot F., Leroy C., Muharram G., Lemière A., and Tulasne D. 

 

Soumis à FASEB 
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Abstract 

 The receptor tyrosine kinase Met and its high-affinity ligand, the hepatocyte growth 

factor/scatter factor, are essential to embryonic development. Deregulation of their signaling 

is associated with tumorigenesis and metastasis, notably through receptor overexpression. It is 

thus important to understand the mechanisms controlling Met expression. The ligand-

dependent internalization of Met and its subsequent degradation in the lysosomal 

compartment are well described. This process is known to attenuate downstream Met 

signaling pathways. Yet internalized Met takes part directly in intracellular signaling by 

chaperoning signaling factors in the course of its trafficking. Furthermore, recent studies 

describe various new degradation mechanisms of membrane-anchored Met, involving 

proteolytic cleavages or association with novel partners. Although all these degradations are 

ligand independent, they share, to different extents, some common features with canonical 

HGF/SF-dependent degradation. Interestingly, activated Met variants display resistance to 

degradation, suggesting defective degradation is involved in tumorigenesis. Conversely, 

forced degradation of Met through re-induction of one or more degradation pathways is a 

promising therapeutic strategy. 
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Multiple biological responses induced by the Met receptor 

Met is a receptor tyrosine kinase (RTK) expressed predominantly in cells of epithelial origin. 

It consists of an exclusively extracellular α-chain and a β-chain shared between the extra- and 

intracellular compartments. The intracellular region of the β-chain contains a juxtamembrane 

domain, a catalytic tyrosine kinase domain, and a C-terminal domain (1). Met is activated by 

its high-affinity stromal ligand, the hepatocyte growth factor/scatter factor (HGF/SF) (2). 

HGF/SF and Met are essential to embryonic development, since knockout of either one 

affects placenta, liver, muscle, and neuron formation (3-6). In adults, the HGF/SF-Met pair is 

involved in physiological processes such as mammary gland development (7), wound healing, 

and kidney or liver regeneration (8, 9). In vitro, ligand-activated Met stimulates proliferation, 

scattering, invasion, and morphogenesis of epithelial cells, acts as an angiogenic factor, and 

has chemoattractant and neurotrophic activities (2). 

In response to HGF/SF stimulation and receptor dimerization, the intrinsic tyrosine kinase 

activity of Met elicits phosphorylation of specific tyrosine residues within the intracellular 

domain (10). Autophosphorylation of residues Y1234 and Y1235, located within the 

activation loop of the tyrosine kinase domain, triggers upregulation of its kinase activity (11, 

12). This leads to phosphorylation of two neighboring carboxy-terminal tyrosine residues of 

Met (Y1349 and Y1356), generating a multi-substrate docking site conserved among Met 

family members. This multi-substrate docking site allows recruitment of many signaling 

proteins, including adaptors such as GAB1, SHC, and GRB2, enzymes such as PLCγ1 and 

PI3-K, and signaling proteins with transcriptional activity such as STAT3 (Fig. 1). These 

recruitments are required for activation of downstream signaling pathways and induction of 

biological responses (13-15). 

Aberrant Met and HGF/SF signaling is involved in promoting tumorigenesis and metastasis. 

In fact, the Met receptor was originally identified as an oncogene resulting from a 

chromosomal rearrangement giving rise to a product where the dimerization domain of the 

translocated promoter region (TPR) is fused with the intracellular region of the Met receptor 

(16). A direct link between Met and cancer was later evidenced by characterization of 

receptor-activating mutations in hereditary papillary renal carcinoma (17). About forty 

different mutations of Met have since been identified in tumor samples of various origins 

(www.sanger.ac.uk/genetics/CGP/cosmic/). Three mutation hot spots, namely the sema 

domain, the juxtamembrane region, and the kinase domain, have been mapped. In most cases, 

mutations in the kinase domain increase the kinase activity. The functional consequences of 

mutations in the other two regions are unknown. Although many different mutations have 
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been identified, Met activation in cancer occurs most often through ligand-dependent 

stimulation, induced by uncontrolled expression of HGF/SF and/or Met, leading to autocrine 

or paracrine activation (2). In addition, aberrant Met activation is induced by overexpression 

of the receptor without HGF/SF engagement: ligand-independent activation of receptor 

tyrosine kinases is typically observed in cells expressing high levels of receptor, leading to 

spontaneous dimerization and subsequent activation (18). 

The Met level is regulated at multiple stages, and an abnormally high Met level can result 

from many defects. First, misregulation can occur at transcript level through gene 

amplification as in colorectal cancer (19), by oncogene-enhanced transcription (20, 21), or 

during hypoxia by activation of the HIF-1 transcription factor (22). Secondly, it has been 

shown that several miRNAs targeting Met mRNA are downregulated in cancer cells, causing 

Met overexpression (23, 24). Lastly, treatment with the HSP90 inhibitor geldanamycine 

induces efficient downregulation of Met in tumor cells, suggesting that HSP90 is a chaperone 

of Met promoting its stabilization during maturation. 

When the mature Met receptor is present at the plasma membrane, it is functional and can be 

activated by its high-affinity ligand HGF/SF. Like other receptors possessing intrinsic 

tyrosine kinase activity, Met is downregulated following ligand stimulation. This process is 

important for desensitization of the signaling cascade, avoiding overstimulation that might 

lead to cell transformation. This ligand-dependent degradation of Met is a well-known 

mechanism, but recent reports describe various novel mechanisms involved in Met 

degradation, most occurring independently of ligand stimulation. In this review we describe 

these novel degradation mechanisms having a direct impact on Met receptor functions and 

likely to open the way to unexpected strategies for inhibiting Met expression and activity in 

pathological situations such as cancer. 

 

Canonical ligand-dependent Met degradation 

 Stimulation by the ligand induces receptor degradation, observable from about 1 hour 

after stimulation and peaking at about 8 hours, before a return to the initial situation after 24 

hours (25). This ligand-dependent degradation of Met and of RTKs in general requires a 

complex machinery that has been extensively studied and that we briefly describe below (for 

a review see (26) (Fig. 1). 

 Upon HGF/SF stimulation, Met can recruit PI3-K through its C-terminal 

multisubstrate binding site. Activation of PI3-K leads to formation of PIP2 at the plasma 

membrane, favoring recruitment of the AP2 complex (27). This complex associates with 
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clathrin, which leads to formation of clathrin-coated pits containing the activated Met 

receptor. 

 Ligand-activated Met also recruits the E3 ubiquitin ligase CBL, promoting receptor 

ubiquitination. CBL recruitment can occur directly through association between the TKB 

domain of CBL and the phosphorylated Y1003 of Met and indirectly, through association of 

the C-terminal proline-rich domain of CBL with GRB2, itself associated with the 

phosphorylated Y1356 of Met (28). Like EGFR, the activated Met receptor is multi-mono-

ubiquitinated (28, 29). Ubiquitination of the receptor is essential to its efficient degradation, 

but not to its internalization, since the non-ubiquitinated Y1003F Met mutant is still 

internalized but displays enhanced stability. In a mirror experiment, fusion of mono-ubiquitin 

to the Met Y1003F variant was found to decrease its stability and to restore phosphorylation 

of HRS (HGF-regulated tyrosine kinase substrate), a component of the endosomal sorting 

complex (30). 

 Met internalization is also controlled by the scaffold function of CBL. Activated CBL 

can interact with CIN85 (CBL INteracting protein of 85 kDa) (31), which associates with 

endophilins, regulatory components of clathrin-coated pit vesicles (CCVs) involved in the 

negative curvature, invagination, and scission of vesicles from the plasma membrane (32, 33). 

Met receptor endocytosis is also inhibited by expression of a dominant-negative form of 

dynamin, a GTPase that deforms lipid bilayers and possibly involved in vesicle scission from 

the membrane (34). 

 Pinching-off of the clathrin-coated domain requires the action of additional proteins 

including EPS15, dynamin, and endophilins. EPS15 is recruited to the plasma membrane 

through its interaction with the AP2 protein (35). Previous reports highlight the importance of 

the EPS15 ubiquitin-interacting motif (UIM), which recognizes the mono-ubiquitinated 

residue involved in EGFR endocytosis (36). Yet recruitment of EPS15 to Met is more 

complex. It involves two distinct domains, a coiled-coil domain and a proline-rich motif that 

can bind the signaling adaptor molecule Grb2 recruited by activated Met. Although the UIM 

domain of EPS15 is not essential to recruitment to the Met receptor, an EPS15 mutant lacking 

this domain fails to promote receptor degradation. This suggests an involvement of this 

domain in Met trafficking and degradation (37). 

 Once formed, the CCVs fuse with sorting endosomes to form multivesicular bodies 

(MVBs) involved in either directing proteins towards lysosomal degradation or recycling 

them to the cell membrane. Mono-ubiquitinated receptors are retained and endocytosed upon 

recognition by proteins of the endocytic pathway containing a UIM. One such protein, HRS, 
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localizes to the surface of the endosome by binding to the PI3P found in microdomains of 

early endosomes, and can associate with clathrin (38) (39). HRS also associates with EPS15 

and STAM, thereby increasing the stability of the complex (40, 41). Met activation and 

ubiquitination are required for recruitment of the HRS/STAM complex, and when this 

recruitment does not occur, receptor degradation is inhibited (30). The HRS/STAM complex 

forms the endosomal sorting complex for transport (ESCRT-0), which initiates recruitment of 

other ESCRT complexes to the sorting endosome and thereby regulates formation of the 

MVB (42). The late MVB is then targeted to the lysosome, and the endocytosed Met receptor 

is degraded. Upon inhibition of the vacuolar ATPase generating the acidic environment 

necessary for the activity of lysosomal enzymes, Met degradation is also inhibited. Met is thus 

indeed degraded in this compartment (43). 

 Although the role of the lysosome in Met degradation is well established, there is 

evidence suggesting that the proteasome pathway can also participate in this process (43). Met 

degradation is decreased by proteasomal inhibitors, to which other RTKs such as EGFR are 

insensitive. Additionally, when Met endocytosis is blocked in a dynamin mutant, the receptor 

is still degraded, albeit at slower rate. 

 Not only the ligand-activated Met receptor itself, but also its direct downstream 

signaling partners are targeted to degradation. In response to HGF/SF, the adaptor protein 

GAB1 is degraded via a mechanism involving Met tyrosine kinase activity and the 

proteasome machinery. Accordingly, ligand stimulation induces GAB1 multi- and poly-

ubiquitination in a CBL-dependent manner. GAB1 downregulation is associated with loss of 

activation of the ERK MAPK in response to acute ligand treatment, suggesting the 

involvement of GAB1 degradation in attenuation of the Met signaling pathways (44). 

In addition to its involvement in degradation, the endocytic machinery can sort Met receptors 

for recycling. Upon HGF/SF stimulation, Met associates with GGA3 (the Golgi-localized 

gamma-ear-containing Arf-binding protein 3) via the adaptor CRK. Silencing of GGA3 

inhibits Met recycling from the Rab4-positive endosome, causing increased Met degradation 

(Fig.1). Consequently, downstream signaling (including ERK activation and biological 

responses such as migration) is attenuated. This demonstrates that active recycling of Met 

from the endosome to the plasma membrane participates in the spatial and temporal control of 

Met signaling (45). 
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Internalized Met still participates in signaling 

Upon HGF/SF treatment, the Met receptor is internalized into the early endosome and 

directed to specialized compartments, including the lysosome involved in its degradation. Yet 

about 2 hours following stimulation of HeLa cells, Met localizes to perinuclear vesicles. This 

perinuclear localization, appearing independent of receptor degradation and synthesis (46), 

depends on active trafficking along the microtubules, and PKCα activity is required for this 

motion (47). The significance of this unexpected localization was unknown. However, during 

the early steps of HGF/SF-induced endocytosis, Met colocalizes with the transcription factor 

STAT3. After 2 hours of stimulation, STAT3 translocates to the nucleus to regulate gene 

expression (48). Strikingly, HGF/SF induces low-level phosphorylation and late nuclear 

translocation of STAT3, suggesting that Met triggers weak STAT3 activation. STAT3 

signaling is involved in several Met-triggered biological responses, including morphogenesis 

and cell transformation (49, 50). Interestingly, HGF/SF-induced nuclear translocation of 

STAT3 depends on their prior trafficking from the peripheral endosome to the perinuclear 

endosome. In addition, Met kinase activity within the trafficking endosome is required for 

STAT3 nuclear translocation. Thus, Met endocytosis is not only required for Met degradation, 

but also favors signal transduction (48) (Fig. 1). It has been proposed that receptor trafficking 

in the endosome together with a signaling protein could be a mechanism supporting a weak 

signal (51). Other signaling proteins take advantage of the endosomal trafficking of Met. For 

instance, phosphorylated ERK can localize to focal adhesion complex upon HGF/SF 

treatment. This localization requires the trafficking of Met in the early endosome, which 

depends on PKCε activity. Localization of ERK to the focal adhesion complex could be 

involved in Met-triggered epithelial cell migration, since PKCε silencing inhibits wound 

healing (47). 

 

Degradation through proteolytic cleavages 

 

Caspase cleavage of Met during apoptosis 

 Besides ligand-dependent downregulation, novel mechanisms of Met degradation have 

recently been revealed. Some of these involve initial cleavages by cellular proteases that 

inactivate the receptor. The first evidence for this efficient downregulation mechanism was 

described in apoptotic cells, in which Met was found cleaved. 

Apoptotic cell death is triggered by a variety of physiological and pathological stimuli. Its 

characteristic morphological features include cell rounding, membrane blebbing, cytoplasmic 
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condensation, and DNA fragmentation. During apoptosis, caspases (forming a family of 

cysteine-dependent aspartate-directed proteases) can cleave a wide range of substrates, 

thereby contributing to the morphological modifications characteristic of apoptosis (52). 

Caspases can also contribute to promoting cell death by inactivating survival mechanisms. 

They can notably cleave several RTKs, major mediators of the survival response (53). We 

have demonstrated that upon stress induction, the Met receptor is first cleaved at aspartic acid 

1374 (mouse sequence) within a consensual DNID caspase site located in the extreme C-

terminal tail. This initial cleavage removes only five amino acids of Met but favors a second 

cleavage occurring at aspartic acid 1000 within an ESVD motif located in the juxtamembrane 

domain. These sequential cleavages generate two main stable fragments: a 100 kDa 

membrane-anchored N-terminal fragment (p100 Met) containing the extracellular ligand-

binding regions and a 40 kDa cytoplasmic C-terminal fragment (p40 Met) containing the 

tyrosine kinase domain. (54-56) (Fig. 2A). As a result of caspase cleavage, the level of full-

length Met receptor decreases strongly during apoptosis, and separation of the extracellular 

ligand-binding domain from the kinase domain creates fragments unstimulable by the ligand. 

Thus, caspase cleavages participate in degrading the full-length Met receptor during 

apoptosis, and might thus prevent induction of a survival response by HGF/SF.  

Caspase cleavages not only inactivate the receptor but also convert it to active fragments that 

can tip the survival/apoptosis balance in favor of the latter. On the one hand, we have shown 

that membrane-anchored p100 Met can bind HGF/SF and thus act as a decoy receptor (55). 

By reducing or preventing HGF/SF binding to full-length Met, the decoy might thus 

participate in decreasing the cell survival response during apoptosis. Secondly, we have 

demonstrated that ectopic expression of p40 Met can amplify cell death concomitantly with 

activation of caspase-3 (54). In addition, when the C-terminal caspase site of Met is mutated 

so as to inhibit generation of the p40 Met proapoptotic fragment, cell death induced by mild 

stress is prevented (56). Caspase-dependent cleavage of Met thus converts the survival 

receptor to a proapoptotic molecule involved in amplifying apoptosis (Fig. 2A).  

The proapoptotic function mediated by p40 Met in the absence of ligand, contrasting with the 

anti-apoptotic function of full-length Met upon HGF/SF stimulation, is the hallmark of the 

emerging family of dependence receptors. Although a receptor is usually considered inactive 

until bound by its ligand, these receptors have been shown to trigger cell death in the absence 

of the ligand. Thus, expression of these receptors leads to dependence on the ligand for cell 

survival. Recent reports highlight the importance of dependence mechanisms during 

embryogenesis and tumorigenesis (57). The physiological relevance of the pro-apoptotic 
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function of the Met factor is unknown, but the strong involvement of Met in regulating the 

survival/apoptosis balance during development and cancer suggests that this mechanism could 

play important physiological roles. 

 

Met shedding and degradation  

The Met receptor, like other transmembrane proteins, is also processed by presenilin-

regulated intramembrane proteolysis (PS-RIP). This proteolytic process involves an initial 

cleavage by membrane metolloproteases, called shedding. The involvement of ADAM10, 

known to cleave several membrane receptors, in this initial cleavage is suggested by the 

inhibition of Met cleavage upon ADAM10 silencing (58, 59). The initial cleavage generates a 

soluble N-terminal fragment (Met-NTF), which is shed into the extracellular space, and a 

membrane-anchored C-terminal fragment (Met-CTF) (25, 60-62). The latter is in turn cleaved 

at the membrane by the γ-secretase complex, of which presenilin is the catalytic subunit. The 

generated remnant intracellular domain of Met (Met-ICD) is released into the cytosol and 

degraded by the proteasome (63) (Fig 2B). Although various agents such as phorbol esters 

and suramin can promote Met shedding, the process occurs basally under normal conditions, 

and the generated fragment is efficiently degraded by the proteasome. Taken together, this 

regulated proteolysis decreases the half-life of the Met receptor, preventing its membrane 

accumulation. It is thus proposed to promote a basal, weak degradation of mature Met under 

steady-state conditions (64). 

Downregulation of the Met receptor by PS-RIP contrasts with ligand-dependent degradation 

in that the proteolytic process is not activated by HGF/SF stimulation and does not require 

tyrosine kinase activity. This suggests the existence of two unconnected pathways involved in 

degrading Met according to its activation status. Yet recent evidence suggests that ligand-

dependent and ligand-independent degradation of Met may share common features: we have 

demonstrated that the C-terminal fragment generated by ectodomain shedding can escape γ-

secretase cleavage and be degraded directly via the lysosomal pathway (Fig. 2B). In contrast 

to canonical PS-RIP, this process requires internalization of the receptor and trafficking to the 

lysosomal compartment. Simultaneous inhibition of the proteasomal and lysosomal 

degradation pathways synergistically induces accumulation of C-terminal Met fragments, 

demonstrating that these pathways are complementary (Ancot et al, submitted). The 

degradation of Met C-terminal fragments in the lysosome after receptor internalization is thus 

reminiscent of HGF/SF-triggered degradation of full-length Met, but it does not require the 
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tyrosine kinase activity of Met, and no ubiquitination of the generated fragments was 

detected. 

 

Met degradation by leucine-rich repeat containing proteins 

 

Degradation through interaction with LRIG1 

LRIG1 is a transmembrane leucine-rich repeat (LRR) and immunoglobulin-like domain 

containing protein. In addition to interacting with all four ErbB receptors and enhancing their 

ubiquitination and degradation, LRIG1 has been shown to interact with the Met receptor and 

to induce its downregulation in various cell lines(65). In contrast to degradation of the ErbB 

receptors, however, LRIG1-induced Met downregulation is ubiquitination independent and 

does not involve the E3 ubiquitin ligase CBL. The lysosomal compartment is involved in this 

downregulation, since the downregulation decreases when lysosome activity is inhibited (Fig 

3A). Overexpression of LRIG1 in normal and tumoral epithelial cells represses Met 

expression and inhibits HGF/SF-induced responses, including cell growth and migration. 

LRIG1 thus appears as an efficient regulator of Met half-life and activity (65). 

 

Decorin induces restricted phosphorylation and promotes degradation 

Decorin is a member of the small leucine-rich proteoglycan family. Proteins of this family are 

known to interact with multiple RTKs. Decorin binds directly with high affinity (Kd≈1.5 nM) 

to the extracellular region of Met. Although it induces tyrosine phosphorylation of Met and 

causes efficient Met downregulation, it does not induce any biological responses in epithelial 

cells. Met downregulation is concomitant with receptor internalization, as in the case of 

HGF/SF-dependent degradation. Interestingly, the Met phosphorylation triggered by decorin 

is restricted to Y1234 and Y1235 in the kinase domain and Y1003 in the juxtamembrane 

domain. Y1349 in the C-terminal tail is not phosphorylated. This restricted phosphorylation is 

proposed to be sufficient to induce internalization and degradation of Met, through 

recruitment of CBL to Y1003, but not to allow induction of positive downstream signaling, 

since a tyrosine of the multi-substrate docking site is not phosphorylated (Fig 3B). Decorin 

also appears to induce degradation of Met through ectodomain shedding, as decorin treatment 

promotes the release Met-NTF into the extracellular medium and as this release is inhibited 

by the metalloprotease inhibitors TIMP2 and TIMP3 (66). 

Interestingly, decorin-induced downregulation of Met is accompanied by proteasomal 

degradation of β-catenin and the Myc transcription factor. Accordingly, decorin induces Myc 
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phosphorylation at threonine residue 58, known to stimulate the ubiquitination of Myc and its 

subsequent degradation by the proteasome. Target genes of β-catenin and Myc, such as the 

cyclin D1 and CDK6 genes, also appear to be downregulated in response to decorin. The 

products of these genes are well-known regulators of cell cycle, suggesting that the cell 

growth arrest observed in response to decorin could be due to inhibition of these genes (67). 

Taken together, these results suggest that decorin-induced Met degradation might trigger a 

degradation process affecting a wider range of target proteins, including key actors of 

downstream signaling like β-catenin and the Myc transcription factor. 

 

InlB of Listeria hijacks the endocytic machinery controlled by Met 

The Gram-positive bacterium Listeria monocytogenes is an opportunistic pathogen found in 

food and capable notably of causing meningitis or abortions in pregnant women. The entry of 

Listeria into host cells, an important step in infection, is mediated by the listerial surface 

proteins InlA (internalin) and InlB. These internalins contain leucine-rich repeats and are 

capable of binding various host-cell membrane proteins. Through its LRR domain, InlB can 

notably bind with high affinity to the extracellular region of Met. The resolved structure of the 

InlB-Met complex reveals that the LRR domain of InlB interacts with the first 

immunoglobulin-like domain of the Met stalk and with the Met sema domain, two interaction 

regions distinct from the HGF/SF interaction region (68). Importantly, the presence of Met 

receptors at the host-cell surface is crucial for InlB-dependent internalization of the bacteria. 

InlB can also trigger the same response as HGF/SF, including receptor tyrosine 

phosphorylation, activation of downstream signaling pathways, Met receptor degradation, and 

finally biological responses such as scattering (69). The recently resolved structures of InlB 

and of the InlB-Met complex reveal a 2:2 stoichiometry with a back-to-back InlB dimer 

enabling direct contact between the stalk regions of two Met molecules (70). This 

dimerization allows activation of downstream signaling pathways, including phosphorylation 

of GAB1 and activation of PI3-kinase, required for InlB-mediated entry (71). This suggests 

that Listeria uses more than just Met binding to enter a host cell. Accordingly, the Met 

receptor has been shown to colocalize with Listeria during its endocytocis in clathrin-rich 

vesicles. This entry is accompanied by CBL recruitment and subsequent ubiquitination of 

Met. In addition, silencing of CBL or of various actors in RTK-mediated endosomal 

internalization, such as clathrin, dynamin, CIN85, and HRS, inhibits Listeria invasion (72). 

Altogether, these data demonstrate that Listeria hijacks the endocytic machinery controlled by 

Met through direct interaction with and activation of the RTK (Fig. 3C). 
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Three leucine-rich repeat proteins for three different consequences on Met 

Although the three LRR-containing proteins LRIG1, decorin, and InlB are all able to bind the 

extracellular region of Met and to induce its degradation, they have distinct mechanisms of 

action and different functional consequences on downstream signaling. LRIG1 does not 

induce Met activation. Consequently, degradation of the receptor is independent of CBL and 

ubiquitination (65). In contrast, decorin induces restricted phosphorylation of Met, sufficient 

to induce Met internalization and degradation through recruitment of CBL, but insufficient to 

induce positive downstream signaling (66). Finally, InlB is a full agonist capable of triggering 

the various responses induced by HGF/SF, including both CBL- and ubiquitination-dependent 

degradation of Met and positive signaling (72). It would be tempting to propose that these 

distinct responses result from binding to different Met domains, but although InlB and 

HGF/SF do not interact with the same domain of Met, both can activate it fully. Conversely, 

the ability of decorin to interfere with HGF/SF-Met binding suggests a shared interaction 

domain, but decorin does not trigger the HGF/SF-induced responses. Perhaps the response 

depends on the strength of Met dimerization, strong dimerization being required for full 

activation of Met, including its downregulation, and weak dimerization leading to partial 

phophorylation and receptor degradation without positive signaling. 

 

How to take advantage of Met degradation to fight cancer? 

In many kinds of cancer, overexpression of the Met receptor has been observed. About half of 

all gastric tumors, for instance, overexpress Met. Met overexpression can result from various 

mechanisms, such as gene amplification as in gastric cancers (19) or increased transcription 

induced by oncogenes (20, 21) or hypoxia (22). Too much Met can also result from defective 

down-regulation. It has been shown, for instance, that a Met receptor mutated at the CBL 

juxtamembrane binding site Y1003 can induce constitutive scattering of epithelial cells and 

transformation of fibroblasts, probably because of its impaired downregulation and prolonged 

half-life (28). Interestingly, several intronic mutations resulting in deletion of exon 14, which 

includes the CBL-binding site, and more rarely mutation of Y1003 have been found in non-

small-cell lung cancers (73-75) (www.sanger.ac.uk/genetics/CGP/cosmic/). The oncogenic 

fusion protein TPR-Met can also escape lysosomal degradation. Redirection of TPR-Met to 

the degradation pathway has been obtained through forced targeting of the oncogene to the 

plasma membrane or by adding the missing juxtamembrane domain containing the functional 

CBL binding site Y1003 (Fig. 4). Cells expressing the engineered degradable TPR-Met 
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display reduced anchorage-independent growth and tumorigenic capacity, especially in the 

presence of CBL overexpression (76). Altogether, these results demonstrate that 

transformation induced by Met results not only from aberrant kinase activation, but also from 

a defect in the lysosomal degradation pathway. 

Along the same line, in addition to displaying constitutive tyrosine phosphorylation, Met 

having a D1246N or an M1268T mutation in its kinase domain exhibits increased endocytosis 

and recycling activity leading to a decreased level of degradation. Consequently, the mutant 

receptors accumulate in the signaling-competent endosomal compartments and induce the 

Rac1 GTPase and cell migration. Accordingly, blocking of endocytosis inhibits anchorage-

independent growth and experimental tumorigenesis induced by the mutant receptors. The 

transforming properties of these active tyrosine kinase mutants thus result also from altered 

endocytic trafficking, which promotes recycling at the expense of degradation (77) (Fig. 4). 

Recent study suggests that impaired-Met degradation is associated to other diseases. Indeed, 

autosomal dominant polycystic kidney disease (ADPKD) is a disorder caused by mutations at 

two loci, polycystin 1 and 2 (PKD1 and 2) and characterized by formation of multiple cysts in 

kidney that can lead to renal failure. In PKD1 deficient kidney cells, it has been shown that 

ligand-induced Met degradation is impaired and is associated to failure in its ubiquitination. 

Interestingly, the E3-ubiquitin ligase CBL was found sequestered in the Golgi apparatus in 

these cells, suggesting its inability to ubiquitinate Met. Finally, treatment with 

pharmacological inhibitor directed against the Met kinase results in inhibition of multiple cyst 

formation in kidney organ culture and in the mouse model of ADPKD (78). Thus, blockage of 

Met appears to be a potential novel therapeutic strategy to circumvent failure of the receptor 

degradation observed in this disease. 

The fact that Met can be downregulated through multiple degradation pathways suggests an 

attractive strategy for circumventing its aberrant activation in cancer: forcing its degradation. 

Several monoclonal antibodies have been engineered to develop targeted therapy against the 

Met receptor. These antibodies are directed against the extracellular domain of Met, the aim 

being to hamper its interaction with HGF/SF-Met and its subsequent activation. Interestingly, 

the DN30 monoclonal antibody against extracellular Met, developed by Comoglio’s team, 

displays an unexpected property: it induces efficient Met degradation accompanied by release 

of an extracellular N-terminal and an unstable intracellular C-teminal fragment (79). Actually, 

the antibody promotes Met PS-RIP with initial shedding effected mainly by ADAM10 and 

generation of the membrane-anchored Met-CTF, followed by γ-secretase cleavage and 

generation of the cytoplasmic Met-ICD (59, 63, 79). As observed under steady-state 
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conditions, forced downregulation of Met by DN30 involves degradation of Met-CTF in the 

lysosome and degradation of Met-ICD by the proteasome (63) (Ancot et al, submitted). 

Injection of DN30 in mice can inhibit growth of experimental tumors established from cells 

overexpressing Met, suggesting that artificial reactivation of a degradation pathway targeting 

an RTK is indeed an attractive therapeutic strategy. It has recently been shown that a one-arm 

version of anti-DN30 antibody, preventing undesirable dimerization of Met, can still induce 

PS-RIP and subsequent degradation of the receptor (80). 

Likewise, Met degradation promoted by the leucine-rich repeat proteins decorin and LRIG1 

prevents Met-induced cell transformation. Systemic delivery of decorin inhibits growth of 

tumor xenografts in a mouse model. Concomitantly, decorin treatment reduces the expression 

of Met and of the downstream signaling protein β-catenin in tumor samples. When 

fluorescently labeled decorin is administered, its distribution demonstrates its preferential 

association in vivo with the tumor xenograft and the kidneys (67). This suggests that decorin 

can target the tumor tissue specifically, likely through its interaction with the Met receptor. 

There is also evidence suggesting inhibition of cell transformation by the LLR protein LRIG1. 

MDCK normal epithelial cells overexpressing an activated form of ErbB2 (NeuT) display 

constitutive invasiveness (migration through Matrigel), further enhanced by HGF/SF. In these 

cells, expression of LRIG1 reduces Met and NeuT expression and abolishes invasion. 

Inhibition of RTK activity by LRIG1 thus appears to reverse cell transformation (65). Taken 

together, these results suggest that forced degradation of Met by physiological regulators of 

its stability can indeed avoid cell transformation and experimental tumorigenesis. This opens 

the way to novel strategies targeting the receptor. 

 

Conclusion 

 In this review we highlight recent studies describing the multiple pathways of Met 

degradation. Interestingly, these data support novel views regarding the involvement of Met 

degradation in regulating the activity of the receptor. HGF/SF-dependent Met degradation is 

proposed as a means of attenuating the signaling induced by the activated receptor. This 

degradation within the intracellular lysosomal compartment requires Met internalization. 

However, internalization is involved in activation of sustained Met signaling, with Met 

remaining a signaling-competent receptor throughout the internalization process. This favors 

notably the redirection of signals to particular compartments such as the nucleus. 

Furthermore, the internalized Met receptor can escape degradation through active recycling 

and retargeting to the membrane. Thus, Met signaling definitely does not stop with 
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internalization of ligand-activated Met, since degradation is not the only possible destination 

of the receptor. 

 Besides the HGF/SF-dependent degradation of Met, many other degradation pathways 

are described. All of them occur without HGF/SF stimulation and thus cannot be viewed as 

mechanisms for attenuating induced signaling. Yet parts of these novel degradation pathways 

might act preventively to downregulate Met before its potential activation. For instance, 

caspase-dependent cleavages downregulate Met during apoptosis, preventing the potential 

induction of survival responses by the ligand-activated receptor. Likewise, Met degradation 

by γ-secretase under steady-state conditions prevents overexpression and aberrant activation 

of the receptor by decreasing the half-life of its mature membrane-anchored form. The 

physiological relevance of Met degradation induced by the leucine-rich repeat proteins 

decorin and LRIG1 is still elusive. Nevertheless, we can speculate that expression of these 

proteins might be associated with physiological conditions requiring dynamic downregulation 

of membrane Met, preventing its activation by HGF/SF. Decorin, it is worth noting, can 

interfere with HGF/SF-Met binding and thus might prevent ligand-dependent Met activation. 

 Interestingly, all these degradation pathways share common features with canonical 

HGF/SF-dependent downregulation, demonstrating that the molecular mechanisms governing 

Met degradation are exploited under many biological conditions. In this respect, the example 

of Listeria monocytogenes protein InlB is remarkable: activation of Met by InlB mimics 

perfectly the activation induced by HGF/SF, causing receptor internalization and the entry of 

bacteria into the cell. Lastly, failure to degrade Met is directly associated with its transforming 

activity in cancer cells while conversely, forced Met degradation is an attractive novel 

strategy for targeting the receptor. 
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Figure 1: Signaling, recycling, and degradation of the HGF/SF-activated Met receptor 

 Upon HGF/SF binding, the Met receptor undergoes phosphorylation of the following 

tyrosine residues: Y1003 in the juxtamembrane domain, Y1234 and Y1235 in the kinase 
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domain, and Y1349 and Y1356 in the C-terminal multisubstrate docking site. The C-terminal 

phosphorylations lead to recruitment of signaling proteins, including GRB2, GAB1, PI3-K, 

and STAT3. Recruitment of CBL, notably through Y1003, leads to ubiquitination (Ub) of 

Met. The ubiquitinated receptor is targeted to clathrin-coated pit vesicles (CCVs). 

Invagination of the membrane and scission involve formation of a complex with Met 

including CBL, CIN85, endophilins, and EPS15. Dynamin is involved in vesicle scission 

from the membrane. Following trafficking in the early endosome, the vesicles fuse with the 

sorting endosome. The ubiquinated receptor molecules are retained through their interaction 

with the ubiquitn-interacting domain (UIM) containing the HRS protein. The endosomal 

sorting complex for transport (ESCRT) is then formed with STAM and EPS15, which 

initiates formation of the multivesicular body (MVB). Late MVBs are then targeted to the 

lysosome, where Met is degraded. In the sorting endosome, Met can also interact with GGA3 

via the CRK adaptor, recruited by tyrosine-phosphorylated Met. This interaction is involved 

in recycling full-length Met to the plasma membrane. Within the endosomes, Met remains a 

signaling-competent receptor capable of inducing downstream signaling pathways. For 

instance, phosphorylated Met located within perinuclear endosomal vesicles can promote 

STAT3 nuclear translocation, a molecular mechanism proposed to support the weak initial 

STAT3 activation induced by Met. 
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Figure 2: Met degradation through proteolytic cleavages 

 (A) In the absence of ligand and under conditions of stress, caspases can cleave Met at 

aspartic acid residue 1000 of the juxtamembrane region and aspartic acid residue 1374 of the 

C-terminal tail (mouse sequence). These cleavages split off the extracellular ligand-binding 

site from the intracellular kinase domain, generating two main fragments, p100 Met (still 

anchored to the membrane) and intracellular p40 Met. p100 Met conserves its ligand-binding 

capacity and can act as a decoy receptor for HGF/SF. p40 Met can induce caspase-3 

activation and thus amplify cell death. 

 (B) Independently of ligand stimulation, the action of ADAM-family membrane 

metalloproteases causes Met to shed an extracellular N-terminal fragment (Met-NTF), thus 

generating a membrane-anchored C-terminal fragment (Met-CTF). After this initial cleavage, 

Met-CTF is cleaved at the membrane by the γ-secretase complex, generating a Met 

intracellular domain (Met-ICD). Both Met-CTF and Met-ICD are efficiently degraded. Met-



70 

 

ICD is degraded by the proteasome, while Met-CTF can escape γ-secretase cleavage through 

internalization and trafficking to the lysosome and direct degradation therein. These cleavages 

and the subsequent degradation of Met fragments contribute to chronic degradation of Met 

under steady-state conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Degradation of Met by the leucin-rich repeat proteins LRIG1, decorin, and 

InlB 

 (A) LRIG1, a transmembrane leucine-rich repeat and immunoglobulin-like domain 

containing protein, induces downregulation of Met via a degradation process involving the 

lysosome. Although LRIG1 can induce ubiquitination and degradation of several EGF 

receptor-family members, Met degradation is independent of ubiquitination and of the E3 

ubiquitin ligase CBL. 
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 (B) Decorin, a member of the small leucine-rich proteoglycan family, can bind to the 

Met receptor with high affinity. This binding induces partial phosphorylation of the receptor 

(at Y1003 of the juxtamembrane domain and Y1234 and Y1235 of the kinase domain). In 

contrast, Y1349 of the C-terminal multisubstrate binding site appears not to be 

phosphorylated, which precludes activation of the downstream signaling pathways. 

Phosphorylated Y1003, however, can recruit the E3 ubiquitin ligase CBL, causing 

ubiquination (Ub), internalization, and degradation of Met in the lysosome. 

 (C) InlB of Listeria monocytogenes, a leucine-rich repeat containing protein, binds 

with high affinity to the extracellular domain of Met, forming a 2:2 complex with it. This 

leads to full tyrosine phosphorylation of Met (at residues 1003, 1234, 1235, 1349, and 1356) 

leading to recruitment of signaling proteins and activation of the downstream signaling 

pathways known to be induced by HGF/SF-activated Met. Recruitment of CBL leads to 

ubiquitination (Ub) of Met and further internalization into clathrin-coated pit vesicles (CCV) 

with involvement of the major components of the endocytic machinery, including CIN85 or 

EPS15. Internalization of Met together with InlB allows entry of the bacterium into the cell. 

The ubiquitinated receptor is then degraded in the lysosome. 
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Figure 4: Activated forms of Met display resistance to degradation 

 Although the oncogenic fusion TPR-Met displays constitutive kinase activity, it can 

escape lysosomal degradation. Insertion of the missing juxtamembrane domain containing the 

CBL docking site restores degradation. The full-length Met receptor with an activating 

D1246N or M1268T mutation also displays reduced lysosomal degradation, due to more 

pronounced recycling of the active receptor to the plasma membrane. 
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B) PS-RIP 
 

Comme cela a été abordé dans la revue ci-dessus (Lefebvre et al., 2010 en 

soumission), le récepteur Met est la cible de différentes protéases capable d’influencer ses 

fonctions biologiques. En réponse au ligand, Met est endocyté puis aiguillé vers la machinerie 

lysosomale pour y être dégradé. Cette dégradation participe à la signalisation de Met mais 

permet aussi de contrôler les réponses biologiques en diminuant la quantité de Met activé.  

Il existe également une dégradation du récepteur Met qui opère en absence d’HGF/SF. 

Cette dégradation fait intervenir une seconde voie dite du « PS-RIP » (« presenilin-dependent 

regulated intramembrane proteolysis »). Ce mécanisme comporte deux clivages successifs. Le 

premier, en extracellulaire, aux abords de la membrane, est réalisé par les ADAM (A 

Disintegrin And Metalloproteinase). Cet élagage (shedding) libère dans le milieu 

extracellulaire un fragment N-terminal (« N-Terminal Fragment », NTF) et un fragment C-

terminal qui reste ancré à la membrane (« C-Terminal Fragment », CTF). Ce fragment Met-

CTF subit ensuite un deuxième clivage par le complexe γ-secrétase dont la sous-unité 

catalytique est la préséniline. Ce double clivage libère alors un domaine intracellulaire (ICD) 

qui est rapidement dégradé par le protéasome (Foveau et al., 2009). En plus de la dégradation 

du fragment ICD par le protéasome, l’équipe a mis en évidence que le fragment CTF était pris 

en charge par la voie lysosomale. Cette voie de dégradation intervient suite à l’internalisation 

du récepteur. Celui-ci subit alors un premier un clivage par les ADAM, ce qui génère les 

fragments lyso-Met-NTF et lyso-Met-CTF. Ces fragments sont alors pris en charge par le 

lysosome. Ces deux mécanismes de dégradation constitutive agissent en synergie, limite la 

demi-vie du récepteur et réduit la quantité de récepteurs présents à la membrane. De manière 

intéressante, la dérégulation de ce mécanisme de dégradation par l’expression d’un récepteur 

non-clivable s’accompagne d’une quantité plus importante de récepteur à la membrane et 

d’une activité constitutive de celui-ci. A l’inverse, l’utilisation d’un anticorps (Le DN-30) qui 

induit la dégradation du récepteur Met en activant le mécanisme de PS-RIP, réduit la quantité 

de récepteurs à la membrane et diminue les capacités transformantes des cellules tumorales 

(Petrelli et al., 2006). 
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Un autre mécanisme de dégradation du récepteur Met a été mis à jour par le 

laboratoire. En absence de ligand, le récepteur est clivé au cours de l’apoptose, une des 

formes de mort cellulaire. Ce clivage génère un fragment de 40 kDa, baptisé p40 Met et est 

médié par les caspases, une famille de protéases qui régule le bon déroulement du processus 

apoptotique. Avant de vous présenter les résultats de notre étude sur ce fragment, j’ai choisi 

d’introduire ici le déroulement du processus apoptotique. 

 

VI) L’apoptose 
 

Trois types de mort cellulaire ont été historiquement décrits. L’un dit « mort cellulaire 

 programmée » regroupe l’apoptose et l’autophagie (morts cellulaires de type I et II) et fait 

intervenir des composés cellulaires pour l’initier et la contrôler. L’autre, la nécrose ou « mort 

cellulaire non programmée » (mort cellulaire de type III) est présentée classiquement comme 

une mort accidentelle en réponse à un stress important incompatible avec la survie cellulaire 

(Degterev and Yuan, 2008). 

L’apoptose a été décrite pour la première fois en 1972 par John Kerr pour désigner une 

forme de mort cellulaire caractérisée par des modifications morphologiques typiques (Kerr et 

al., 1972). La cellule est généralement arrondie et présente une réduction du volume 

cellulaire, un bourgeonnement de la surface membranaire, une condensation de la chromatine 

et une fragmentation du noyau (Wyllie et al., 1980 ; Clarke, 1990) (Figure 11.A).  

L’apoptose est basée sur l’existence d’un programme génétique capable de participer 

au développement embryonnaire. Il a été initialement démontré lors de l’étude de 

l’embryogénèse du nématode Caenorhabditis elegans qui, au cours de son développement, 

voit 131 cellules ni plus, ni moins, sur un total de 1090 cellules, mourir par apoptose 

(Figure 11.B) (Horvitz, 1999). 
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Figure 12 : Rôle de l’apoptose dans le développement du membre antérieur chez 

la souris 

Suite à une coloration à l’acridine du membre antérieur, les cellules mortes apparaissent 

colorées en jaune. Embryon de souris à E12,5 / 13,5 / 14,5. (Wood et al., 2000). 

 

A) La voie dite extrinsèque 

 

La voie dite extrinsèque implique l’activation des récepteurs de mort. Ces récepteurs 

membranaires sont eux-mêmes activés par des ligands de mort comme FAS-L (Fas Ligand), 

le TNFα (Tumor Necrosis Factor) ou Apo2L/TRAIL (Apo-2 ligand ou Tumor Necrosis 

Related Apoptosis-Inducing Ligand) (Ashkenazi and Dixit, 1998). L’activation de ces 

récepteurs entraîne la formation de complexes multiprotéiques cytoplasmiques contenant la 

protéine FADD (Fas-Associated Death Domain). Cette protéine peut être recrutée directement 

par le récepteur de mort ou par l’intermédiaire de la protéine TRADD (TNFR-associated 

death domain). Les caspases 8 et 10 sont ensuite recrutées par FADD pour former le 

complexe DISC (Death-Inducing Signaling Complex) ce qui conduit à leur activation 

(Figure 13). Ces caspases vont alors pouvoir initier la cascade de clivage menant à l’activation 

des caspases effectrices (Galluzzi et al.). L’activation des caspases initiatrices et effectrices 

ainsi que les conséquences cellulaires sont traitées dans la partie C. 

 

B) La voie dite intrinsèque 

 

La voie dite intrinsèque ou mitochondriale est induite par différents stress cellulaires 

tels que l’exposition à des radiations UV, une irradiation γ, des dommages à l’ADN, ou 

encore une carence en facteurs de survie. De plus, la voie mitochondriale peut être activée par 

la plupart des agents chimio-thérapeutiques (Kaufmann and Earnshaw, 2000; Kroemer, 2003 ) 
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Figure 13 : Voies extrinsèque et intrinsèque de l’apoptose, 

D’après (MacFarlane and Williams, 2004))  

 

La voie mitochondriale fait intervenir la libération dans le cytoplasme de plusieurs 

protéines issues pour la majorité d’entre elles de l’espace intermembrannaire de la 

mitochondrie et dont la plus connue est le cytochrome c. Celui-ci, participera à la formation 

d’un complexe multiprotéique appelé apoptotosome qui activera la caspase 9, une caspase 

initiatrice.  

Les voies extrinsèques et intrinsèques sont connectées, comme l’indique la figure 13, 

avec notamment la caspase 8 issue de la voie extrinsèque qui est capable d’activer la protéine 

Bid qui initie alors la voie intrinsèque de l’apoptose. 

D’autres protéines apoptogènes issues de l’espace inter-membranaire sont également 

relarguées par la mitochondrie. Pour la majorité d’entre elles, leur libération dans le 

cytoplasme fait intervenir la rupture de la membrane mitochondriale externe. Une 

présentation de l’organite, de ces fonctions ainsi que de sa structure est nécessaire afin de 

mieux comprendre ce mécanisme. 
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1) La mitochondrie 

 

Les mitochondries ont été décrites pour la première fois par Kolliker en 1858 comme 

des structures d’aspect granulaire dans des cellules musculaires. En 1898, le terme 

mitochondrie est introduit par Benda, pour désigner ces éléments filamenteux (mitos) et 

granuleux (chondros). 

Les mitochondries ont un diamètre d'environ 1µm et leur nombre varie selon le type 

cellulaire. Elles représentent environ 20% du volume d’un hépatocyte de rat et 30 à 40% du 

volume des cardiomyocytes (Loud, 1968; van der Klei et al., 1994 ; Vendelin et al., 2005 ). 

Les mitochondries ne sont pas des organites statiques puisqu’elles subissent des phénomènes 

de fission (aspect granulaire du réseau mitochondrial) ou au contraire de fusion (aspect 

filamenteux) ce qui explique leur hétérogénéité morphologique au sein d'une même cellule 

(Okamoto and Shaw, 2005). Les travaux de Palade et Sjostrand au début des années 50 ont 

permis de mettre en évidence la structure de la mitochondrie. Elle se compose de deux 

membranes dites membrane mitochondriale interne (IMM) et membrane mitochondriale 

externe (OMM). Elles sont très différentes dans leurs compositions, leurs fonctions et 

délimitent deux compartiments : l’espace inter-membranaire et la matrice qui renferment les 

crêtes mitochondriales. La membrane interne est subdivisée en deux parties : la membrane 

sous jacente, qui est séparée de la membrane externe par l’espace inter-membranaire, et les 

crêtes (cristae) comparables à des repliements aux morphologies variables et rattachées à la 

membrane interne par des structures appelées jonctions de crêtes. Par ses invaginations, la 

membrane interne possède une surface bien plus grande que la membrane externe (Perkins et 

al., 1997) (Figure 14). 

La membrane externe se caractérise par une forte perméabilité à toutes les molécules 

de 5 kDa ou moins grâce à la présence de porines. Elle contient également les translocases 

impliquées dans l'import des protéines (Translocase of the Outer Membrane, ou TOM). A 

contrario, la membrane interne, composée à 80% de protéines, se caractérise par une quasi-

impermeabilité du fait de sa forte proportion en cardiolipides (20% des lipides totaux) qui 

entraine une stabilisation de la bicouche lipidique  et une diminution de la fluidité 

membranaire. Le passage des protéines et autres métabolites à travers la membrane interne, 

est réalisé par des transporteurs et des échangeurs, ce qui explique sa grande richesse en 

protéines (Crompton, 1999 ; Nicholls, 2005) 
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Figure 14 : Morphologie de la mitochondrie 

 

 

Les mitochondries sont des organites intracellulaires caractéristiques des cellules 

eucaryotes et spécialisés dans la production de l’ATP. Cet organite cellulaire de la respiration 

serait issu, selon la théorie de Margulis (1981), d'un phénomène de symbiose réalisé il y a 1,5 

milliards d’années entre une bactérie pourpre (α-protéobactérie) et une cellule eucaryote 

primitive. Cette hypothèse a été démontrée grâce à la découverte de similarités biochimiques 

et génétiques entre les bactéries et les mitochondries. Entre 1940 et 1950, les fonctions 

métaboliques des mitochondries ont été décrites. Outre son rôle dans le cycle de Krebs ou la 

β-oxydation des acides gras, la mitochondrie est apparue comme le premier fournisseur 

d’énergie à la cellule via le mécanisme de phosphorylation oxydative (OXPHOS) (Lehninger, 

1964) 

Au milieu des années 90, il est apparu que le cytochrome c, une molécule essentielle 

au mécanisme de phosphorylation oxydative participait également au mécanisme de mort 

cellulaire décrit vingt ans plus tôt par Kerr et ses collaborateurs appelé apoptose (Liu et al., 

1996). Il est alors apparu que la mitochondrie abritait une succession d’événements 

constituant une partie de la voie intrinsèque de l’apoptose. 
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2) Perméabilisation de la membrane mitochondriale externe et 

apoptose 

 

Nous l’avons vu précédemment, au cours de l’apoptose, la mitochondrie libère 

plusieurs protéines de l’espace inter-membranaire vers le cytosol. Ces protéines participent 

directement au déroulement du processus apoptotique. Le relargage mitochondrial a été très 

étudié et les travaux de ces dernières années suggèrent que les mécanismes de 

perméabilisation de la mitochondrie sont multiples. Les deux grands mécanismes documentés 

ici sont :  

1. La perméabilité de transition (PT), initiée au niveau de la membrane mitochondriale 

interne.  

2. La formation de pores protéiques par les membres pro-apoptotiques de la famille 

des Bcl-2 au niveau de la membrane externe de la mitochondrie  

 

a) Le pore de transition de perméabilité 
 

L’existence d’une augmentation de la perméabilité mitochondriale a été mise en 

évidence dans les années 70. En effet, il a été observé qu’en présence de calcium, des 

mitochondries isolées perdent leur potentiel de membrane, gonflent et libèrent dans le milieu 

des composants matriciels (Hunter et al., 1976). L’existence du pore a été révélée pour la 

première fois en 1989, en mesurant les courants ioniques transitant à travers les membranes 

par des expériences de patch-clamp (Petronilli et al., 1989). Par la suite, la structure du pore 

de transition de perméabilité a été décrite. Ce pore est un complexe multi-protéique assemblé 

au niveau des jonctions entre les membranes mitochondriales interne et externe. Il est 

constitué de la porine VDAC (Voltage-Dependent Anion Channel) situé à la membrane 

externe, l’échangeur ATP/ADP ANT (Adenine Nucleotide Translocase) fixé à la membrane 

interne et la cyclophiline-D (Cyp-D), une protéine matricielle. D’autres protéines comme le 

récepteur périphérique aux benzodiazépines (PBR), l’hexokinase (HK) et la créatine kinase 

(CK) pourraient être associées au PTP (Brenner and Grimm, 2006) (Figure 15). Dans des 

conditions de survie, ce canal s'ouvre de manière transitoire assurant l’échange de métabolites 

entre le cytoplasme de la cellule et la matrice mitochondriale. En réponse à des messagers 

secondaires (ROS, Ca
2+

), le canal adopte une conformation ouverte provoquant une 

équilibration des solutés de moins de 1500 Da entre les deux compartiments. L’ouverture 
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prolongée du canal provoque une dissipation du gradient de protons crée par la chaine de 

respiration, un découplage de la chaîne respiratoire conduisant à une hydrolyse de l’ATP, une 

entrée d’eau et de petits solutés entraînant un gonflement de la matrice mitochondriale. La 

dilatation de la matrice et l’excès de surface de la membrane interne par rapport à la 

membrane externe serait responsable de la rupture de cette dernière. Cette rupture entraîne 

alors le relargage des facteurs apoptotiques situés dans l’espace inter-membranaire  (Massari 

and Azzone, 1972 ; Bernardi, 1999; Batandier et al., 2004)  

L’activité du PTP peut être modulée par une variété d’agents pharmacologiques qui 

activent ou inhibent l’ouverture du pore en réponse à un stimulus donné. Ainsi, il y a quelques 

années, l’équipe de Martin Crompton rapporte que l’utilisation de la cyclosporine-A, un agent 

aux propriétés immunosuppressives inhibait de manière spécifique l’ouverture du PTP 

(Crompton et al., 1988). Par la suite, il a été établi que la cyclosporine-A fixe la cyclophiline 

D, inhibant ainsi son interaction avec d’autres composantes protéiques du pore (Davidson and 

Halestrap, 1990; Halestrap and Davidson, 1990). Depuis, de nombreux travaux ont permis de 

mettre en évidence que le PTP joue un rôle central dans l’initiation la mort cellulaire par la 

voie intrinsèque. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 : Composition du pore de perméabilité de transition 

D’après (Brenner and Grimm, 2006) 
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b) Formation de canaux protéiques Bax/Bak 
 

Le premier membre de la famille BCL-2 a été découvert dans des lymphomes 

folliculaires à cellules B. Ce cancer est lié à la translocation des chromosomes 14 et 18. Il en 

résulte une juxtaposition du promoteur qui régule l’expression du gène codant les chaînes 

lourdes des immunoglobulines et du gène codant la protéine BCL-2. Cette translocation a 

pour effet de créer une surexpression de BCL-2 qui est associée à la survie cellulaire dans les 

tissus exprimant normalement le gène des immunoglobulines. En fonction des domaines BH 

(BCL-2 homology) qui les composent, les membres de cette famille ont été répartis en trois 

sous-groupes les membres (i) anti-apoptotiques, (ii) pro-apoptotiques à plusieurs domaine BH 

et (iii) les pro-apoptotiques BH3-only (Figure 16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16 : La famille BCL2 

Les domaines BH 1 à 4 sont indiqués en bleu, jaune, rouge et vert. En région C-terminale, la 

présence du domaine transmembranaire permet une localisation de la protéine dans la 

membrane mitochondriale, le réticulum endoplasmique ou la membrane nucléaire externe. 

Les protéines regroupées dans l’encart gris sont des protéines appartenant à la famille BCL2 

(BAX/BAK-like proteins) mais dont les propriétés sont encore mal connues (Youle and 

Strasser, 2008). 
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Les 6 membres de la première catégorie baptisé Bcl-2-like, partagent une homologie 

de séquence pour 4 domaines BH noté BH1, BH2, BH3 et BH4 (Bcl-2 Homology). Ces 

protéines anti-apoptotiques favorisent la survie cellulaire en neutralisant l’activité des 

protéines Bak-like et, de ce fait, elles protègent les cellules de nombreux stimuli apoptogènes 

et de la perméabilisation des mitochondries.  

Les membres de la sous-famille Bak-like sont pro-apoptotiques et possèdent les 

domaines BH1, BH2, BH3. Activées pendant l’apoptose, les protéines Bax et Bak sont 

directement impliquées dans la perméabilisation mitochondriale par leur capacité à former des 

pores au niveau de la membrane mitochondriale.  

Enfin, il existe une sous-catégorie de protéines ne possédant que le domaine BH3 qui, 

à lui seul, est responsable de leurs propriétés apoptotiques. Les protéines BH3-only, qui 

jouent le rôle de senseurs, sont capables d’activer les protéines Bax-like après avoir intégré un 

signal de stress. En condition de survie, les BH3-only sont maintenues inactives par des 

mécanismes agissant au niveau transcriptionel ou post-traductionnel empêchant ainsi une 

mort inappropriée (Strasser et al., 2000 ; Puthalakath and Strasser, 2002). Par contre, la 

transcription de Noxa et Puma est activée en réponse à un stress génotoxique, tandis qu’en 

réponse à une privation en facteurs de croissance, Bad est déphosphorylée et libérée de la 

protéine 14-3-3 sous sa forme active et Bid est activée par un clivage par les caspases pour 

former Bidt (Bid tronqué), la forme active de la protéine.  

Activées pendant l’apoptose les BH3-only vont activent Bax/Bak qui sont impliquées 

dans la libération du cytochrome c. Le mode d’activation de Bax/Bak est encore débattu et 

deux modèles ont été proposés. Le modèle d’activation directe postule qu’il existe une liaison 

et une activation directes de Bax/Bak par certains BH3-only (BAD, Bidt, Puma). Dans ce 

modèle, les BH3-only sont répartis en deux sous-groupes. Les « activateurs » tels que Bim et 

Bid, qui sont normalement séquestrés par les protéines anti-apoptotiques de type Bcl-2, et les 

« sensibilisateurs » qui ne peuvent lier que les protéines anti-apoptotiques. En condition de 

stress, ces sensibilisateurs sont activés et neutraliseraient les protéines anti-apoptotiques, ce 

qui conduirait à la libération de tous les « activateurs » et à l’activation directe de Bak/Bax. 

En revanche, le «modèle indirect» postule qu’en condition de mort, la totalité des protéines 

BH3-only doit être engagée pour inhiber l’ensemble des protéines anti-apoptotiques de type 

Bcl-2, libérant ainsi Bax et Bak (Kaufmann et al.). Dans ce modèle, Bim est considéré comme 
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Figure 17 : Modèle
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 de Bcl-XL formée par les domaines BH1 à 3. 

 de la poche hydrophobe (Cory et al., 2003). 
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Quel que soit le modèle, les protéines Bax et Bak, libérées de leurs répresseurs, sont 

alors activées. Présentes au niveau de la membrane mitochondriale, elles vont pouvoir former 

des multimères qui aboutissent à la formation des pores à la surface externe de la 

mitochondrie ce qui permet la libération des protéines mitochondriales qui participe à la 

signalisation du processus apoptotique. Récemment, les réarrangements structuraux 

permettant l’activation de Bax et Bak ont été décrits (Kim et al., 2009; Yao and Marassi, 

2009) (Figure 19). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19 : Modèle d’activation de Bax par une protéine BH3-only 

A) Sous sa forme inactive, Bax (en gris) est une protéine cytoplasmique dont le site de liaison 

au domaine BH3 (représenté par le demi-cercle rouge) est auto-inhibé par son l’hélice α9 

(représentée par le cylindre rouge). L’hélice α1 (représentée par le cylindre bleu) de Bax 

forme avec l’hélice α6 un site d’interaction transitoire pour le domaine BH3 de la protéine 

BH3-only (représenté le cylindre jaune). 

B) Le domaine BH3 de la protéine BH3-only (représenté en jaune) interagit avec les hélices 

α1/α6 et induit un changement conformationnel de Bax. 

C) Le changement conformationnel de Bax libère la poche hydrophobe dans laquelle le BH3 

va pouvoir s’insérer. 

D) et E) La conformation activée de Bax permet son insertion et sa multimérisation dans la 

membrane externe de la mitochondrie (Kim et al., 2009; Yao and Marassi, 2009). 

 

3) La boîte de Pandore 
 

a) L’apoptosome 
 

Pendant le processus apoptotique, plusieurs protéines sont libérées de l’espace inter-

membranaire mitochondrial vers le cytosol. Le cytochrome c assure, en conditions normales, 

le transport des électrons entre les complexes III et IV de la chaine respiratoire au niveau de la 

membrane interne de la mitochondrie. Le cytochrome c est associé à la membrane interne coté 

espace inter-membranaire par une interaction avec la cardiolipine. Au cours de l’apoptose, 
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l’oxydation de la cardiolipine entraîne une perte de l’interaction électrostatique avec le 

cytochrome c et la libération de celui-ci dans l’espace inter-membranaire (Ow et al., 2008). 

Après la perméabilisation de la mitochondrie, le cytochrome c est ensuite relargué de 

l’espace inter-membranaire vers le cytosol. S’ensuit alors une association du cytochrome c 

avec la molécule adaptatrice Apaf-1 et de l’ATP pour constituer le cœur d’un complexe 

multimoléculaire d’environ 1 MDa, l’apoptosome (Tait and Green, ; Riedl and Salvesen, 

2007). Le recrutement de la procaspase-9 au sein de ce complexe moléculaire est la première 

étape d’une cascade d’activation conduisant à l’activation des caspases effectrices 

(Figure 20). 

 

 

Figure 20 : Formation de l’apoptosome 

Le cytochrome c libéré par la mitochondrie. En presence d’ATP, Apaf-1 fixe le cytochrome c 

qui à son tour fixe les pro-caspase 9, formant un complexe appelé “Apoptosome”. Activée 

dans complexe, la caspases 9 active à son tour les caspases effetrices 3/7 ce qui conduit à 

l’apoptose de la cellule (Tait and Green). 
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b) Les autres facteurs mitochondriaux apoptogènes 

 

SMAC/Diablo (Second Mitochondrial Activator of Caspases / Direct IAP Binding 

protein of Low PI) relarguée de l’espace inter-membranaire vers le cytosol interagit et 

neutralise l’action des IAPs (Inhibitors of Apoptosis Proteins), des inhibiteurs des caspases 

situés dans le cytosol (Vaux and Silke, 2003). 

OMI/HTRA-2, par son activité sérine protéase, est impliqué dans la dégradation de 

plusieurs substrats comme les éléments du cytosquelette (actine, α- et β-tubuline, vimentine) 

mais va également interagir avec les IAPs (Hegde et al., 2002; Vande Walle et al., 2008).  

AIF (Apoptosis Inducing Factor) est une oxydo-réductase jouant un rôle dans la 

phosphorylation oxydative et qui possède à la fois des séquences d’adressage mitochondrial et 

nucléaire (Susin et al., 2000). En condition de survie, AIF est ancrée à la membrane interne 

mitochondriale par l’intermédiaire d’un domaine transmembranaire situé en région N-

terminale. Au cours de l’apoptose, le clivage en aval de cette région, opéré par la calpaïne, 

libère AIF sous sa forme active dans l’espace inter-membranaire puis vers le cytosol. AIF est 

alors capable de se transloquer au noyau pour participer à la condensation et à la 

fragmentation de la chromatine (Susin et al., 1996; Susin et al., 1999).  

L’endonucléase G subit également une translocation mitochondrio-nucléaire où elle 

induit la fragmentation de l’ADN (Li et al., 2001; van Loo et al., 2001). L’extinction du gène 

cps-6, codant l’homologue de l’endonucléase G chez Caenorhabditis elegans, entraîne un 

retard de l’apoptose pendant le développement des embryons (Parrish et al., 2001). De plus, 

les études réalisées par Zhang montre que les cellules issues de souris hétérozygotes pour 

l’endonucléase G
 
présentent une résistance à l’apoptose tandis que les blastocystes des 

embryons homozygotes sont anormaux et meurent précocement pendant l’embryogenèse, 

soulignant l’importance de l’endonucléase pendant le développement (E 2,5-3,5) (Zhang et 

al., 2003). Cependant, son rôle au cours de l’apoptose reste controversé puisque le même KO 

réalisé par une équipe différente n’entraîne pas de létalité et les cellules issues de ces souris ne 

présentent pas de retard de dégradation de l’ADN pendant l’apoptose (Irvine et al., 2005).  

Les voies AIF et de l’endonucléase G sont indépendantes des caspases puisqu’elles ne 

nécessitent aucun intermédiaire pour provoquer l'apoptose nucléaire : ils interviendraient dans 

la voie apoptotique indépendante des caspases (Figure 21). 
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Figure 21 : Mécanismes d’action des facteurs mitochondriaux libérés pendant l’apoptose  

D’après (Galluzzi et al.) 

 

Contrairement aux protéines citées ci dessus, la protéine ARTS (Sept4-i2, Apoptosis-

related protein in the TGF-beta signaling pathway), une protéine localisée sur la membrane 

externe de la mitochondrie est relarguée précocement par la mitochondrie indépendamment de 

l’activation des caspases suite à un traitement apoptogène. Cette translocation vers le cytosol, 

qui précède celle du cytochrome c, participe à l’inhibition de la protéine XIAP (une protéine 

inhibitrice des caspases) et donc à l’activation précoce des caspases (Edison et al.). 

 

C) Les caspases 
 

1) Classification des caspases 
 

A ce jour, on dénombre 14 caspases chez les Mammifères. En fonction de leur 

structure et leurs substrats, elles ont été divisées en trois catégories. Le premier groupe, 

composé des caspases 1, 4 et 5, n’est pas impliqué dans le processus apoptotique mais 

contrôle les réponses inflammatoires. Le deuxième et le troisième groupe regroupent les 
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caspases initiatrices et les caspases effectrices de l’apoptose qui comprennent respectivement 

les caspases 2, 9, 8, 10 et les caspases 3, 6, et 7. L’activation des caspases opère de façon 

hiérarchique. Ainsi, les caspases effectrices sont activées par les caspases initiatrices, elles-

mêmes activées par la voie intrinsèque ou extrinsèque (Fuentes-Prior and Salvesen, 2004). 

 

2) Structure et activation 
 

Ces protéases qui participent au démantèlement de la cellule apoptotique possèdent 

une structure très conservée. Elles sont exprimées sous la forme de précurseurs inactifs 

appelés procaspases ou zymogènes. Les caspases effectrices ou initiatrices possèdent une 

grande sous-unité et une petite sous-unité. La grande sous-unité contient le résidu cystéine 

conservé nécessaire à l’activité catalytique à l’origine de la spécificité de cette famille de 

protéases et de son nom (aspartic-acid-specific cystein proteases) (Rotonda et al., 1996).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22 : Activation des caspases initiatrices et effectrices de l’apoptose  

Chez les Mammifères, les voies de signalisation intrinsèque et extrinsèque permettent 

l’activation des protéases initiatrices et effectrices de l’apoptose (Tait and Green). 

 

Les caspases initiatrices 8 et 10 possèdent en plus au niveau de l’extremité N-

terminale un long pro-domaine contenant un domaine DED (Death Effector Domain) pouvant 

interagir avec la protéine FADD tandis que la caspase 9 possède un domaine CARD 
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(CApases Recruitment Domain) impliqué dans l’interaction avec la protéine Apaf-1 

(Hofmann et al., 1997) (Figure 22). 

Les interactions induites entre les caspases initiatrices et leurs sous-unités régulatrices 

(FADD ou Apaf-1) entraînent une concentration des formes zymogènes ce qui permet leur 

activation. Ce mécanisme d’activation par proximité induite intervient par exemple lors de la 

multimérisation des récepteurs de mort ou lors de la formation de (Muzio et al., 1998; 

Algeciras-Schimnich et al., 2002). Sous leurs formes activées, les caspases s’organisent alors 

en tétramères composés de deux hétérodimères formés par la petite et la grande sous-unité 

(Figure 22). 

Les caspases initiatrices activent ensuite par protéolyse les caspases effectrices de 

l’apoptose constituant ainsi le deuxième mécanisme d’activation des caspases. Les caspases 

effectrices sont alors capables de cliver un grand nombre de substrats protéiques par la 

reconnaissance d’un motif X-X-X-D. Le clivage a lieu après l’acide aspartique C-terminal 

(P1) du motif tandis que sa spécificité est déterminée par les trois résidus P2, P3 et P4 situés 

immédiatement en amont (notés X) (Thornberry et al., 1997) (Figure 23).  

 

 

 

 

 

 

 

 



 

Figure 23 : Spé
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a) Clivage perte de fonction 

 

Le phénotype des cellules apoptotiques est lié à l’action des caspases. Activées, elles 

sont capables de dégrader des constituants cellulaires. Ainsi, la caspase 6 est responsable du 

clivage des lamines nucléaires A/C et B1 qui assurent l’intégrité de l’enveloppe nucléaire 

(Ruchaud et al., 2002). Ce clivage des lamines entraîne une déstructuration du noyau et est 

essentiel au bon déroulement du processus apoptotique puisque l’expression de formes non-

clivables des lamines A/C entraîne un retard dans la condensation de la chromatine. Pour 

autant, ce retard n’inhibe pas pour autant le processus apoptotique (Rao et al., 1996). De la 

même façon, les caspases sont impliquées dans la désorganisation du cytosquelette 

puisqu’elles sont capables de cliver les constituants des filaments intermédiaires comme la 

kératine-18 qui forme alors des agrégats (Caulin et al., 1997 ; Schutte et al., 2004) Au cours 

de l’apoptose, la signalisation anti-apoptotique est également interrompue et ciblé par les 

caspases. Ainsi la protéine Akt, capable d’induire la survie en phosphorylant la protéine Bad, 

n’est plus capable d’exercer ses fonctions de survie puisqu’elle est également un substrat de la 

caspase 3 pendant l’apoptose (Widmann et al., 1998; Jahani-Asl et al., 2007). Dans d’autres 

cas, la protéine ciblée par les caspases génère des produits de clivage actifs capables 

d’intervenir dans la signalisation pro-apoptotique. 

 

b) Clivage gain de fonction 

 

Nous l’avons vu précédemment, au cours de l’apoptose, les inhibiteurs des caspases 

comme IAP peuvent être inactivés par Omi/Htra2, une protéase relarguée par la mitochondrie. 

Cependant, d’autres travaux, ont montré que cet inhibiteur de l’activité apoptotique pouvait 

être la cible des caspases. Son clivage génère alors un fragment stable porteur d’une activité 

pro-apoptotique (Clem et al., 2001). Cette reconversion de la fonction primaire de la protéine 

substrat n’est pas unique. En effet, les protéines anti-apoptotiques Bcl-2 et Bcl-XL subissent 

des clivages par les caspases en région N-terminale, ce qui génère des fragments débarrassés 

du domaine BH4 et dont les structures s’approchent ainsi des protéines Bak-like (voir 

Figure 16). Les études des fragments ∆Nterm-Bcl2/Bcl-XL ont montré qu’ils étaient capables 

d’induire le relargage du cytochrome c et/ou d’accélérer le processus apoptotique lorsqu’il est 

engagé. Pour ∆NtermBcl-XL, sa propriété pro-apoptotique serait lié à sa capacité à former des 

pores dans des membranes lipidiques d’origine synthétiques (Fujita et al., 1998 ; Kirsch et al., 

1999; Basanez et al., 2001). 
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De façon intéressante, pour certaines sérines-thréonines kinases, l’activité kinase est 

impliquée dans l’apoptose en plus de fonctions dans la survie cellulaire. Après clivage par les 

caspases, les activités des fragments générés ne sont plus inhibées suite à l’élimination de 

domaines régulateurs (Jakobi, 2004). Par exemple, les fragments issus du clivage des kinases 

ROCK 1 (Rho-associated protein kinase 1), Mst (Mammalian STE20-like protein kinase) 1 et 

2 ont une activité kinase constitutive et portent une activité pro-apoptotique. Pour Mst-1, le 

rôle apoptotique du fragment est la conséquence de sa relocalisation nucléaire (alors que la 

forme non clivée est exclusivement cytoplasmique). Sa capacité à phosphoryler l’histone 2B 

participe à la compaction de la chromatine et donc au processus apoptotique (Anand et al., 

2008). Pour ROCK1, dont le rôle est de maintenir le système actine-myosine, son clivage par 

la caspase-3 lui permet de phosphoryler les chaînes légères de la myosine provoquant ainsi le 

phénotype typique de bourgeonnement membranaire des cellules apoptotiques (Sebbagh et 

al., 2001). 

 

c) Cas des récepteurs à dépendance 
 

Il est classiquement admis, que dans des conditions physiologiques, un récepteur n’est 

activé qu’après son interaction avec son ligand. Cependant, au cours des dernières années, un 

nouveau concept avancé par P. Mehlen et B.E. Bredesen, a émergé, suggérant que certains 

récepteurs dits « à dépendance » peuvent délivrer deux messages. En présence de leur ligand, 

ces récepteurs relayent un signal positif classique, induisant par exemple une réponse de 

survie, de prolifération ou de migration cellulaire. En revanche, en absence de leur ligand, ces 

récepteurs ne sont pas inactifs mais capables d’induire la mort par apoptose. Par cette double 

signalisation, ils imposent donc aux cellules un état de dépendance aux ligands.  

C’est avec l’étude du récepteur p75
NTR

 que sont apparues les prémices du concept de 

récepteur à dépendance. Ce récepteur a tout d’abord été décrit sous le nom de récepteur au 

NGF (p75
NGF

). Depuis, il a été démontré qu’il était capable de se lier avec une faible affinité à 

toutes les neurotrophines (NT), le NGF (Nerve growth factor), le BDNF (Brain Derived 

Neurotrohpic Factor), et les NT 3 et 4. Chacune des ces neurotrophines peut également se lier 

spécifiquement à un des récepteurs tyrosine kinase Trk (Goldschneider and Mehlen). Dans le 

cas de TrkA, son association avec p75
NTR

 permet d’augmenter l’affinité de TrkA pour le 

NGF. p75
NTR

 peut également modifier la spécificité des récepteurs Trk. En effet, TrkB est 

capable de lier le BDNF et NT-3 tandis que la co-expression de p75
NTR

 limite TrkB à la 
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fixation au BDNF. Inversement, la co-expression de p75
NTR 

avec TrkC diminue la spécificité 

de ce dernier envers NT-3 (Hempstead et al., 1991). De manière intéressante p75
NTR

 partage 

des homologies de structure avec la famille des récepteurs au TNF et il a été proposé qu’il 

puisse induire un signal de mort en absence du NGF. Cette théorie a été étayée par différentes 

études qui montrent que l’extinction de p75
�TR

 entraîne une augmentation de la quantité de 

neurones cholinergiques et une hyperinnervation de l’hippocampe (Yeo et al., 1997; 

Naumann et al., 2002). Enfin, les souris issues d’un croisement entre des souris hémizygotes 

pour le gène ngf, qui présentent une réduction du nombre de neurones cholinergiques avec des 

individus p75
NTR -/-

, présentent alors une restauration partielle du nombre de ces cellules, 

suggérant ainsi que l’expression de p75
NTR

 par les cellules les rendent dépendantes au NGF. 

Cependant, le concept de récepteur à dépendance a vraiment émergé avec l’étude des 

récepteurs DCC (Deleted in Colorectal Cancer) et UNC5H2 (Uncoordinated gene 5), deux 

récepteurs transmembranaires décrits comme étant les récepteurs à la nétrine-1. 

Le couple DCC/nétrine-1 joue un rôle prépondérant dans le développement du 

système nerveux central. En effet, les souris dcc
-/-

 présentent au niveau de la plaque du 

plancher du tube neural une perte des projections commissurales. Ces projections font partie 

d’une catégorie de fibres axonales qui traversent la ligne médiane du tube neural afin de 

mettre en communication les hémisphères gauche et droit du cerveau. Ces résultats rejoignent 

également les données obtenues in vitro montrant l’implication du couple DCC/nétrine-1 dans 

l’extension des axones, l’orientation du cône neuronal et la migration neuronale (de la Torre 

et al., 1997; Fazeli et al., 1997). De manière intéressante, chez l’adulte, le gène codant DCC 

est fréquemment délété dans les carcinomes colorectaux (Fearon and Pierceall, 1995) tandis 

que sa réexpression dans les cellules HT-29 (une lignée issue d’un cancer du colon) diminue 

leur croissance et abolit leur tumorigénicité (Velcich et al., 1999). De manière similaire, une 

autre étude montre que l’expression de DCC en absence de nétrine-1 dans plusieurs autres 

lignées cancéreuses provoque leur mort par apoptose tandis que l’ajout de la nétrine-1 permet 

de les protéger de cette mort (Mehlen et al., 1998). In vivo, la surexpression de la nétrine-1 

dans l’épithélium intestinal conduit à une inhibition de 50 % de la mort cellulaire programmée 

et à un développement significatif d’hyperplasies (Mazelin et al., 2004; Bernet and Mehlen, 

2005 ). Ces données renforcent donc l'hypothèse selon laquelle les récepteurs à dépendance 

auraient un rôle de suppresseur de tumeurs en plus de leur rôle dans le développement. 

Au niveau moléculaire, l’absence du ligand du récepteur à dépendance considéré 

favorise son clivage par les caspases. Ces clivages mènent alors à la libération d’un fragment 
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pro-apoptotique ou à l’exposition d’un domaine pro-apoptotique (nommé ADD pour 

Addiction Dependence Domain) (Goldschneider and Mehlen). 

En l’absence de nétrine-1, DCC recrute et active la caspase 9. Classiquement, 

l’activation de la caspase 9 nécessite le relargage du cytochrome c et la formation de 

l’apoptosome. Dans le cas de DCC, cette activation se fait indépendamment de ces 

événements et définit ainsi un mécanisme original d’induction de l’apoptose par la caspase 9 

(Forcet et al., 2001). UNC5H2, interagit constitutivement avec la DAPK, une kinase capable 

d’induire l’apoptose. La fixation de la nétrine-1 par UNC5H2 induit l’oligomérisation des 

récepteurs tandis que la DAPK est maintenue sous sa forme inactive par une phosphorylation 

inhibitrice. En absence de son ligand, nétrine-1, UNC5H2 et la DAPK forment un complexe 

avec PP2A (protein phosphatase 2A), une phosphatase capable de déphosphoryler la DAPK, 

libèrant ainsi son activité apoptotique. Dans le même temps, UNC5H2 est la cible de la 

caspase 3 au niveau de sa région juxtamembraire. Ce clivage génère alors un fragment stable 

lié à la DAPK qui, sous sa forme active, est alors capable d’induire l’apoptose (Guenebeaud et 

al.). 

Cet état de dépendance imposé aux cellules, contrôlé par un récepteur membranaire, 

s’est récemment élargi à la superfamille des RTK avec l’intégration de Met, TrkC, Ret, ALK 

et EphA4 (Bordeaux et al., 2000; Furge et al., 2000; Mourali et al., 2006; Tauszig-

Delamasure et al., 2007). Ces nouveaux membres de la famille des récepteurs à dependance 

partagent également des activités liées au développement du système nerveux et à la 

progression tumorale. De façon générale, Met, Ret et TrkC subissent en absence de leur 

ligand un double clivage par les caspases, ce qui génère un fragment stable qui possède une 

activité apoptotique Cependant le mécanisme de fonctionnement de ces fragments est encore 

méconnu. 

Les différentes caractéristiques des clivages par les caspases des récepteurs à 

dépendance de type tyrosine kinase et leurs conséquences fonctionnelles ont fait l’objet d’une 

revue où je signe troisième auteur. La revue est consultable en annexe. 
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d) Met, un substrat des caspases 
 

Suite à un stress apoptotique et en absence de son ligand, le récepteur Met est la cible 

des caspases. En effet, l’équipe où j’ai réalisé ma thèse a montré que Met est clivé de manière 

séquentielle au niveau de son extrémité C-terminale, ce qui favorise un deuxième clivage dans 

le domaine juxtamembranaire intracellulaire, au niveau de l’acide aspartique 1002.Un 

fragment de 40 kDa, qui correspond au domaine kinase de Met, est alors libéré dans le 

cytoplasme. Il a été nommé p40 Met. L’autre fragment p100 Met reste quant à lui ancré à la 

membrane (Tulasne et al., 2004; Foveau et al., 2007). 

Ce clivage empêche toute activation potentielle par l’HGF/SF puisque le domaine de 

liaison au ligand est séparé du domaine kinase. Ainsi, le clivage du récepteur Met prévient la 

réponse de survie normalement induite par son ligand. D’ailleurs, ces deux mécanismes ne 

peuvent co-exister. En effet, en présence d’HGF/SF, la phosphorylation de la tyrosine 1003 

masque le site de clivage juxtamembranaire, ce qui empêche le clivage de Met par la caspase 

3 (Deheuninck et al., 2009). 

Pour autant, le rôle de Met dans l’apoptose ne s’arrête pas à l’inactivation du 

récepteur. En effet, les fragments p100 Met et p40 Met participent à l’amplification de la mort 

cellulaire. Ainsi, p100 Met est encore capable d’interagir avec l’HGF/SF et sa surexpression 

prévient l’activation des voies de signalisation induites par Met en réponse au ligand. Le 

fragment p100 Met agit comme un récepteur leurre capable d’empêcher la réponse de survie 

induite par l’HGF/SF et de favoriser la mort cellulaire (Deheuninck et al., 2008). Le second 

fragment, p40 Met, est quant à lui capable d’induire seul l’apoptose dans différents types 

cellulaires lorsqu’il est exprimé de façon ectopique. De manière endogène, ce fragment est 

stable et contribuerait directement à l’amplification de la mort cellulaire (Figure 24) (Tulasne 

et al., 2004; Foveau et al., 2007). 
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Figure 24 : Dualité fonctionnelle du récepteur Met 

 

Par ses fonctions apoptotiques, son implication dans le développement et les cancers, 

le récepteur Met présente donc des caractéristiques fonctionnelles comparables avec le 

fonctionnement des récepteurs à dépendance. 

En utilisant une construction exprimant une version de p40 Met dépourvue de son site 

de liaison à l’ATP, les travaux du laboratoire suggéraient que les propriétés du fragment p40 

Met étaient dépendantes de son activité kinase. A l’époque, cette observation était cohérente 

avec les nombreux exemples de la littérature où le clivage d’une kinase pendant l’apoptose 

libère l’activité enzymatique de la protéine cible. 

L’objectif de ma thèse a donc été de déterminer comment Met était capable de 

participer à l’apoptose par l’intermédiaire de son émissaire p40 Met. 
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I) p40 Met a rendez-vous avec la mitochondrie 
 

Grâce aux outils mis en place au cours de mon Master, j’ai pu démontrer que p40 Met 

ne possède pas d’activité kinase lorsqu’il est produit par une cellule apoptotique ou lorsqu’il 

est surexprimé à l’aide d’un système de surexpression de type Tet-On. Contrairement à ce qui 

était attendu, p40 Met n’a donc pas la capacité de contrôler des voies de signalisation induites 

en aval de son activité kinase. De plus, d’autres travaux du laboratoire ont montré que p40 

Met n’est pas capable d’interagir avec les caspases 9 et 3, comme c’est le cas pour le 

récepteur à dépendance DCC pour qui cette interaction confère l’activité pro-apoptotique 

(Forcet et al., 2001). 

Mes travaux menés ont également montré que p40 Met se localise à la mitochondrie. 

A partir de ces constats, nous avons alors envisagé que p40 puisse médier ses fonctions 

apoptotiques en participant à l’activation de la voie mitochondriale de l’apoptose. 

Les données sur le mode de fonctionnement de p40 Met ont été insérées dans la 

Publication 2. 

Publication 2: Caspase-dependent fragment of Met receptor favors apoptosis through 

the intrinsic pathway 

 

Lefebvre J., Muharram G., Leroy C., Kerrouche Z., Ichim G., Tauszig-Delamasure S., 

Chotteau-Lelièvre A., Brenner C., Mehlen P. and Tulasne D 

Soumis à Journal of Cell Biology 
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Abstract 

The receptor tyrosine kinase Met and its ligand, the hepatocyte growth factor, are essential to 

embryonic development, whereas deregulation of Met signaling is associated with tumorigenesis. 

While ligand-activated Met promotes survival, caspase-dependent generation of the p40 Met fragment 

leads to apoptosis induction, hallmark of the dependence receptor. We show that although p40 Met 

contains the entire kinase domain, it amplifies apoptosis independently of kinase activity. In cell 

cultures and mouse liver undergoing apoptosis, the fragment shows a mitochondrial localization, 

required for p40 Met-induced cell death. Interestingly, p40 Met exhibits a BH3-like domain 

overlapping with its ATP-binding site and required for the apoptotic response. It induces 

mitochondrial permeabilization, while Met silencing delays this response. This demonstrates the 

involvement of receptor cleavage in regulating mitochondrial cell death. The Met dependence receptor 

thus displays overlapping kinase and BH3 domains, the former involved in survival, the latter in cell 

death via the intrinsic apoptosis pathway. 
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Introduction 

Members of the emerging functional family of dependence receptors can mediate both efficient 

cell survival (after ligand binding) and apoptotic cell death (in the absence of ligand). Expression of 

these bifunctional receptors leads to ligand-dependent cell survival. To date, more than 15 dependence 

receptors have been identified, belonging to several membrane receptor families: single-pass type I 

receptors (DCC, UNC5), receptor tyrosine kinases (RET, TRKA, TRKC, EphA4, IGF1R, InsulinR), 

integrins (αvβ3), and multi-pass membrane proteins (Patched). Most dependence receptors are 

substrates of caspases, the cysteine aspartyl-specific proteases that mediate apoptosis. The cytoplasmic 

or membrane-anchored fragments generated by these cleavages are direct inducers of apoptosis 

(Mehlen and Bredesen, 2011). 

The receptor tyrosine kinase (RTK) Met is classified as a dependence receptor because it 

strongly induces cell survival in the presence of ligand and favors apoptosis when cleaved by caspase 

in the absence of ligand (Tulasne and Foveau, 2008). The Met receptor, expressed predominantly at 

the surface of cells of epithelial origin, is activated by its stromal high-affinity ligand, the hepatocyte 

growth factor/scatter factor (HGF/SF). Ligand-activated Met stimulates proliferation, scattering, 

invasion, and morphogenesis of epithelial cells, acts as an angiogenic factor, and has chemoattractant 

and neurotrophic activities (Trusolino et al., 2010). Met is also a survival receptor, protecting a 

number of cell types against toxicity and apoptosis (Tulasne and Foveau, 2008). The Met receptor and 

its ligand are essential to embryonic development, since mouse mutants affected in either ligand or 

receptor show defects in placenta, liver, muscle, and neuron formation (Bladt et al., 1995; Schmidt et 

al., 1995; Uehara et al., 1995). The severe size reduction of the liver in these mice results from 

massive apoptosis, highlighting the involvement of HGF/SF-Met signaling in hepatocyte survival 

(Schmidt et al., 1995). 

Upon HGF/SF binding, the Met receptor dimerizes and its tyrosine kinase activity stimulates its 

ATP-dependent autophosphorylation. Intracellular tyrosine phosphorylation allows recruitment of 

cytoplasmic proteins involved in activating multiple intracellular signaling pathways (Longati et al., 

1994) (Ponzetto et al., 1994). As in the case of other RTKs, the PI3K–Akt and RAS-ERK signaling 

pathways play a central role in the anti-apoptotic responses induced by activated Met in numerous cell 

types in response to various apoptotic inducers (Tulasne and Foveau, 2008). The apoptotic process is 

notably regulated by proteins of the Bcl-2 family, whose action affects the intrinsic apoptosis pathway 

involving mitochondrial outer membrane permeabilization (MOMP), formation of the apoptosome, 

and activation of caspase 9. In many studies, HGF/SF-induced survival responses have been found to 

correlate with increased expression of the anti-apoptotic Bcl-XL and Bcl-2 proteins, which inhibit 

mitochondria-dependent apoptosis (Fan et al., 1998; Yamamoto et al., 2001). Upon HGF/SF 

stimulation, furthermore, Akt activated downstream from PI3K phosphorylates the pro-apoptotic BH3-

only protein Bad, causing its inactivation and thereby preventing apoptosis (Liu, 1999). HGF/SF can 
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also induce expression of the genes encoding the anti-apoptotic factors TRAF-2 and cIAP (Fan et al., 

2005). 

We have shown that, in addition to the well-known involvement of ligand-activated Met in cell 

survival, the Met receptor can directly favor apoptosis. Under stress conditions, activated caspases can 

cleave Met at aspartate residues 1374 (within the DNID motif of its C-terminal tail) and 1000 (within 

the ESVD motif of the juxtamembrane region) (mouse sequence) (Foveau et al., 2007; Tulasne et al., 

2004), thus generating an intracellular 40-kDa fragment containing the kinase domain. This p40 Met 

fragment can trigger apoptosis in epithelial cells. Expression of a caspase-uncleavable Met causes 

resistance to apoptosis, indicating that p40 Met participates in apoptotic signaling. In response to 

HGF/SF, induction of the survival signaling pathway and phosphorylation of Met near the 

juxtamembrane caspase site inhibit the action of caspase and thus prevent the generation of p40 Met 

through cleavage (Deheuninck et al., 2009). Met thus displays the hallmark of dependence receptors: 

the ability to trigger a pro-apoptotic response in the absence of ligand and an anti-apoptotic response 

in its presence. 

Although the survival signaling pathways induced by membrane receptors, including 

dependence receptors, have been extensively studied and are well described, the relevant pro-apoptotic 

signaling pathways have been deciphered only recently. Caspase cleavages of DCC, Patched, and 

UNC5 release fragments containing addiction or dependence domains (ADD), i.e. interacting domains 

promoting recruitment of pro-apoptotic factors. These recruitments lead to caspase activation, a 

mechanism reminiscent of the extrinsic apoptosis pathway, i.e. apoptosis induced by “death receptors” 

(Goldschneider and Mehlen, 2010). 

 The mechanisms by which tyrosine-kinase-family dependence receptors promote apoptosis are 

unknown. We show here that p40 Met favors apoptosis independently of its kinase activity and that 

the fragment localizes to the mitochondria, triggering permeabilization of these organelles 

independently of caspase activity. Thus, unlike previously described dependence receptors, Met 

amplifies apoptosis via the intrinsic pathway. 
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Results 

 

Expression of p40 Met amplifies epithelial cell apoptosis 

We have previously shown that during apoptosis, Met is cleaved by caspases at aspartic acid 

residues 1000 and 1374, giving rise to a 40-kDa fragment (Foveau et al., 2007; Tulasne et al., 2004) 

(Fig. 1A). For specific detection of p40 Met generation during apoptosis (to the exclusion of full-

length Met), we developed a custom polyclonal antibody against the neo-epitope created by 

juxtamembrane cleavage (anti-p40 Met). MCF-10A human mammary epithelial cells were treated for 

an increasing period of time with the apoptosis inducer staurosporin, and Met expression was 

evaluated with an antibody against its kinase domain or with the custom anti-p40 Met antibody. While 

anti-Met kinase recognized both full-length Met and p40 Met generated upon staurosporin treatment, 

the anti-p40 Met detected only a 40-kDa band during apoptosis (Fig. 1B). This 40-kDa band was 

indeed the Met fragment, since a Met-targeting siRNA abolished its detection during apoptosis (Fig. 

1C). The p40 Met fragment detected with either antibody first appeared 2 h after staurosporin addition, 

simultaneously with the cleaved PARP fragment. This indicates that p40 Met generation occurs early 

in the apoptotic process. 

We previously showed that transient transfection of p40 Met in epithelial cell induces activation 

of caspase 3 in about fifteen percent of the transfected cells (Foveau et al., 2007). To further evaluate 

the involvement of p40 Met expression in epithelial cells, we generated Tet-on inducible clones of 

MDCK normal canine kidney epithelial cells expressing the mouse Met fragment and used an anti-

mouse Met antibody that does not detect the endogenous Met of these cells (Fig. S1A). In clone a, 

doxycycline (Doxy) was found to induce p40 Met expression in a dose-dependent manner (Fig. S1B). 

Expression was highest 12 h after the start of induction (Fig. S1C). When apoptosis was induced with 

TNF-α/cycloheximide (TNF-CHX) (Fig. 2A,B) or anisomycin (Fig. S2A), p40 Met expression was 

found to accelerate apoptosis, as evaluated by PARP and caspase 3 cleavage, notably after 2 to 4 hours 

of TNF-CHX treatment. In contrast, inducible expression of p40 Met did not induce caspase activation 

on its own. After 4 h of TNF-CHX stimulation, the relative caspase activity was twice as high in p40 

Met-expressing cells as in control cells, while no caspase activity increase was observed in the absence 

of apoptosis induction (Fig. 2C). This tallies with the level of cell death, as evaluated by trypan blue 

staining (Fig. 2D). Similar amplification of apoptosis was observed in a second p40 Met-expressing 

clone (clone b) (Fig. S2B,D). In contrast, wild-type MDCK cells and Tet-on inducible MDCK cells 

expressing a kinase-dead p40 Met (mutated at lysine 1108) displayed no amplification (Fig. S2C,E,F). 

Thus, the p40 Met fragment generated by caspase cleavage early in the apoptotic process can 

accelerate apoptotic cell death when overexpressed. It is noteworthy that in transiently transfected 

cells, p40 Met can induce apoptosis on its own, probably because of the initial stress induced by cell 

transfection. 
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The p40 Met fragment is not a constitutively active kinase 

The p40 Met fragment contains the whole Met kinase domain. We have previously shown that 

overexpression of the fragment in transiently transfected cells can lead to its tyrosine phosphorylation 

(see Fig. S5 C). Furthermore, mutation of lysine 1108 of the kinase domain, known to be involved in 

ATP binding, has been shown to abolish the apoptotic effects of p40 Met in both transiently 

transfected cells and the inducible model presented above. We thus hypothesized that the apoptotic 

effects of p40 Met might depend on its tyrosine kinase activity (Tulasne et al., 2004). Therefore, we 

first determined the phosphorylation status of the fragment during apoptosis, using antibodies against 

the phosphorylated tyrosines of the kinase domain, hallmarks of Met kinase activation. In contrast to 

transient transfection experiments where p40 Met was found to be phosphorylated, we failed to detect 

any tyrosine phosphorylation of the fragment in extracts of whole cells undergoing apoptosis or even 

in fragment-enriched immunoprecipitates obtained with the custom anti-p40 Met antibody (Fig. 3A). 

We obtained similar results in a time course experiment of apoptosis (Fig. S3). In contrast, HGF/SF 

treatment induced efficient tyrosine phosphorylation of full-length Met. In p40 Met Tet-on inducible 

MDCK epithelial cells, likewise, we observed neither p40 Met tyrosine phosphorylation nor kinase 

activity, evaluated by in vitro incorporation of ATP (Fig. 3B). In contrast, the TPR-Met oncogene, a 

constitutively dimerized and activated form of Met produced by fusion of the dimerization domain of 

TPR to the kinase domain of Met, displayed proper phosphorylation and kinase activity, while its 

kinase-dead version did not. Hence, although p40 Met contains the entire kinase domain, the fragment 

generated during apoptosis is not a constitutively active kinase. 

To test whether the action of p40 Met depends on its kinase activity, we determined the effects 

of ATP-mimetics targeting selectively the Met kinase, i.e. PHA-665752 and SU-11274, on p40 Met-

induced apoptosis. While both Met inhibitors prevented the HGF/SF-induced survival response, as 

evaluated by Met and PARP cleavage (Fig. S4), they failed to inhibit the apoptosis-enhancing activity 

of ectopically expressed p40 Met, as evaluated by immunofluorescence monitoring of caspase 3 

cleavage (Fig. 3C). Taken together our results show that, although the survival response induced by 

ligand-activated Met requires kinase activity, apoptosis enhancement by p40 Met does not. 

 

The subcellular localization of p40 Met governs its pro-apoptotic action 

The p40 Met fragment, because it lacks the transmembrane domain, should be absent from the 

membrane. To see how the localization of p40 Met might affect its pro-apoptotic action, we fused the 

15amino acids of the myristoylation site of SRC, responsible for its membrane anchorage, with p40 

Met to generate SMS-p40 Met (Fig. S5A). Immunofluorescence staining revealed a dual localization 

of p40 Met, both cytoplasmic and nuclear, whereas SMS-p40 Met was detected mainly at the plasma 

membrane (Fig. 4A). Cell death, evaluated by cleaved caspase 3 staining in MDCK cells, appeared 

drastically reduced in SMS-p40 Met- versus p40 Met-expressing cells. Thus, restoring the membrane 

localization of the Met kinase domain inhibits its pro-apoptotic action (Fig. 4B). 
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Mitochondrial localization of p40 Met 

In subcellular fractionation experiments, p40 Met generated in staurosporin-treated MCF-10A 

cells was found in both the nuclear and mitochondrial fractions, but not in the cytoplasmic fraction 

(Fig. 5A). The effectiveness of purification was attested by the enrichement of Cox IV in the 

mitochondrial, Nuc p62 in nuclear and GAPDH in cytoplasm fractions, respectively. This was 

confirmed by immunofluorescence detection of transiently expressed p40 Met, which displayed 

nuclear and punctate intracytoplasmic staining, the latter colocalizing sharply with the mitochondria 

(Fig.5B). 

To see if p40 Met localizes to the mitochondria in vivo, we examined generation of the 

fragment in the mouse liver, an epithelial organ expressing Met and in which the ligand-activated 

receptor induces cell survival. Mice were treated with anti-Fas antibody (Jo2 antibody), known to 

induce fulminant hepatic failure and massive apoptosis via activation of the death receptor pathway 

(Ogasawara et al., 1993). Liver mitochondria were purified and analyzed by western blotting (Fig. 

5C). The effectiveness of purification was attested by the presence of abundant Cox IV in the isolated 

mitochondria, whereas GAPDH was mainly detected in whole-cell extracts. Monitoring of caspase 3 

activation in whole liver extract confirmed the strong apoptosis-inducing action of Jo2. Full-length 

Met was present in the whole liver extract, where its level decreased upon Jo2 treatment, but it was 

never detected in the purified mitochondria. In contrast, the p40 Met fragment, specifically detected 

with the custom antibody, was undetectable in the whole-cell extract but present in the purified 

mitochondria, exclusively under apoptotic conditions. A fragment of similar size was observed in 

apoptotic MCF-10A cells (Fig. 5C). Thus, p40 Met is generated in vivo in the apoptotic mouse liver 

and localizes predominantly to the mitochondria. 

We performed sequential N-terminal deletions of p40 Met (Fig. 6A and Fig. S5B) and examined 

the subcellular localization of the fragments obtained. While p40 Met deleted of the sequence 

extending to Glu1009 or Ser1072 displayed an unchanged nuclear and mitochondrial localization, the 

fragment truncated up to Ile1180 displayed an exclusively mitochondrial localization (Fig. 6B). Thus, 

as previously reported for engineered intracellular Met fragments, the region between Ser1072 and 

Ile1180 of the Met kinase domain is necessary for translocation of Met to the nucleus (Pozner-Moulis 

et al., 2006; Matteucci et al., 2009). 

 

The apoptosis-enhancing response induced by p40 Met depends on a BH3 domain 

Although p40 Met is not an active kinase, its lysine 1108, well known for its involvement in 

Met kinase activity, is required for the fragment’s pro-apoptotic action (Tulasne et al., 2004). K1108 

might thus belong to another functional domain, involved in the p40 Met-triggered apoptotic response. 

Interestingly, alignment of the sequence surrounding K1108 with the Bcl-2-family BH3-only proteins 

revealed the presence of a potential BH3 domain, with a conserved leucine and a conserved aspartic 
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acid residue (Fig. 7A). This conserved signature is necessary for the pro-apoptotic functions of Bcl-2-

family proteins such as Bid or Bik (Lomonosova and Chinnadurai, 2008) and of BH3-like domain 

containing proteins such as the ErbB2 and ErbB4 receptor tyrosine kinases (Naresh et al., 2006; 

Strohecker et al., 2008). Cell death, as evaluated by immunofluorescence monitoring of caspase 3 

cleavage in MDCK cells (Fig. 7B) and by estimating clonogenicity in HEK293 cells (Fig. 7C), was 

abolished or drastically reduced in cells expressing a p40 Met fragment mutated at L1110, D1115, or 

both (p40 Met 2E). In contrast to mutation of residue K1108, mutation of residue L1110 and/or D1115 

did not abolish the forced tyrosine phosphorylation of p40 Met observed in transiently transfected 

cells. These mutations thus appear not to affect Met kinase activity (Fig. S5). BH3-only proteins 

trigger cell death through their interaction with - and inhibition of - the anti-apoptotic Bcl-2 family 

members. Like other BH3-only proteins, our results demonstrate that p40 Met was found to co-

immunoprecipite with Bcl-2, the prototype anti-apoptotic Bcl-2-family member. Mutation K1108A 

inside the BH3 domain decreased this interaction (Fig 7D). Taken together, these results suggest that 

the BH3-like domain of p40 Met is involved in its pro-apoptotic response. 

 

p40 Met induces apoptosis through mitochondrial permeabilization 

Caspase 3 activation induced by p40 Met transfection was efficiently inhibited by cyclosporin 

A, known to inhibit the permeability transition pore complex (PTPC) (Brenner and Grimm, 2006) 

(Fig. 8A,B). Interestingly, although the pan-caspase inhibitor (zVAD) prevented caspase 3 activation 

as expected, it failed to inhibit the nuclear condensation induced by p40 Met (Figure 8A). These data 

suggest an involvement of mitochondrial permeabilization in p40 Met-induced apoptosis. We 

therefore next evaluated mitochondrial permeabilization on the basis of cytochrome c release in human 

MCF-10A cells, where cytochrome c is easily detectable with specific antibodies. The p40 Met 

fragment was found to induce cytochrome c release in about 15% of the transfected cells (Fig. 8C,D).  

Cells transfected with p40 Met 2E, mutated in the BH3 domain, displayed decreased mitochondrial 

permeabilization. It is noteworthy that mutations outside the BH3 domain, such as the H1104D 

mutation (called H1124D in the human sequence) characterized in cancer and known to promote Met 

kinase activity (Schmidt et al., 1997), did not inhibit mitochondrial release (Fig. 8C). In p40 Met-

transfected cells, treatment with a pan-caspase inhibitor did not prevent cytochrome c release or 

nuclear condensation, a hallmark of apoptosis, but on the contrary increased these phenomena. The 

mitochondrial permeabilization induced by the fragment thus occurs independently of caspase 

activation. This suggests that p40 Met may act at an early step of apoptosis to induce release from the 

mitochondria, and that the caspase inhibitor might prevent later events in apoptosis. Accordingly, 

treatment of MDCK cells with cyclosporin A inhibits both caspase activation and nuclear 

condensation (Fig. 8C,D). Thus, p40 Met-induced mitochondrial permeabilization occurs upstream 

from caspase activation and can lead to apoptosis, including caspase 3 activation and nuclear 

condensation. 
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The Met receptor is involved in both ligand-dependent survival and mitochondrial 

permeabilization 

 To evaluate the involvement of Met in the mitochondrial permealization induced during 

epithelial cell apoptosis, synthesis of the receptor was prevented in MCF-10A cells with siRNA and 

apoptosis was induced with staurosporin. Under control conditions, induction of apoptosis led to p40 

Met generation (Fig. 9A) and to cytochrome c release (monitored by immunofluorescence) in more 

than 50% of the cells after 3 h of treatment (Fig. 9 B,C). In keeping with the survival response induced 

by ligand-activated Met, HGF/SF prevented p40 Met generation (Fig. 9A) and decreased cytochrome 

c release by half (Fig. 9B). A pool of three siRNAs against c-met efficiently inhibited the synthesis of 

both the full-length receptor and the p40 Met fragment (Fig. 9A). Under these conditions, cytochrome 

c release was again reduced by half. Hence, Met is indeed required for efficient mitochondrial release. 

As expected in the absence of its receptor, HGF/SF failed to prevent cytochrome c release upon Met 

silencing (Fig. 9B). Similar results were obtained with the individual Met-targeting siRNAs of the 

pool (data not shown). Thus, under conditions of stress and in agreement with the dependence 

paradigm, the Met receptor is required for ligand-triggered cell survival but also participates, in the 

absence of its ligand and via its p40 Met fragment, in mitochondrial permeabilization. 

 

Discussion 

During apoptosis, the p40 Met fragment is generated by caspase cleavage of the full-length 

receptor within the C-terminal tail and in the juxtamembrane domain, releasing an intracellular 

fragment. Although p40 Met is generated by caspases, we detected its expression from 2 h after the 

start of apoptosis induction, at a moment when caspases are not fully activated. The p40 Met fragment 

was detected with a custom antibody recognizing the sequence immediately downstream from aspartic 

acid 1000, confirming that cleavage occurs at this site. The generation of p40 Met early in the 

apoptotic process and its pro-apoptotic action when overexpressed suggest that the fragment 

contributes to apoptotic signaling. This hypothesis was confirmed with p40 Met Tet-on inducible 

MDCK epithelial cells, where apoptosis is accelerated upon fragment expression. Altogether, our 

results suggest that p40 Met is an amplifier of apoptosis in the absence of the Met ligand.  

In caspase-targeted kinases, cleavage can lead to either activation or inactivation of kinase 

activity, and this modulation has a direct impact on apoptosis (Kurokawa and Kornbluth, 2009). For 

instance, caspase cleavage of ROCK1 leads to constitutive kinase activation, phosphorylation of 

myosin light chains, and subsequent membrane blebbing, characteristic of apoptosis (Coleman et al., 

2001; Sebbagh et al., 2001). In contrast, caspase cleavage abolishes activation of the Akt kinase, 

preventing the pro-survival responses it triggers (Bachelder et al., 2001). We initially demonstrated 

that the p40 Met fragment includes the entire kinase domain and that mutation of lysine residue 1108, 

required for ATP binding and thus kinase activity, is sufficient to abolish its pro-apoptotic action 
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(Tulasne et al., 2004). Yet the endogenous fragment generated during apoptosis and in Tet-on 

inducible MDCK cells displays neither phosphorylation nor kinase activity. In addition, potent specific 

inhibitors of Met kinase activity do not affect p40 Met-induced cell death. Hence, caspase cleavages of 

Met do not generate a constitutively active kinase fragment. 

We have shown that K1108 belongs to a BH3-like domain found in BH3-only proteins and 

characterized by the presence of two conserved residues: L1110 and D1115. Like the K1108A 

mutation, mutation of these conserved residues abolishes p40 Met-induced apoptosis. In addition, like 

several BH3-only proteins, p40 Met can interact with the anti-apoptotic Bcl-2 protein, and a mutation 

within the BH3 domain inhibits this interaction. Hence, the kinase domain of Met contains a 

functional BH3 domain containing the K1108 residue, necessary for both kinase activity and BH3 

function. The two domains thus overlap. 

 Consistently with its mitochondrial localization and with the presence of a BH3-like 

domain, p40 Met can induce MOMP, as shown by monitoring cytochrome c release. As a pan-caspase 

inhibitor does not affect this release or the resulting nuclear damage, p40 Met must control MOMP 

independently of caspase activation, although its own generation requires caspase cleavages. The 

nuclear damage observed when p40 Met is expressed could be due to other released mitochondrial 

factors, such as endoG or AIF, well known to disrupt nuclear organization during apoptosis (Kroemer 

et al., 2007). Preventing mitochondrial release with cyclosporin A, which inhibits the permeability 

transition pore (PTP), abolishes both the caspase activation and the nuclear damage caused by p40 

Met, suggesting that MOMP triggered by the overexpressed fragment is an initial event leading to full 

apoptosis. Several BH3-only proteins acquire pro-apoptotic activity when caspase-cleaved. For 

instance, caspase cleavage of the canonical BH3-only protein Bad generates a truncated form (tBad) 

that can interact preferentially with Bcl-XL and inhibit its pro-survival function, causing more efficient 

MOMP (Condorelli et al., 2001). We propose that p40 Met acts as a BH3-only protein by inactivating 

anti-apoptotic factors like Bcl-2 and thus causing mitochondrial permeabilization. 

Interestingly, the intracellular regions of both ErbB4 and the orphan receptor ErbB2 contain a 

BH3 sequence involved in association with the anti-apoptotic protein Bcl-2 or Bcl-XL, respectively 

(Naresh et al., 2006; Strohecker et al., 2008). Like that of Met, this motif is required for the MOMP 

induced by cleavage-generated ErbB4 and ErbB2 fragments. On the basis of these properties, these 

fragments are viewed as apoptosis-regulating BH3-like-only proteins. Yet unlike Met, ErbB2 and 

ErbB4 do not possess all the features of dependence receptors. In the case of ErbB4, the pro-apoptotic 

fragment of is generated by constitutive gamma-secretase cleavage, and caspase cleavage of this 

receptor has not been reported so far. In the case of ErbB2, caspase cleavage is indeed responsible for 

generation of the BH3-containing fragment, suggesting that this process might be associated with 

amplification of cell death. To date, ErbB2 is an orphan receptor, so it has been impossible thus far to 

investigate whether the key step of dependence, i.e. classical ligand stimulation leading to survival, 

actually occurs with this receptor. Taken together, our results show that Met, ErbB2, and ErbB4 
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contain a common functional BH3-like domain, indicating that a pro-apoptotic function is not 

exceptional among RTKs. Yet only in the case of the Met receptor has this domain been directly 

linked to the dependence receptor paradigm. 

We have previously shown that the CBL binding site and the caspase cleavage site overlap 

within the Met juxtamembrane domain. Consequently, ligand-dependent phosphorylation of tyrosine 

residue 1001 of the CBL binding site prevents caspase cleavage at the previous residue, aspartic acid 

1000 (Deheuninck et al., 2009). These events are thus mutually exclusive. Interestingly, we 

demonstrate here that the BH3 motif of the Met kinase domain overlaps with the ATP-binding site, 

whereas those of ErbB2 and ErbB4 are both outside the kinase domain. This suggests that kinase 

activity and BH3 function might also be mutually exclusive: in response to ligand-stimulation, kinase 

activation would prevent both caspase cleavage and BH3 function, while in the absence of ligand and 

under stress, caspase cleavage of Met could prevent kinase activation but would release a BH3-

containing fragment. Taken together, our data shed new light on the molecular mechanisms underlying 

the dependence receptor concept, according to which a receptor can trigger opposite responses, and the 

response elicited depends solely on whether its ligand is present or not. 

The survival response induced by ligand-stimulated Met notably involves increased expression 

of the anti-apoptotic Bcl-XL and Bcl-2 proteins, leading to inhibition of mitochondria-dependent 

apoptosis (Fan et al., 1998; Yamamoto et al., 2001). In the absence of ligand and under stress, in 

contrast, p40 Met acts as a BH3-only protein promoting mitochondria-dependent apoptosis. Thus, the 

Met receptor can affect intrinsic apoptosis in opposite ways according to the cellular conditions, 

tipping the survival/apoptosis balance one way or the other. 

 The apoptotic responses induced by several dependence receptors have recently been 

elucidated. For instance, the dependence receptor DCC associates with pro-caspase 3 when its ligand 

is present. Upon ligand withdrawal, DCC is cleaved by a first round of local caspase activation, this 

leading to exposure of an addiction or dependence domain (ADD) present in the membrane-anchored 

receptor fragment. The receptor then associates indirectly with caspase 9. These interactions lead to 

activation of caspase 9 and then caspase 3 (Forcet et al., 2001; Liu et al., 2002). In the case of Patched, 

ligand withdrawal initiates its caspase cleavage, allowing recruitment of DRAL, TUCAN, and caspase 

9 to the membrane-bound fragment. Formation of this complex leads to caspase 9 activation and 

subsequent caspase 3 activation. These mechanisms are reminiscent of those triggered by death 

receptors such as FAS which, by recruiting the death-inducing signaling complex (DISC), control 

caspase 8 activation (Mille et al., 2009). This has led to the view that Patched and DDC dependence 

receptors trigger extrinsic apoptosis. We demonstrate here that upon Met cleavage, the p40 Met 

fragment can translocate to the mitochondria and promote permeabilization of this organelle, causing 

caspase activation which amplifies apoptotic cell death. The Met dependence receptor thus triggers 

apoptosis via the intrinsic pathway. Interestingly, it’s the membrane-anchored fragments of DCC and 

Patched that induce apoptosis, whereas the pro-apoptotic p40 Met fragment is no longer linked to the 
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membrane and can localize to the mitochondria. This suggests that the subcellular localization of the 

ADD-containing fragment may determine the apoptotic pathway, with membrane-anchored ADD 

inducing extrinsic apoptosis and membrane-dissociated ADD inducing intrinsic apoptosis. For RTKs 

such as Ret and TRKC, the ADD domain is in the cytoplasmic fragment, whereas for Alk and EphA4, 

it remains anchored to the membrane (Goldschneider and Mehlen, 2010). This suggests that these 

RTKs may cause dependence through distinct apoptotic mechanisms. 

 In transformed cells, the survival/apoptosis balance is often deregulated in favor of survival. 

The Met receptor may contribute to this imbalance through its aberrant activation leading to survival, 

together with other cellular responses such as growth or invasion (Trusolino et al., 2010). Many 

strategies are developed to prevent Met activation, such as the use of an ATP mimetic targeting Met 

kinase activity or direct silencing of Met expression (Comoglio et al., 2008). Interestingly, we show 

here that Met kinase inhibitors (such as PHA-665752) efficiently prevent Met-dependent survival 

without affecting p40 Met-induced apoptosis. In contrast, silencing of Met expression with siRNA 

inhibits both ligand-dependent survival and p40 Met-dependent mitochondrial release. Our findings 

thus reveal that Met kinase inhibitors offer the advantage of preserving the pro-apoptotic action of 

Met, which could further participate in causing the death of treated transformed cells. 
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Materials and methods 

 

Cytokines, drugs, and cell cultures 

Human recombinant HGF/SF and TNFα were purchased from Peprotech (Rocky Hill, NJ, 

USA). The Met kinase inhibitors PHA-665752 and SU-11274 were purchased from Promega 

(Madison, WI, USA) and Biomol Research Laboratories (Philadelphia, PA, USA), respectively. 

Anisomycin and the caspase inhibitor zVAD-FMK were purchased from Calbiochem (San Diego, CA, 

USA). Staurosporin, doxycycline, and cyclosporin A were purchased from Sigma (St Louis, MO, 

USA). Cycloheximide was purchased from ICN (Irvine, CA, USA). 

HEK-293, HEK293T, Madin-Darby canine kidney (MDCK) epithelial cells, and p40 Met Tet-

on inducible MDCK epithelial cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

(Invitrogen, Carlsbad,
 
CA, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen) or 

fetal bovine serum tetracycline free (Clontech, Mountain View, CA, USA) and 1% antibiotics 

(penicillin 5000 U/ml - Streptomycin 5000 µg/ml, Invitrogen). MCF-10A spontaneously
 
immortalized 

human mammary epithelial cells were cultured in DMEM and HAM’s F12 vol/vol (Invitrogen) 

supplemented with 5% horse serum (Invitrogen),
 
500 ng/ml hydrocortisone (Calbiochem), 20 ng/ml 

epidermal growth
 

factor (Peprotech), 10 µg/ml insulin (Sigma), and 100
 

ng/ml cholera toxin 

(Calbiochem) and 1% antibiotics. Cells were cultured
 

at 37°C in a water-saturated 5% CO2 

atmosphere. 

 

Antibodies 

Mouse monoclonal antibody against the C-terminal domain of mouse Met (B-2), goat 

polyclonal antibody against the C-terminal domain of human actin (C-11), rabbit polyclonal against 

the C-terminal domain of human PARP-1 (H250), and antibody against ERK2 (C14) were purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse monoclonal antibody against the 

kinase domain of Met (3D4), Green-fluorescent Alexa fluor 488 conjugated anti-mouse IgG (H+L) 

and red-fluorescent Alexa fluor 594 conjugated anti-rabbit IgG (H+L) were purchased from 

Invitrogen. Mouse antibody against cytochrome c oxidase subunit 4 (20E8) and nucleoporin p62 were 

purchased from Abcam (Cambridge, MA, USA). Rabbit polyclonal antibody against activated caspase 

3 (Asp 275, #9661) and rabbit antibody against the phosphorylated tyrosine (Y 1234/1235) of the Met 

kinase domain (#3126) were purchased from Cell Signaling Technology (Danvers, MA, USA). Rabbit 

polyclonal antibodies against the Flag and HA epitopes were purchased from Sigma. Custom 

polyclonal antibody against p40 Met was produced by Covalab (Villeurbanne, France). Briefly, rabbits 

were first injected twice with bridging peptide (NH2-NESVDYRATFPC-COOH, corresponding to the 

uncleaved sequence of Met) coupled to keyhole limpet hemocyanin without adjuvant. Secondly, 

rabbits were injected twice with neo-peptide (NH2-YRATFPC-COOH, corresponding to the neo-

epitope generated by caspase cleavage (Tulasne et al., 2004), coupled to ovalbumin with Freund’s 
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incomplete adjuvant. The antibodies were immunoaffinity purified first by passage of the sera through 

a bridging peptide sepharose column and then by passage of the flow-through through the Met neo-

peptide sepharose column. The Jo2 antibody (Purified NA/LE) against mouse CD95 (the Fas receptor) 

was purchased from BD Pharmingen (San Diego, CA, USA). Peroxidase-conjugated antibodies 

against rabbit and mouse IgGs were purchased from Jackson Immunoresearch Labs (West Grove, PA, 

USA). 

 

Plasmid constructs 

The pSTAR vectors encoding wild-type and K1108A p40 Met were constructed as follows. 

Mouse Met fragments (wild-type and K1108A) were amplified by PCR with the following primers 5’-

CAGAATTCATGTACAGAGCTACTTTTCCAG-3’ containing the EcoRI restriction site and 5’-

GTGGATCCTCAATCAATGTTGTCTTGGGATG-3’ containing the BamHI restriction site. The 

PCR products were
 
inserted

 
into pSTAR (Zeng et al., 1998) between the EcoRI and BamHI restriction 

sites. 

The N-terminally deleted vectors were constructed as follows. Mouse Met fragments were 

amplified by PCR with the following forward primers: 5’-CTACTTTTCCAGGATCCCAGTTTCCC-

3’(Q1009), 5’-GTAGTGATTGGATCCAGCAGCC-3’(S1072), 5’-

CTGACTGAGGGATCCATCATG-3’(I1180) containing the BamHI restriction site and the reverse 

primer 5’-GGGCCCTCTAGACCCCTAGCCATC-3’ containing an XbaI restriction site. The PCR 

products were inserted
 
into pcDNA3-flag between the BamHI and XbaI restriction sites. 

The pCMV plasmid constructs encoding HA-tagged wild-type and kinase-dead p40 Met were 

made as follows. Mouse Met fragments (wild-type and K1108A) were amplified by PCR with the 

following primers 5’-CCCGAATTCAATACAGAGCTACTTTTCCAGAA-3’ containing an EcoRI 

restriction site and 5'-GTACCTCGAGCCCCTCTCAATCAATGTTGTCTTGGG-3'. The PCR 

product was
 
inserted into pCMV-Ha from Clontech. 

The p40 Met fragments mutated in BH3 (L1110E and D1115E) and at H1104D mutated were 

created with the QuickChange site-directed mutagenesis
 
system of Stratagene, using pcDNA3 Flag 

p40 Met WT as a template and
 

the following primers:  

5’-GTGCTGTGAAATCCGAGAATAGAATCACAG-3 and  

5’-CTGTGATTCTATTCTCGGATTTGACAGCAC-3’ or  

5’-GAATAGAATCACAGAGATAGAAGAGGTCTC-3’ and  

5’-GAGACCTCTTCTATCTCTGTGATTCTATTC-3’ or  

5’-GACGGAAAGAAAATTGACTGTGCTGTGAAATCC-3’ and 

GGATTTCACAGCACAGTCAATTTTCTTTCCGTC-3’. The amplified sequences were subcloned 

into pcDNA3 Flag between the BamHI and XhoI restriction
 
sites and the presence of the mutation

 
was 

checkes by sequencing. 
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SMS-p40 Met was constructed as follows. The mouse Met fragment was amplified by PCR with 

the following primers 5’-CTGGCGGCCGCCTACAGAGCTACTTTTCCAGAAGACCAG-3’ 

containing a NotI restriction site and 5’-

TACCTCTAGATCAATCAATGTTGTCTTGGGATGGCAAC-3’ containing an XbaI restriction site. 

The PCR product was
 
subcloned into pcDNA3-SMS between the NotI and XbaI restriction sites. 

Plasmid pcDNA3-SMS was constructed as follows. A vector containing v-src was amplified by PCR 

with the following primers 5’-GAATTAATTGCGGCCGCATTGAAAGCGTTAAC-3’ containing a 

NotI restriction site and 5’GACGTGAAGCTTACCACCATGGGGAG-3’ containing a HindIII 

restriction site. The PCR product was
 
subcloned into an empty pcDNA3 vector between the HindIII 

and NotI restriction sites. 

 

Transfections 

Transfections of HEK293 and MDCK cells with polyethyleneamine (PEI) Exgen 500 

(Euromedex) and Lipofectamine (Invitrogen) reagents were performed as previously described 

(Foveau et al., 2007). HEK293T cells were transiently transfected by the CaCl2 method. MCF-10A 

cells were plated on glass coverslips in 12-well plates (100,000 per well). The next day the cells were 

transfected with Jet Prime (Polyplus Transfection, Illkirch, France; 0.75 µg DNA/1 µl Jet Prime 

reagent/75 µl Jet Prime buffer in 1 mL serum-containing medium). After 4 h, the transfection medium 

was replaced with serum-containing medium. 

 

RBA interference  

MCF-10A cells were harvested. 200,000 cells were incubated with 3 µL Lipofectamine 2000 

(Invitrogen) mixed with 3 nM of a pool of three stealth siRNAs (Invitrogen) targeting Met [5′-

CCAUUUCAACUGAGUUUGCUGUUAA-3′, 5′-UCCAGAAGAUCAGUUUCCUAAUUCA-3′, 

5′CCGAGGGAAUCAUCAUGAAAGAUUU-3’]. The cells were then plated in a 6-well plate in 

complete medium. 

 

Western blotting and immunoprecipitation  

Western blotting were performed as previously
 
described (Foveau et al., 2009; Foveau et al., 

2007). For co-immunoprecipitation in HEK 293T, cells were harvested 24 h after CaCl2 transfection 

and lysed in RIPA buffer (150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM 

Tris pH8.0) at 4°C for 1 h. For co-immunoprecipitation in MCF-10A , cells were harvested 24 h after 

serum starved. The next day, the cells were treated or not with staurosporin and lysed in PY buffer 

(50mM NaCl, 5mM EDTA, 1% Triton X-100, 20mM Tris-HCL pH 7.4). 

Immunofluorescence staining 

MDCK and MCF-10A cells were plated on glass coverslips in 12-well plates (100,000 per well) 

and transiently transfected the next day as described above. After transfection, the cells were washed 
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and fixed in 4% PFA at room temperature. The cells were washed and permeabilized with PBS 

containing 0.5% Triton X-100 for 10 min at room temperature and blocked in 0.2% casein for 30 min. 

Primary antibodies were incubated for 1 h at room temperature. Combinations of antibodies were used 

(mouse anti-C-terminal domain of mouse Met (0.4 µg/mL) with rabbit anti-cleaved caspase 3 (1:250); 

mouse anti-cytochrome c (5 µg/mL) with rabbit anti-Flag (1 µg/mL)). The cells were washed with 

PBS and incubated for 60 min with a combination of Alexa Fluor-conjugated secondary antibodies 

(green-fluorescent Alexa Fluor 488 conjugated anti-mouse IgG (H+L) and red-fluorescent Alexa Fluor 

594 conjugated anti-rabbit IgG (H+L) diluted to 2 µg/ml. The cells were washed with PBS and the 

nuclei counterstained with Hoechst 33258. Coverslips
 

were mounted with Glycergel mounting 

medium (Dako, Carpenteria,
 

CA). Fluorescence was examined in oil immersion at 21°C. For 

fluorescence microscopy, slides were observed in an Axion Imager Z1 (Carl Zeiss), numerical 

aperture: ECL-PLAN NEOFLUAR 40x NA 1.3, with a monochrome Zeiss AxioCam MRm camera 

and the Axiovision acquisition software. For confocal fluorescence microscopy, slides were observed 

in a LSM 710 Laser Scanning Microscope (Carl Zeiss), numerical aperture PLAN-APOCHROMAT 

63x NA 1.4, with the ZEN acquisition software. 

Mitochondrial staining was performed 24 h after transfection. Cells were stained with 100 nM 

MitoTracker (Invitrogen) for 30min at 37°C and coverslips were immersed in methanol:acetone (1:1) 

at -20°C for 10 minutes. Cells were washed, 0.2% casein was added and incubation was carried out for 

30 min to block nonspecific binding. Staining was performed as described above. 

 

In vitro kinase assays 

Proteins were immunoprecipitated as described above. Immune complexes were washed four 

times with ice-cold lysis PY buffer and once with kinase buffer (20 mM MOPS pH: 7.2, 7.5 mM 

MgCl2, 25 mM glycerophosphate, 5 mM EGTA, 1 mM Na3VO4, 1 mM DTT). Each 

immunoprecipitate was incubated for 30 min at 30°C with 20 µl kinase reaction buffer (kinase buffer 

supplemented with 50 µM ATP and 10 µM (10 µCi) [γ-
33

P] ATP (2000 Ci/mmol) (Perkin Elmer, San 

Jose, CA, USA). Kinase reactions were stopped by addition of 10 µl Laemmli sample buffer (5x). The 

phosphorylated proteins were resolved by 12% SDS-polyacrylamide gel electrophoresis, dried, and 

incorporation of [γ-
33

P] was visualized by autoradiography on hyperfilm-MP (Amersham, Arlington 

Heights, IL, USA). 

 

Subcellular fractionation 

MCF-10A cells were collected, washed in PBS, resuspended in buffer (10 mM Tris pH 7.6, 250 

mM sucrose, 10 mM KCl, 0.15 mM MgCl2) and lysed by Dounce homogenization. The suspension 

was centrifuged at 850 g for 5 min at 4°C to collect the nuclear fraction. The resulting supernatant was 

centrifuged at 20,000 g for 15 min at 4°C to pellet the mitochondria. The cytosolic fraction 

(supernatant) was then obtained by centrifugation at 100,000 g for 1 h at 4°C, and cytosolic proteins 
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were precipitated overnight with acetone at -20°C. Each fraction was resuspended in PY buffer and the 

same amount of protein was solubilized in Laemmli sample buffer. 

 

Isolation of mouse liver mitochondria 

Male C57BL/6 mice weighing 19-20 g, having fasted overnight, were injected intraperitoneally 

with 4 µg anti-Fas antibody (Jo2-antibody) per mouse or saline buffer (Wang et al., 2005). Mice were 

sacrificed by cerebral dislocation and livers were quickly removed and placed in ice-cold sucrose 

medium A (0.3 M sucrose, 5 mM TES, pH7.2, 1 mM EGTA, 1mg/mL BSA) (Belzacq et al., 2003). 

The livers were minced and homogenized with a Potter-Elvehjem homogenizer with a loose-fitting 

pestle. Nuclei and cell debris were removed by centrifugation at 760 g for 10 min at 4°C. Then the 

supernatant was centrifuged at 8700 g for 10 min at 4°C to obtain the mitochondrial pellet and 

resuspended in 300 µL medium A. To separate intact from broken mitochondria, the organelles were 

layered on Percoll gradients (10 min at 8800 g) consisting of a layer at 18%, a layer at 30%, and a 

layer at 60% Percoll (w/v) in medium B (0.3 M saccharose, 10 mM TES, 0.2 mM EGTA, 1 mg/mL 

BSA, pH 6.9). Then mitochondria-enriched fractions were collected from the 30%/60% interface and 

washed (10 min at 6800 g) with medium A and the pellet was resuspended in 500 µl medium A. 

Protein concentrations were determined by the BCA protein assay (ThermoFisher Scientific, 

Rockford, IL, USA).  

 

Caspase activity 

Adherent MDCK cells, detached with trypsin, and cells in suspension, collected after 

elimination of the medium by centrifugation, were lysed in PY buffer without protease inhibitor. 50 

µL aliquots all containing the same amount of protein were transferred to a 96-well plate and 50 µL 

assay buffer (100 mM Hepes, 10% Sucrose, 10 mM DTT, 500 µM EDTA) was added. After 30 min of 

incubation at 37°C, the caspase substrate DEVD-AFC was added to each well and the fluorescence 

was monitored every 10 min for 3 h (excitation=395 nm, emission=510 nm) with a fluorimeter (BMG 

Labtech FLUOstar OPTIMA). The slopes of the activity curves were calculated and expressed with 

respect to the untreated control. 

 

Colony formation assay 

For the colony formation assay, 6 x10
5
 HEK293 cells were plated in 6-well plates and the next 

day, transient transfections were performed using the PEI Exgen 500 procedure with 1 µg DNA/well. 

Two days after transfection, the cells were split into three 100-mm dishes containing DMEM-10% 

FCS, and the next day the medium was supplemented with 1.1 mg/ml G418 (Gibco). After 10 days, 

the cells were counted. 
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Figure legends 

 

Figure 1: Specific detection of p40 Met during apoptosis 

(A) Schematic representation of p40 Met generated by caspase cleavage of the full-length Met 

receptor during apoptosis. The neo-epitope produced by caspase cleavage of Met can be detected with 

a home-made antibody. (B) MCF-10A epithelial cells were serum starved overnight and treated for the 

indicated times with staurosporin (Stauro; 1 µM). (C) MCF-10A epithelial cells were transfected for 

24 h with a control siRNA (lane 1 and 2) or a pool of 3 siRNAs targeting Met, starved overnight, and 

treated for 4 h with staurosporin. (B, C) For each condition the same amount of proteins was resolved 

by 10% SDS-PAGE and analyzed by western blotting with antibodies against the kinase domain of 

Met, against p40 Met (custom antibody against the neo-epitope generated by caspase cleavage), or 

against PARP. To assess loading an anti-actin or an anti-ERK2 antibody was used. 

 

Figure 2: Consequence of p40 Met expression during the apoptotic response 

(A,B,C,D) p40 Met Tet-on inducible MDCK epithelial cells (clone a) and wild-type MDCK cells were 

starved, stimulated or not overnight (16 h) with 0.2 µg/ml doxycycline (Doxy), and treated for the 

indicated time with 30 ng/ml TNFα and 10 µg/ml cycloheximide (CHX). (A) Pictures of Tet-On p40 

Met MDCK epithelial cells (clone a). (B) Proteins were resolved by 12% SDS-PAGE and analyzed by 

western blotting with an anti-mouse Met antibody, an anti-PARP antibody, an anti-cleaved caspase 3 

antibody, and an anti-ERK2 antibody to assess loading. (C) Relative caspase activity was determined 

from the same amount of proteins (n=3; ±standard deviation). (D) Cells were stained with trypan blue. 

The percentage of dead cells stained in blue was determined (n=3, ±standard deviation). 

 

Figure 3: p40 Met phosphorylation and kinase activity 

(A) MCF-10A epithelial cells were starved overnight and treated 4h with 1 µM staurosporin (Stauro) 

or 15 min with 30 ng/ml HGF/SF. For each condition, the same amount of protein was 
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immunoprecipitated with antibody against the kinase domain of Met or against p40 Met. 

Immunoprecipitated proteins and whole-cell extracts were resolved by 10% SDS-PAGE and analyzed 

by western blotting with antibody against the kinase domain of Met or against the phosphorylated 

tyrosine residues of the Met kinase domain. (B) MDCK epithelial cells were transfected with a vector 

expressing the fusion protein TPR-Met or kinase-dead TPR-Met (mutation K1108A). WT or kinase-

dead (K1108A) p40 Met Tet-on MDCK epithelial cells were starved and stimulated or not overnight 

with 0.2 µg/ml doxycycline. Proteins were immunoprecipitated with anti-mouse Met antibody or anti-

human Met antibody. Immunoprecipitated proteins were resolved by 12% SDS-PAGE and analyzed 

by western blotting with an antibody against the kinase domain of Met or against the phosphorylated 

tyrosine residues of the Met kinase domain. (C) MDCK epithelial cells were transiently transfected 

with a vector expressing Flag-tagged wild-type p40 Met and treated or not with 0.1 µM PHA-665752. 

Twenty-four hours after transfection, the nuclei were stained with Hoechst (blue staining), p40 Met 

was specifically labeled with an anti-flag antibody (green staining), and an anti-cleaved caspase 3 

antibody was used to detect apoptotic cells (red staining). An overlay of the three stains is shown 

(merge). Cells were observed by fluorescence confocal microscopy. White arrows indicate 

representative transfected cells expressing p40 Met. The percentage of caspase 3-positive cells among 

the Met-expressing cells was determined. At least 200 cells were counted per well (n=3; ±standard 

deviation). 

 

Figure 4: Effect of p40 Met localization on its apoptotic action 

(A) MDCK epithelial cells were transfected with a vector expressing Flag-tagged WT p40 Met or 

SMS-p40 Met. Twenty-four hours after transfection, the nuclei were stained with Hoechst (blue 

staining) and immunofluorescence staining was performed with an anti-mouse Met antibody (green 

staining) and an anti-cleaved caspase 3 antibody (red staining). Cells were observed by fluorescence 

confocal microscopy. White arrows indicate representative transfected cells expressing p40 Met. (B) 

The percentage of caspase 3-positive cells among the Met-expressing cells was determined. At least 

200 cells were counted per well (n=3; ±standard deviation).  

 

Figure 5: Subcellular localization of p40 Met 

(A) MCF-10A epithelial cells were starved overnight and treated for 4 h with 1 µM staurosporin 

(Stauro). After treatment, the cells were fractionated into a nuclear, a cytosolic, and a mitochondrial 

fraction. The same amount of proteins from the whole-cell lysates and the different fractions was 

resolved by 12% SDS-PAGE and analyzed by western blotting with antibodies against p40 Met, the 

nuclear protein Nup 62, the cytosolic protein GAPDH, or the inner mitochondrial membrane protein 

Cox IV. (B) MDCK epithelial cells were transfected with a vector expressing Flag-tagged p40 Met. 

Twenty-four hours after transfection, the nuclei were stained with Hoechst (blue staining), the 

mitochondria were stained with MitoTracker (Red), and immunofluorescence staining was performed 
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with an anti-flag antibody (green staining). Cells were observed by fluorescence confocal microscopy. 

(C) Mice were injected with saline (ø) or Jo2 antibody at the indicated time. After treatment, their 

livers were removed and the mitochondria were isolated. The same amount of proteins from the liver 

and the purified mitochondria was resolved by 15% or 10% SDS-PAGE and analyzed by western 

blotting with antibodies against p40 Met, the kinase domain of Met, the cytosolic protein GAPDH, or 

the inner mitochondrial membrane protein Cox IV. The same amount of MCF-10A whole-cell lysate, 

treated or not for 4 h with 1 µM anisomycin, was used as a control for p40 Met detection. Arrows 

indicate p40 Met and a non-specific band (NS). 

 

Figure 6: p40 Met localizes to both the mitochondria and the nucleus 

(A) Schematic representation of p40 Met tagged N-terminally deleted version, as indicated generated 

by mutagenesis. (B) MDCK epithelial cells were transfected with a vector expressing Flag-tagged 

wild-type p40 Met or a Flag-tagged N-terminally deleted version, as indicated. Twenty-four hours 

after transfection, the nuclei were stained with Hoechst (blue staining), the mitochondria were stained 

with MitoTracker (Red), and immunofluorescence staining was performed with an anti-Flag antibody 

(green staining). The cells were observed by fluorescence confocal microscopy.  

 

Figure 7: Characterization of the p40 Met BH3 domain 

(A) Alignment of BH3-only and BH3-only-like proteins with the sequences of human and mouse p40 

Met. Their accession numbers and amino acid coordinates are indicated. Φ represents a hydrophobic 

residue (Φ2 is usually leucine); Σ is a small residue (G, A, S), Z is usually an acidic residue; Γ is a 

hydrophilic residue (N, H, D or Y) as adapted from Lomonosova and Chinnadurai (2008). (B) MDCK 

epithelial cells were transiently transfected with a vector expressing Flag-tagged wild-type p40 Met, 

K1108A p40 Met, or p40 Met mutated at two conserved residues of the BH3 site. The conserved 

Leu
1110

 and Asp
1115

 in mouse p40 Met were mutated to glutamic acid in combination 

(L1110E/D1115E, named 2E). Twenty-four hours after transfection, the nuclei were stained with 

Hoechst (blue staining) and immunofluorescence straining was performed with an anti-Flag antibody 

(green staining) and an anti-cleaved caspase 3 antibody (red staining). The percentage of caspase 3 

positive cells among the Met-expressing cells was determined. At least 200 cells were counted per 

well in three different wells (n=3; ±standard deviation). (C) HEK293 cells were transiently transfected 

with a vector expressing Flag-tagged p40 Met wild type, K1108A or mutated on conserved residue of 

BH3 site, either alone (L1110E or D1115E) or in combination (L1110E/D1115E, named 2E). After 

selection, cells were counted. Results are shown as percentages of surviving cells, using transfection 

with the empty vector as reference (n=3; ±standard deviation). (D) HEK293T cells were transiently 

transfected with a vector expressing HA-tagged WT or K1108A p40 Met and/or a vector expressing 

Bcl-2. Twenty-four hours after transfection, the cells were lysed and proteins were 
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immunoprecipitated with anti-HA antibody. The immunoprecipitated proteins and whole cell lysate 

(WCL) were resolved by 10% SDS-PAGE and analyzed by western blotting with antibodies against 

HA or Bcl-2. 

 

Figure 8: Cytochrome c release induced by p40 Met  

(A,B) MDCK epithelial cells were transiently transfected with a vector expressing Flag-tagged wild-

type, kinase-dead, or 2E p40 Met and treated or not with 2.5 µM cyclosporin A (CSA) or 20 µM 

caspase inhibitor zVAD-FMK. Twenty-four hours after transfection, the nuclei were stained with 

Hoechst (blue staining), and immunofluorescence staining was performed with an anti-anti-mouse Met 

antibody (green staining) and an anti-cleaved caspase 3 antibody (red staining). An overlay of the 

three stains is shown (merge). Cells were observed by fluorescence microscopy. White arrows indicate 

representative apoptotic cells expressing p40 Met. The percentage of activated caspase 3 among the 

Met-transfected cells was determined. At least 200 cells were counted per well (n=3; ±standard 

deviation). (C,D) MCF-10A epithelial cells were transiently transfected with a vector expressing Flag-

tagged wild-type, H1104D, or 2E p40 Met and treated or not with 2.5 µM cyclosporin A (CSA) or 20 

µM caspase inhibitor zVAD-FMK. Twenty-four hours after transfection, the nuclei were detected with 

Hoechst (blue staining) and immunofluorescence staining was performed with an anti-Flag antibody 

(red staining) and an anti-cytochrome c antibody (green staining). Cells were observed by fluorescence 

confocal microscopy. White arrows indicate representative transfected cells expressing p40 Met. The 

percentage of Met-transfected cells displaying cytochrome c release was determined. At least 200 cells 

were counted per well (n=3; ±standard deviation). 

 

Figure 9: Effect of Met silencing on mitochondrial release 

(A,B,C) MCF-10A epithelial cells were transfected with a control siRNA or a pool of 3 Met-targeting 

siRNAs for 24 h and starved overnight. Then the cells were treated for 2 h with HGF/SF (30 ng/ml) 

before staurosporin (1 µM) treatment at the indicated time. (A) Cells were lysed, proteins were 

resolved by 10% SDS-PAGE and analyzed by western blotting with antibodies against the kinase 

domain of Met and against ERK2. (B,C) For each condition, the nuclei were stained with Hoechst 

(blue staining) and immunofluorescence was performed with an anti-cytochrome c antibody (green 

staining). Cells were observed by fluorescence microscopy. (B) The percentage of cells displaying 

cytochrome c release was determined (200 cells were counted per well; n=3; ±standard deviation). 
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Supplementary data 

 

Figure S1: (A) MDCK Tet-on p40 Met inducible epithelial cells (clone a) or wild type MDCK 

epithelial cells were starved and stimulated or not with 0.2 µg/ml doxycylin overnight or treated for 

the indicated time with 30 ng/ml TNFα and 10 µg/ml cycloheximide (CHX). (B) WT p40 Met  Tet-on 

inducible MDCK epithelial cells (clone a) were starved and stimulated or not overnight with different 

concentrations of doxycyline. (C) p40 Met Tet-on inducible MDCK epithelial cells was starved and 

stimulated or not with 0.2µg/ml doxycyline (Doxy) at indicated times. (A, B, C) Proteins were 

resolved by 12% SDS-PAGE and analyzed by Western blotting using an anti-mouse Met antibody,an 

anti-cleaved caspase 3 antibody and an anti-ERK2 antibody to assess the loading. 

 

Figure S2: (A,B) WT p40 Met (clone a and clone b) Tet-on inducible MDCK epithelial cells and (C) 

wild-type MDCK cells were starved and stimulated or not overnight with 0.2 µg/ml doxycyline and 

treated for the indicated time with 50 µM anisomycin. (D) WT p40 Met (clone b) or (E) kinase-dead 

p40 Met (K1108A) Tet-on inducible MDCK epithelial cells and (F) wild-type MDCK cells were 

starved, stimulated or not overnight with 0.2 µg/ml doxycyline, and treated for the indicated time with 

30 ng/ml TNFα and 10 µg/ml cycloheximide (CHX). Proteins were resolved by 12% SDS-PAGE and 

analyzed by western blotting with anti-mouse Met antibody, anti-PARP antibody, anti-cleaved caspase 

3 antibody, and anti-ERK2 antibodies. 

 

Figure S3: MCF-10A cells were cultured for three days and treated for the indicated time with 50 µM 

anisomycin or for 15 min with 30 ng/ml HGF/SF. Proteins were resolved by 10% SDS-PAGE and 

analyzed by western blotting with antibodies against the kinase domain of Met, the phosphorylated 

tyrosine residues of the Met kinase domain and ERK2. 

 

Figure S4: MCF-10A epithelial cells were starved and treated overnight with the Met kinase inhibitor 

PHA-665752 (0.1 µM) or SU-11274 (2.5 µM). Cells were treated or not for 6 h with 30 ng/ml 

HGF/SF and for 4 h with 50 µM Anisomycin (Aniso). For each condition the same amount of protein 

was resolved by 10% SDS-PAGE and analyzed by western blotting with antibodies against the kinase 

domain of Met or PARP. To assess loading, an anti-ERK2 antibody was used. 

 

Figure S5:  

(A) HEK 293 cells were transfected or not with an empty vector or a vector expressing Flag-tagged 

wild-type p40 Met (p40 Met), kinase-dead p40 Met (p40 Met K1108A), or p40 Met fused to the Src 

myristylation site (SMS-p40 Met). Cell extracts were resolved by 12% SDS-PAGE and analyzed by 

western blotting with an anti-mouse Met antibody to assess expression from the transfected vector. 
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(B) HEK 293 cells were transfected with a vector expressing Flag-tagged wild-type 40 Met or a Flag-

tagged N-terminally deleted version schematically presented. Twenty-four hours after transfection, the 

cells were lysed and the protein mixture was resolved by 12% SDS-PAGE and analyzed by western 

blotting with antibodies against the kinase domain of Met and against ERK2. 

(C) Cell extracts prepared 48 h after transfection of HEK 293 (Fig. 7C) were resolved by 12% SDS-

PAGE and analyzed by western blotting with anti-mouse Met and anti-phospho Met antibodies. 
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II) A la recherche de nouveaux partenaires 
 

De façon à identifier les événements initiaux impliqués dans l’amplification de l’apoptose 

contrôlée par p40 Met, nous avons fait réaliser un criblage double hybride utilisant le 

fragment p40 Met comme appât afin d’identifier ses partenaires.  

Cette stratégie s’est révélée efficace dans le cadre de l’étude des propriétés apoptotiques 

du récepteur à dépendance Patched (Ptc) En effet, le criblage double hybride à permis 

d’identifier qu’en absence de son ligand (Sonic hedgehog), Patched recrute un complexe 

multiprotéique formé de la protéine adaptatrice DRAL (downregulated in rhabdomyosarcoma 

LIM-domain protein) et de la caspase 9 (recrutée par l’intermédiaire du domaine CARD de 

DRAL). Cette étude montre également que l’activation des capacités apoptotiques de Patched 

dépend de la formation de ce complexe (Mille, Frederic 2009). 

Dans notre cas, la totalité des partenaires identifiés sont des protéines à domaines SH2 

capable de reconnaitre les tyrosines phosphorylées d’un récepteur activé. Ce résultat 

s’expliquerait par la dimérisation forcée de p40 Met induite par sa fusion avec le domaine de 

liaison à l’ADN et de dimérisation Gal-4 utilisé pour le crible. Ainsi ce crible, ne nous a pas 

permis d’identifier des protéines se liant à un fragment de Met non-phosphorylé. 

La plupart des partenaires identifiés sont des protéines de signalisation déjà bien connues 

(Gab-1, PI3-K) validant l’activation de l’appât. De manière intéressante, certaines de ces 

protéines à domaines SH2 ne sont pas des partenaires connus de Met. L’un de ces partenaires 

est désoramais étudié par Ghaffar Muharram un ancien post-doctorant de l’équipe qui effectue 

depuis un stage post-doctorat au sein de l’équipe de Johanna Ivaska. Dans cette équipe, 

spécialisée dans les mécanismes moléculaires régulant la migration cellulaire (VTT Medical 

Biotechnology), il étudie l’implication et les fonctions de la tensine, une des protéines 

candidates issues de notre criblage double hybride. Cette protéine pourrait, par son action sur 

le cytosquelette, intervenir dans la migration cellulaire induite par l’HGF/SF suite à son 

interaction avec Met. 

Liste des protéines candidates: 

TNS (Tensin) isoforme 3 et 4, VAV isoforme 1 et 3, YES 1, ARIH2 (anti-Ariadne Homolog 

2), SOCS (Suppressor of cytokine signaling ) isoforme 1 et 2 
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III) Implications des gangliosides dans l’activation de Met 

indépendante du ligand 
 

Nous l’avons vu dans l’introduction, le récepteur Met possède de nombreux 

partenaires protéiques membranaires. Ces partenaires modulent directement l’activité de Met 

et participent donc à la signalisation. Les travaux menés en collaboration avec l’équipe de 

Philippe Delannoy et plus particulièrement Aurélie Cazet qui a soutenu sa thèse nous ont 

permis de dévoiler un mécanisme de régulation de l’activité de Met par les gangliosides. 

Les gangliosides sont des structures constituées d’un céramide et d’une chaîne de 

sucres hydrophiles. Leurs chaînes saccharidiques est plus ou moins complexe et est le résultat 

de l’addition séquentielle par un ensemble de glycosyltransférases spécifiques de différents 

monosaccharides tel que l’acide sialique. Au niveau cellulaire, les gangliosides sont retrouvés 

au niveau de la bicouche lipidique. Leurs parties saccharidiques est alors exposées du côté 

extracellulaire. Ils sont également retrouvés dans des vésicules d’endocytose ou d’exocysose, 

mais aussi dans des compartiments intracellulaires tels que le réticulum ou la mitochondrie. 

Ils sont exprimés dans les tissus des Mammifères selon un profil spécifique de l'espèce, du 

tissu ou de la cellule, mais aussi en fonction du stade de développement de l'organe ou de 

différenciation cellulaire. Depuis plusieurs années, les gangliosides GD3 et le GD2 sont 

décrits comme des marqueurs onco-fœtaux de mauvais pronostic dans les cancers d’origine 

neuro-ectodermique et du cancer du poumon à petites cellules (Thampoe et al., 1989; Ruan 

and Lloyd, 1992; Oblinger et al., 2006). Plus récemment, des études ont montré que 

l’expression des enzymes impliquées dans la biosynthèse des gangliosides peut également être 

altérée dans les tumeurs de sein. Ainsi, deux études cliniques ont montré que l’expression du 

gène st8sia1, codant l’enzyme GD3synthase impliquée dans la biosynthèse des gangliosides 

complexes, est augmentée dans les tumeurs mammaires hormonoindépendantes (Estrogen 

Receptor) et corrélée à un grade histopronostique élevé (Ruckhaberle et al., 2008; 

Ruckhaberle et al., 2009). 

Afin de mieux définir le rôle de l’expression de st8sia1, l’équipe du Professeur 

Delannoy a surexprimé ce gène dans les cellules tumorales mammaires 

hormonoindépendantes MDA-MB-231. La surexpression de ce gène codant la GD3 synthase 

perturbe le profil gangliosidique de la cellule au profit d’un ganglioside majoritaire le GD2. 

Les résultats de l’étude phénotypique montre que cette surexpression renforce les capacités 

prolifératives et migratoires des cellules. De plus, l’analyse du profil d’activation de 42 RTK 
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a permis de détecter une activation constitutive du récepteur Met en condition de sevrage au 

sérum tandis que la majorité des autres récepteurs demeure inactive. Ces travaux ont donc 

permis de mettre en lumière un nouveau mécanisme d’activation de Met en absence 

d’HGF/SF contrôlée par les gangliosides. Ces études ont fait l’objet de deux publications qui 

sont présentées en annexe où je signe respectivement deuxième et cinquième auteur  (Cazet et 

al.) Steenackers, 2011 
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1) La double facette des Récepteurs Tyrosine Kinase 

Les études sur le fonctionnement des RTK ont abouti à un dogme mécanistique selon 

lequel la fonction de ces récepteurs est associée à la fixation du ligand tandis qu’en son 

absence, le RTK est considéré comme inactif. L’émergence du concept de récepteur à 

dépendance a cependant bouleversé ce dogme. Ainsi, en absence de leur ligand, les RTK de la 

famille des récepteurs à dépendance peuvent être clivés par des caspases et les fragments 

générés, sont capables d’induire la mort cellulaire. En revanche, leur mode de fonctionnement 

reste méconnu. 

Les études des récepteurs à dépendance DCC et UNC5H2 montrent qu’ils sont 

capables de recruter et d’activer les caspases en absence de leur ligand, la nétrine-1. Ce 

fonctionnement s’apparente à celui des récepteurs de mort qui activent la voie extrinsèque de 

l’apoptose en recrutant et en activant les caspases initiatrices. Les études menées sur le 

fragment p40 Met montrent qu’il est capable d’amplifier l’apoptose via la perméabilisation 

mitochondriale (Figure 25). Le récepteur à dépendance Met, par l’intermédiaire de son 

émissaire p40 Met, est donc capable de participer de manière originale au contrôle de la voie 

intrinsèque de l’apoptose.  

 

 

 

 

 

 

 

 

 

 

Figure 25: Contrôle de l’apoptose mitochondriale par le récepteur à dépendance Met 
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Afin de déterminer si la perte des clivages caspases de Met induit un phénotype 

particulier, le laboratoire a engagé une collaboration avec la clinique de la souris dans le but 

d’établir une souris KI exprimant une version de Met non clivable par les caspases.  

Dans des contextes physiologiques comme la neurogenèse où l’apoptose est très 

marquée, on peut envisager que des souris exprimant ces versions de Met présentent des 

défauts dans l’élimination des neurones surnuméraires. De la même façon, l’inhibition des 

capacités apoptotiques de Met pourrait être liée à l’acquisition par les cellules de caractères 

transformants. 

2) p40 Met et Cancer 

La perte d’expression des récepteurs à dépendance DCC, UNC5H2 ou Patched est 

retrouvée dans de nombreux cancers (Bredesen et al., 2004). Leur réexpression dans des 

lignées transformées indépendamment de leur ligand peut conduire à l’apoptose mais aussi 

inhiber la croissance sans ancrage et la transformation cellulaire (Meimei et al., ; Forcet et al., 

2001; Thiebault et al., 2003; Oliver et al., 2005). Ces récepteurs sont donc considérés comme 

des suppresseurs de tumeurs et la perte de leur expression dans les cancers est considérée 

comme un avantage sélectif permettant à la tumeur de ne plus être dépendante de la présence 

du ligand pour sa survie. Contrairement à ces récepteurs, l’implication de Met dans les 

cancers est plutôt associée à la dérégulation de son activité kinase qui fait suite à sa 

surexpression (ou celle de son ligand) ou à des mutations activatrices. Contrairement à DCC 

ou UNCH5H2, la dépendance contrôlée par Met serait associée à une perte de ses capacités 

apoptotiques et non à sa perte d’expression. L’activation de Met est liée à sa phosphorylation 

sur le résidu Y1003. Celle-ci pourrait constituer, en masquant le site de clivage caspase 

juxtamembranaire, un mécanisme d’échappement à la dépendance en défavorisant la création 

du fragment p40 Met. 

Dans le cadre des cancers liés à Met, on observe le plus souvent une dérégulation de 

l’activité kinase du récepteur qui fait suite à une surexpression du récepteur. Les capacités 

apoptotiques de Met nous permettent de proposer une stratégie thérapeutique alliant les 

inhibiteurs de l’activité kinase et les traitements chimiothérapeutiques, connus pour induire 

habituellement une mort cellulaire de type apoptotique. Le traitement chimiothérapeutique 

activerait l’apoptose tandis que les inhibiteurs pourraient créer un pool de récepteurs 

déphosphorylés. Incapables d’induire la survie, ils pourraient dans le même temps être la cible 

des caspases et produire le fragment pro-apoptotique p40 Met. Dans ce contexte, les 
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traitements chimiothérapeutiques associés aux inhibiteurs de l’activité kinase du récepteur 

pourraient alors constituer des outils thérapeutiques beaucoup plus efficaces qu’en 

combinaison par exemple avec des anticorps qui activent la dégradation du récepteur Met par 

le mécanisme du PS-RIP (le DN-30). La détection du fragment p40 Met dans des biopsies de 

tumeurs pourrait constituer un facteur prédictif de l’efficacité de la réponse au traitement. A 

l’inverse, en cas d’échappement thérapeutique, les tumeurs traitées par la chimiothérapie ne 

produiraient pas de fragment. 

3) Effets des mutations du domaine kinase sur l’activité de p40 Met 

Certaines mutations situées dans le domaine kinase de Met ont été répertoriées dans 

des tumeurs variées et les conséquences sur l’activité de Met ont, pour certaines, pu être 

élucidées. Le site Sanger (http://www.sanger.ac.uk) a référencé dans un cas de cancer de 

l’ovaire une mutation au niveau du site C-terminal de clivage par les caspases (D1380N) qui 

pourrait inhiber ou limiter la génération de p40 Met. De manière intéressante, des mutations 

situées dans le domaine BH3 (A1108S, G1119A/V) ont également été recensées. Dans ce 

contexte, nous avons donc testé les conséquences de la mutation A1108S sur les activités 

apoptotiques de p40 Met. Ce variant ne présente plus d’activités apoptotiques contrairement à 

celui portant la mutation H1106D (retrouvée dans des cancers du rein) située en dehors de ce 

domaine. Ces résultats préliminaires sont encourageants, mais les mécanismes d’action de ces 

mutations restent à approfondir pour comprendre leur implication dans les cancers. 
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REVIEW

Proteolytic cleavages give receptor tyrosine kinases the gift of ubiquity

F Ancot, B Foveau, J Lefebvre, C Leroy and D Tulasne

CNRS UMR 8161, Institut de Biologie de Lille-Institut Pasteur de Lille-Université de Lille 1-Université de Lille 2, Lille, France

Receptor tyrosine kinases (RTK) constitute a large family
of membrane receptors which, in response to their
respective ligand, transmit information into cells. RTK
regulate multiple biological responses, and their deregula-
tion is often associated with tumourigenesis. The intra-
cellular signalling pathways initiated by full-length
membrane RTK are studied extensively, but many RTK
fragments showing unexpected cellular localization have
been observed. These fragments are generated by
proteolytic cleavages, catalyzed notably by caspases,
membrane metalloproteases or g-secretase. Interestingly,
these cleavages, in addition to regulating membrane
receptor levels, generate active fragments that can
regulate biological processes, such as transcription or
the survival/apoptosis balance. Thus, proteolytic clea-
vages release RTK from the membrane and extend their
functions. Furthermore, the RTK proteolysis are involved
in regulating cell transformation, which highlights their
potential as attractive targets for therapeutic strategies.
Oncogene (2009) 28, 2185–2195; doi:10.1038/onc.2009.88;
published online 4 May 2009

Keywords: receptor tyrosine kinase; cleavages; caspase;
metalloprotease; g-secretase; signalling

RTK as a membrane mediator between the extracellular
and intracellular compartments

In multicellular organisms, the dialogue between cells is
crucial to harmonious development and, in adults, to
tissue homeostasis. This dialogue operates notably
through soluble cytokines and their cognate membrane
receptors. Cytokines secreted by cells into the extra-
cellular environment can bind with high affinity to the
extracellular domains of their respective specific mem-
brane receptors expressed on the surface of target cells.
Ligand binding triggers activation of the receptor, which
transmits the information from the extracellular to the
intracellular compartment. Receptor tyrosine kinases
(RTK) constitute a large family of information-trans-
mitting membrane receptors. The variability of their
extracellular regions results in a wide specificity range as
regards cytokine ligands. Inversely, their intracellular

regions possess a conserved tyrosine kinase domain,
involved in message transmission (Hubbard and Till,
2000). Ligand-activated RTK can initiate multiple
biological responses, including proliferation, cell moti-
lity, survival and differentiation.

Receptor tyrosine kinases are activated through dimer-
ization and trans-autophosphorylation of tyrosine resi-
dues. The intracellular region of an RTK then becomes a
signalling platform that can recruit numerous cytoplasmic
proteins through phosphorylated tyrosine residues. In
turn, these signalling proteins activate signalling pathways
commonly organized in a cascade, which will propagate
the information inside the cell (Schlessinger, 2000). The
signalling cascades are often interconnected and are able
to activate or downregulate each other (Amit et al., 2007).
Therefore, the entire intracellular signalling mechanism is
viewed as a network rather than as a superposition of
multiple linear pathways.

In keeping with the involvement of RTK in controlling
a wide range of biological responses, their deregulation is
associated with numerous types of cancer. Uncontrolled
RTK activation involves several mechanisms, including
tyrosine kinase activation by mutations, generation of
constitutive fusion through chromosomal translocation,
and in most cases, aberrant overexpression of the RTK
and/or its ligand, leading to an autocrine or paracrine
activation loop (Kolibaba and Druker, 1997).

RTK are more than membrane receptors

The signalling pathways initiated by ligand-activated
membrane-anchored RTK are studied extensively, the
challenge being to unravel the relationship between
activated signalling pathways and integrated biological
responses. Yet RTK do not exist only at the cell surface;
they have been observed in the extracellular environ-
ment, the cytoplasm and even in the nucleus. These
unexpected locations are mostly the consequence of
proteolytic cleavages. Recently, the molecular mechan-
isms underlying these RTK cleavages have been
decrypted. In this review, we describe these recent
findings, involving caspases, membrane metallopro-
teases and the g-secretase complex as proteases targeting
RTK. Interestingly, in addition to inactivating RTK, the
proteolytic cleavages generate active fragments acting in
other cell compartments. Thus, in parallel with the
classical signalling cascades initiated by full-length
membrane RTK, novel signalling mechanisms have
emerged, in which proteolytic fragments, like emissaries,
transmit information directly.
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RTK are reaped by caspases

Apoptotic cell death is triggered by a variety of
physiological and pathological stimuli. Its characteristic
morphological features include cell rounding, membrane
blebbing, cytoplasmic condensation and DNA fragmen-
tation. During apoptosis, caspases forming a family of
cystein-dependent aspartate-directed proteases, can
cleave a wide range of substrates contributing to the
characteristic morphological modifications of apoptosis
(Luthi and Martin, 2007). Caspases can also contribute
to promoting cell death by inactivating survival
mechanisms. They can notably cleave several RTK,
which are the major mediators of the survival response.

The Epidermal Growth Factor Receptor (EGFR), a
member of the EGFR family, mediates critical survival
signals, but in response to a variety of apoptotic stimuli,
it is downregulated by activated caspases (Bae et al.,
2001; He et al., 2003; Zhuang et al., 2003; He et al.,
2006) that cleave the receptor within its C-terminal tail
(Figure 1a). Interestingly, cells expressing uncleavable
EGFR show slightly delayed cell death. This suggests
that caspase cleavages suppress potential survival
signalling through the downregulation of EGFR,
identifying caspases as modulators of cell signalling
(He et al., 2006).

RTK are on the way to dependence

The caspase cleavages of EGFR proteins fail to generate
detectable stable fragments. In contrast, caspase clea-
vages of the RTK RET, Met, TrkC, ALK, ErbB2 and
EphA4 generate fragments acting directly on cell fate
(Bordeaux et al., 2000; Tikhomirov et al., 2005; Benoit
et al., 2004; Tulasne et al., 2004; Mourali et al., 2006;
Foveau et al., 2007; Tauszig-Delamasure et al., 2007;
Strohecker et al., 2008; Furne et al., 2009). These
fragments, generated by one or several cleavages, isolate
the entire kinase domain of Met and RET, create a
truncated kinase domain from TrkC, ALK and EphA4
or from the C-terminal truncation in ErbB2 (Figure 1a).
Thus, these cleavages dissociate the extracellular ligand-
binding domain from the kinase domain or the
C-terminal binding site for signalling proteins, thereby
potentially abolishing the receptor function. Interest-
ingly, the cytoplasmic fragments generated from RET,
Met, TrkC and ErbB2, as well as from the remaining
membrane-anchored fragment of ALK and EphA4 can
all promote apoptosis. Therefore, in addition to
inactivating these survival receptors, the caspase clea-
vages convert them to proapoptotic factors (Figure 1a).
In contrast, except in the case of the orphan receptor,
ErbB2, ligand stimulation inhibits the caspase cleavage
of these receptors, probably through inhibition of
caspase activity after induction of survival responses.
Thus, the proteolytic RTK fragments generated by the
caspase cleavage can promote apoptosis, a response
opposite to the survival signalling induced by the ligand-
activated full-length receptor (Figure 1b). It is worth

noting that although ErbB2 is an orphan receptor, it is
able to contribute to cell survival through its association
with other EGFRs or through its overexpression in
tumour cells.

The proapoptotic function mediated by these RTK
in the absence of their respective ligands, contrasting
with their anti-apoptotic function upon ligand stimula-
tion, is the hallmark of the emerging family of
dependence receptors. Although a receptor is usually
considered inactive until bound by its ligand, these
receptors have been shown to induce cell death in the
absence of the ligand. Thus, expression of these
receptors leads to dependence on the ligand for cell
survival (Bredesen et al., 2005). Very little is known
about the physiological involvement of the proapoptotic
fragments released from RTK. However, it has been
shown that ligand-activated TrkC induces neuron
survival, whereas ligand withdrawal induces apoptosis.
Interestingly, caspase-uncleavable TrkC impairs apop-
tosis induced by ligand withdrawal, showing that this
neuronal cell death is not caused only by the loss of a
survival response, but also to a proapoptotic activity
induced by cleaved TrkC (Tauszig-Delamasure et al.,
2007). EphA4 is also involved in regulating the survival/
apoptosis balance in the nervous system. Indeed,
EphA4-deficient mice show excessive numbers of
neuroblasts in the sub-ventricular zone, whereas the
absence of its ligand, the EphrinB3, results in increased
cell death. Furthermore, treatment with soluble
EphrinB3 into the lateral ventricle reduced cell death.
Altogether, these observations support the involvement
of EphA4 in neurogenesis through a dependence
mechanism (Furne et al., 2009). In the case of RET,
cleavage by caspases has been linked to Hirschsprung’s
disease (an intestinal malformation characterized by the
absence of parasympathetic neurons in the hindgut), as
Hirschsprung’s-associated RET mutations impair the
ligand downregulation of RET proapoptotic activity
(Bordeaux et al., 2000). Thus, caspase cleavages of these
three RTK are associated with the regulation of the
neuronal survival/apoptosis balance, a tightly regulated
process. Met and ALK are also expressed in the
developing nervous system, and ligand-activated Met
induces neuron survival (Allouche, 2007; Runeberg-
Roos and Saarma, 2007; Maina and Klein, 1999). This
raises the possibility that the proapoptotic properties
showed by these receptors in the absence of the ligand
might contribute to neuronal cell death during develop-
ment. The future challenge will be to unravel the
physiological relevance of caspase-dependent cleavage
of RTK notably during development. With this aim,
several laboratories are developing genetically modified
mice expressing an uncleavable receptor mutated at the
caspase site.

Both survival receptors and messengers of death

Although the survival signalling pathways activated
upon RTK stimulation are well described, the down-
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Figure 1 Receptor tyrosine kinases are targets of caspases. (a) The extracellular domains, the intracellular kinase domain (white box)
(Hubbard and Till, 2000) and the identified caspase sites of receptor tyrosine kinase (RTK) are represented. On the left are represented
the epidermal growth factor receptor (EGFR), inactivated by caspase cleavages, and the ErbB2 receptor, in which caspase cleavages
generate apoptotic fragments. On the right are represented the RTK classified as dependence receptor, able to induce survival in
response to their ligand and apoptosis through the generation of proapoptotic fragments. The identified addiction dependence domains
(ADD) involved in the proapoptotic response are indicated. (b) Representation of the dependence mechanism induced by RTK. In the
presence of ligand (on the left), activated RTK initiates survival signalling pathways, including activation of PI3-K–AKT signalling,
which counteract apoptosis notably through the inhibition of caspase activity. In contrast, in the absence of ligand (on the right), some
RTK are cleaved by caspases generating proapoptotic fragment able to regulate caspase activity and to amplify cell death.
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stream responses induced by RTK fragments remain
poorly understood. The proapoptotic domain exposed
upon caspase cleavage (named ADD for Addiction
Dependence Domain in the dependence receptor family)
differs among these RTK, extending through the entire
kinase domain in RET and Met, being located in the
N-terminal part of the kinase domain in TrkC, the N-
terminal region of ErbB2 and within the juxtamembrane
domain in ALK (Figure 1a). These distinct locations
suggest that these RTK might not share the same cell-
death-promoting mechanism.

It has been shown in pituitary cells that the
proapoptotic property of RET is associated with the
formation of a complex between RET, caspase-3 and
PKCd. This promotes RET cleavage, leading finally to
p53 expression and apoptosis (Canibano et al., 2007). In
the case of ErbB2, it has been shown that the fragment
generated through the caspase-dependent cleavage con-
tains a BH3-like domain involved in its mitochondrial
localization and its association with the anti-apoptotic
protein, Bcl-xL. These properties are necessary for
mitochondrial cytochrome c release and apoptosis
induced by the ErbB2 fragment (Strohecker et al.,
2008). Thus, these receptors are able to promote cell
death through the generation of fragments acting
directly on the apoptotic machinery. In the light of
these signalling mechanisms, we can propose that
proapoptotic fragments of RTK act directly on the
apoptotic process. This contrasts with the survival
response, mediated by ligand-activated membrane re-
ceptors and based on the activation of signalling
cascades (Figure 1b).

Shedding releases RTK from the membrane

Cell-membrane-bound proteins can be cleaved proteo-
lytically in the juxtamembrane region through a process
called ectodomain shedding, releasing soluble extracel-
lular domains. Ectodomain shedding is a widespread
form of proteolytic processing affecting many proteins,
including growth factors, cytokines, adhesion molecules,
receptors and proteins of the immune system (Huovila
et al., 2005). Several extracellular RTK fragments have
been observed in the extracellular medium. This
unexpected localization is the consequence of ectodo-
main shedding, evidenced for at least 15 RTK (Table 1).

The shedding activity is attributed to metalloproteases
such as matrix metalloproteases (MMP) and A Disin-
tegrins And Metalloproteases (ADAM) or to aspartic
proteases (BACE). Among them, the ADAM proteins
seem to be responsible for the majority of RTK
shedding. Notable in this respect is ADAM17, initially
identified as TNF-a-converting enzyme. It has been
shown that ADAM17 cleaves CSFR, VEGFR2, ErbB4
and c-Kit, whereas EphB2 is processed by ADAM10
(Table 1). In addition, it has been shown that multiple
sheddases can cleave the same substrate. Accordingly,
we have shown that silencing of ADAM17 inhibits only
partial shedding from Met, suggesting that other

metalloproteases could process Met (Foveau et al.,
2009). Moreover, it has recently been shown in NIH3T3
cells that shedding fromMet involves ADAM10 (Kopitz
et al., 2007). Thus, shedding from RTK could involve
several metalloproteases, which could be engaged
differently according to the cell type or the stimulus.
However, for several RTK the proteases responsible for
shedding are not yet known.

Shedding involving ADAM proteins can occur con-
stitutively or in response to different stimuli, such as
treatment with phorbol esters (PMA, phorbol myristate
acetate), PKC activation, growth factor or cytokine
stimulation and calcium influx (Blobel, 2005) (Table 1).
In addition, shedding can be activated upon ligand
stimulation, as evidenced for EGFR, CSFR, TrkA, and
VEGFR (Table 1). Different stimuli can activate
shedding of the same RTK. For instance, Met shedding
is reported to be induced by PMA (Crepaldi et al., 1994;
Jeffers et al., 1997), suramin (Galvani et al., 1995), EGF
and LPA (lysophosphatidic acid), HGF/SF (Wajih
et al., 2002), or by an antibody directed against the
extracellular domain of Met (DN30) (Petrelli et al.,
2006). Although numerous stimuli are known to be
involved in the modulation of shedding, the underlying
mechanisms are poorly understood. However, it has
been recently shown that mitogen-activated protein
kinase (MAPK) pathways are involved in activating
ADAM-mediated ectodomain shedding, as VEGF
enhances ADAM17-mediated VEGFR2 shedding
through the involvement of MAPK Erk and p38 and
PKC, thereby also triggering shedding from other
ADAM17 substrates (Swendeman et al., 2008).

This proteolysis occurs within the extracellular
juxtamembrane domain of the receptor, releasing the
extracellular ligand-binding domain into the medium
and generating cell-bound fragments. ADAM-mediated
ectodomain shedding from cell adhesion molecules has
been implicated in cell–cell interactions and in cell
migration (Tousseyn et al., 2006). For growth factors or
cytokines, the main consequence of ectodomain shed-
ding is to allow a membrane-anchored growth factor or
cytokine (such as TNF-a or an EGFR ligand) to
participate in paracrine signalling (Blobel, 2005).

Although the biological involvement of RTK ectodo-
main shedding is less understood, this cleavage may play
several roles in the regulation of RTK signalling. First,
ectodomain shedding is involved in the downmodula-
tion of RTK, as PMA- or ligand-stimulation-induced
shedding from several RTK, such as CSF-1R (Downing
et al., 1989), c-Kit (Yee et al., 1994) and TrkA (Diaz-
Rodriguez et al., 1999) leads to their downregulation
through a decrease in cell surface receptor. This down-
regulation might have functional consequences on RTK
signalling, as PMA-induced shedding from TrkA pre-
vents its ligand-induced autophosphorylation (Cabrera
et al., 1996; Diaz-Rodriguez et al., 1999).

In addition, the released extracellular domains might
act as decoys associating with the ligand, which would
then be unavailable for the full-length membrane-bound
receptor (Figure 2). This potential decoy function is
supported by the ability of some extracellular fragments
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Table 1 Shedding and g-secretase cleavages of RTK

Shedding References g-Secretase cleavage References

CSFR Shed by ADAM17
Enhanced by CSF, PMA,
IL2-4
Downregulation of CSFR
in response to PMA

(Rovida et al., 2001;
Wilhelmsen and van der
Geer, 2004)

Downregulation of CSFR
Nuclear localization of
CSFR-ICD

(Kasuga et al., 2007)

c-Met Involvement of ADAM17
Enhanced by PMA, EGF,
LPA, suramin, DN30
antibody, HGF
MET-NTF potential decoy

(Prat et al., 1991; Galvani
et al., 1995; Jeffers et al.,
1997; Nath et al., 2001;
Wajih et al., 2002;
Athauda et al., 2006;
Petrelli et al., 2006)

Ligand-independent down-
regulation
Nuclear localization of
MET-ICD

(Foveau et al., 2009)

Tie1 receptor Enhanced by PMA, VEGF,
TNF-a, shear stress,
inflammatory cytokines
Modulates ligand respon-
siveness of associated
receptor Tie2

(Yabkowitz et al., 1997,
1999; McCarthy et al., 1999;
Chen-Konak et al., 2003;
Marron et al., 2007)

Prevent accumulation of
deleterious phosphorylated
Tie1-ICD

(Marron et al., 2007)

IGF-IR Induced by PKC (McElroy et al., 2007) Labile IGF-IR-ICD (McElroy et al., 2007)
EphB2 Shed by ADAM10 in

response to ligand
Enhanced by EphrinB,
calcium influx, N-methyl-D-
aspartic acid

(Litterst et al., 2007) Ligand-dependent
downregulation

(Litterst et al., 2007)

ErbB4 Shed by ADAM17
Enhanced by neuregulins,
PMA, pervanadate

(Vecchi et al., 1996, 1998;
Vecchi and Carpenter, 1997;
Rio et al., 2000)

ErbB4-ICD regulates tran-
scriptional responses; in-
duced apoptosis

(Linggi and Carpenter,
2006; Ni et al., 2001;
Sardi et al., 2006; Wil-
liams et al., 2004)

Ryk Nuclear localization of
Ryk-ICD, enhanced by
Wnt3 involved in
neuronal differentiation

(Lyu et al., 2008)

TrkA Enhanced by PMA, NGF
TrkA-CTF active
fragment, induces neurite
outgrowth

(Cabrera et al., 1996;
Diaz-Rodriguez et al.,
1999)

Non catalytic
TrkCNC2

Enhanced by PMA, NT3 (Mateos et al., 2003)

c-Kit Shed by ADAM17
Enhanced by PMA
Kit-CTF potential decoy

(Lev et al., 1992; Yee et al.,
1993; Turner et al., 1995;
Dahlen et al., 2001; Cruz
et al., 2004)

ErbB2 Shed by ADAM10
Enhanced by PMA,
pervanadate, toremifene
ErbB2-NTF correlates
with malignancy
Inhibited by TIMP1

(Warri et al., 1996; Codony-
Servat et al., 1999; Molina
et al., 2001; Nagy et al.,
2005; Saez et al., 2006)

DDR1 Induced by collagen (Slack et al., 2006)
Tie 2 receptor Enhanced by VEGF, PMA (Findley et al., 2007)
VEGFR2 Shed by ADAM17

Enhanced by PMA,
VEGF-A, calcium
ionophore ionomycin

(Swendeman et al., 2008)

EGFR Enhanced by PMA,
heat-inactivated fetal
bovine serum, pervanadate
and EGFR ligands (EGF
and TGF-a)

(Perez-Torres et al., 2008)
(Sanderson et al., 2008)

Abbreviations: ADAM, A Disintegrins And Metalloproteases; EGFR, epidermal Growth factor receptor; ICD, intracellular domain; LPA,
lysophosphatidic acid; NTF, N-terminal fragment; RTK, receptor tyrosine kinase.
Approximately 15 RTK are shed by metalloproteases. These cleavages involve mainly the ADAM17 and are induced by various stimuli. The
extracellular NTF generated could act as a decoy fragment as evidenced for some of them. For about half of the shed RTK (upper part of the
table), metalloprotease cleavage is followed by g-secretase cleavage. This further cleavage is involved in the downregulation of RTK and in the
generation of active fragment able to regulate biological functions, such as transcriptional response.
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to bind their ligand efficiently, as evidenced for the
extracellular fragments of c-Kit and Met (Turner et al.,
1995; Wajih et al., 2002). Furthermore, conditioned
medium containing shed Met fragments can inhibit
intracellular signalling induced by ligand-activated full-
length receptor (Petrelli et al., 2006; Wajih et al., 2002).

Alternatively, ADAM-mediated shedding from RTK
can initiate signalling pathways through generation of
the membrane-bound fragment. The membrane-an-
chored fragments generated by shedding from TrkA
and ErbB2 show increased autokinase activity (Diaz-
Rodriguez et al., 1999; Xia et al., 2004). In addition, the
membrane-bound fragment of TrkA can associate with
signalling proteins, such as p85 PI3-K and PLCg,
suggesting that the truncated fragment is signalling-
competent (Diaz-Rodriguez et al., 1999). In breast
cancer cells, it has been shown that heregulin stimulates
phosphorylation of the membrane-anchored fragment
(p95ErbB2) generated by the metalloprotease-dependent
cleavage of ErbB2, when heterodimerized with ErbB3;
this results in the activation of downstream signalling
mediators, such as Akt (Xia et al., 2004).

Downregulation of RTK by presenilin-dependent
regulated intramembrane proteolysis

The role of shedding, notably in degradation, can be
understood as part of a more complex process.
Ectodomain shedding from several RTK by metallo-
protease-dependent cleavage is also the checkpoint of
another protease, the g-secretase complex (Table 1). The
g-secretase complex cannot efficiently cleave full-length
type-1 proteins, such as RTK, and initial ectodomain
removal is a prerequisite to intramembrane cleavage of
the remaining stub (Brown et al., 2000). Detailed genetic
and biochemical studies have shown that this second
cleavage involves the g-secretase complex, including
APH-1, Nicastrin, Pen-2 and presenilin 1–2 as catalytic
cores (De Strooper, 2003; Edbauer et al., 2003; Fraering
et al., 2004; Parks and Curtis, 2007). This proteolytic
process in two sequential steps has been named
Presenilin-dependent Regulated Intramembrane Proteo-
lysis (PS-RIP). This mechanism plays a crucial role in
Alzheimer’s disease, as PS-RIP of amyloid precursor
protein leads to the generation of the Ab fragments
found in the brains of patients (Wilquet and De
Strooper, 2004). Three fragments are potentially gener-
ated by PS-RIP, namely an extracellular and soluble
N-terminal fragment (NTF), an intermediate mem-
brane-anchored C-terminal fragment (CTF) and an
intracellular domain (ICD) generated by further
cleavage by the g-secretase complex.

A common feature of the ICD generated from RTK is
their high instability. As evidenced, for instance, for
CSF-R, IGF-IR, Tie1, EphB2 and Met the ICD is
rapidly degraded through a proteasome-dependent
mechanism (Wilhelmsen and van der Geer, 2004;
Litterst et al., 2007; Marron et al., 2007; McElroy
et al., 2007; Foveau et al., 2009) (Figure 2). Moreover,

PS-RIP shares common features with the ligand-
dependent degradation described for RTK, including
endocytosis and ubiquitination. For instance, processing
of the EphB2 receptor is greatly stimulated by the
ephrinB ligand, which stimulates ubiquitination and
rapid endosomal degradation of the intracellular frag-
ment (Litterst et al., 2007). Downregulation of RTK
through PS-RIP also affects the associated signalling
pathways. Indeed, as recently shown in the case of the
RTK, Tie1, its proteolyses by PS-RIP leads to an
amplified ligand activation of the associated receptor,
Tie2 (Marron et al., 2007; McCarthy et al., 1999;
Yabkowitz et al., 1999). The authors propose that
release of the extracellular domain of Tie1 permits
ligand access to Tie2, presumably by preventing spatial
hindrance.

On the whole, PS-RIP can be considered an efficient
mechanism for clearing out the membrane-anchored
domains of many type-1 proteins, a function that has
earned this complex the name of proteasome of the
membrane (Kopan and Ilagan, 2004). Interestingly, the
two steps of RTK PS-RIP, generating both a labile
intracellular fragment and an extracellular soluble
fragment, could participate together in downregulating
receptor signalling, through both degradation of the
intracellular tyrosine kinase domain and generation of
an extracellular decoy inhibiting ligand activation of the
remaining membrane-anchored receptor.

Both membrane receptors and transcriptional regulators

Although most PS-RIP-dependent fragments are ex-
tremely labile, some ICD are active fragments showing

Shedding
Metalloprotease

Decoy
Ligand

γ-secretase

CTFFull length ICD

Proteasomal
Degradation

Transcriptional Regulation

NTF

Figure 2 Presenilin-dependent regulated intramembrane proteo-
lysis of receptor tyrosine kinase (RTK). Presenilin-dependent
regulated intramembrane proteolysis (PS-RIP) of RTK is initiated
by extracellular shedding within the juxtamembrane region by
membrane metalloproteases. This cleavage leads to the generation
of an extracellular N-terminal fragment (NTF) and a membrane-
anchored C-terminal fragment (CTF). The extracellular NTF can
potentially act as a decoy fragment through binding to the ligand.
The CTF is cleaved in turn by the g-secretase complex, leading to
the generation of a cytoplasmic fragment (or ICD for intracellular
domain). The ICD fragments are extremely labile through their
proteasomal degradation, which contributes to the downregulation
of RTK. In addition, some ICD show nuclear localization and
regulate gene transcription.
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physiological functions. For instance, the EGFR-family
member, ErbB4, is cleaved sequentially by ADAM17
and g-secretase complex in response to neuregulin.
Unexpectedly, this proteolysis generates an ICD frag-
ment (ErbB4-ICD) showing nuclear localization (Cheng
et al., 2003; Ni et al., 2001). Furthermore, ErbB4-ICD is
involved in regulating several biological responses
triggered by ligand-activated ErbB4, according to the
complex formed with different transcriptional regula-
tors. In the lactating breast epithelium, ErbB4-ICD
localizes to the nucleus with an intrinsic nuclear
localization signal, promotes nuclear translocation of
the transcription factor, STAT5A (signal transducer and
activator of transcription 5A), and thereby activates the
promoter of the b-casein-encoding gene (Williams et al.,
2004; Vidal et al., 2005). In contrast, ErbB4-ICD acts in
astrocytes as a transcriptional repressor, through the
formation of a complex with the adaptor, TAB2, and
the co-repressor, N-CoR, which translocates into the
nucleus to repress promoters of astrocytic genes (Sardi
et al., 2006). Importantly, the physiological involvement
of this transcriptional repression has been evidenced
during embryonic development; ErbB4 knockout mice
show precocious astrogenesis, a phenotype rescued by
the ectopic expression of PS-RIP-sensitive ErbB4 and
ErbB4-ICD in electroporated embryos. PS-RIP of
ErbB4 probably contributes to the regulation of
additional physiological or pathological responses, as
ErbB4-ICD interacts also with Mdm2, a regulator of
p53, and ETO2, a transcriptional repressor (Arasada
and Carpenter, 2005; Linggi and Carpenter, 2006).

Nuclear signalling mediated by a membrane receptor
fragment was initially evidenced for Notch. In response
to the Notch ligand, Jagged, the generated ICD of
Notch translocates into the nucleus, in which it binds
transcription factors. This results in the displacement of
negative co-repressors and in the transcription of Notch-
responsive genes (Bray, 2006). This mechanism is the
canonical signalling pathway propagating Notch-depen-
dent responses. In contrast, RTK were believed until
recently to regulate transcription solely through the
activation of protein kinase cascades that ultimately
phosphorylate transcription factors, regulating their
activity (Schlessinger, 2000). Thus, PS-RIP might
represent an alternative or parallel signalling pathway,
in which generated proteolytic fragments themselves
transmit information and act directly on the key
regulators of transcription (Schlessinger and Lemmon,
2006). Interestingly, the PS-RIP-dependent signalling
could represent the major mechanism of signal trans-
duction for a particular RTK. The Ryk RTK is a
receptor of Wnt proteins required for the differentiation
of neuronal progenitor cells during cortical develop-
ment. However, unlike other RTK, Ryk lacks tyrosine
kinase activity leaving unresolved its mechanism to
transduce signal from the cell surface to the nucleus. It
has been recently shown that Ryk is processed by the
PS-RIP leading to the generation of a Ryk-ICD
fragment that is able to translocate into the nucleus in
response to the Wnt3 stimulation. The generation of
Ryk-ICD is required for Wnt3-dependent differentia-

tion of the primary culture of neuronal progenitor cells,
showing that PS-RIP of Ryk represents an efficient
mechanism of signalling required for neuronal determi-
nation (Lyu et al., 2008). Other PS-RIP-dependent
fragments of RTK have been observed in the nucleus,
suggesting that the proteolytic cleavage could give these
receptors the gift of ubiquity (Kasuga et al., 2007;
Wilhelmsen and van der Geer, 2004).

Proteolytic cleavages of RTK as gatekeepers
of cell transformation

Deregulation of RTK signalling is one of the major
molecular defects associated with tumourigenesis. In
most cases, aberrant overexpression of an RTK and/or
its ligand leads to an autocrine or paracrine activation
loop. Although RTK overexpression has been attributed
mainly to gene amplification or to increased transcrip-
tional induction, aberrant RTK activation can also
result from defective downregulation. For instance,
deficient ligand-dependent downregulation of EGFR,
Met, PDGFR, and CSFR (involving ubiquitination and
lysosomal degradation) is associated with cell transfor-
mation (Bache et al., 2004).

As both caspase cleavages and PS-RIP downregulate
RTK expression and RTK-mediated biological responses,
one might speculate that these processes could prevent
tumourigenesis promoted by overexpressed RTK. In
normal epithelial cells, accordingly, the PS-RIP-uncleava-
ble Met receptor shows an extended half-life and
membrane accumulation. Consequently, this receptor
triggers ligand-independent biological responses, including
cell migration (Foveau et al., 2009).

Proteolytic cleavages can also prevent accumulation
of deleterious fragments. Indeed, degradation of type I
receptor by PS-RIP involves initial ectodomain shed-
ding. However, for numerous RTK, truncation of the
extracellular domain leads to the generation of active
proteins often showing transforming properties. For
IGFR, ErbB4 and Tie1, ectodomain shedding leads to
the generation of constitutively phosphorylated mem-
brane-tethered fragments, but their accumulation is
prevented by g-secretase cleavage and subsequent
degradation of the fragment (Linggi et al., 2006; Marron
et al., 2007; McElroy et al., 2007). Thus, g-secretase
cleavage might be considered as a protective cleavage
preventing the generation of transforming fragments.

In contrast, ectodomain shedding from ErbB2 is not
followed by g-secretase cleavage. Consequently, in
cancer cells overexpressing ErbB2, ectodomain shedding
is associated with the accumulation of membrane-
anchored ErbB2-CTF fragment (or p95ErbB2) (Christian-
son et al., 1998). This fragment appears to be
constitutively phosphorylated (Segatto et al., 1988;
Molina et al., 2001) and is associated with worse
outcome among patients overexpressing ErbB2 (Saez
et al., 2006). This suggests that ErbB2-CTF is a
deleterious fragment. Furthermore, expression of the
ErbB2-CTF fragment is associated with resistance to
Herceptin treatment, Herceptin being a humanized
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antagonist antibody directed against ErbB2 and used to
treat ErbB2-overexpressing metastatic breast cancers.
ErbB2-CTF is indeed potentially insensitive to this
antibody targeting the extracellular region of the
receptor (Scaltriti et al., 2007). In consequence, ADAM
inhibition is envisaged as a novel therapeutic approach
to optimize the activity of other treatments, such as
Herceptin or tyrosine kinase inhibitor in overexpressed
ErbB2 cancers (Liu et al., 2006; Witters et al., 2008).

In addition to degrading RTK, proteolytic cleavages
generate active fragments that might play a role in
tumourigenesis. For instance, a g-secretase fragment of
ErbB4 (ErbB4-ICD), which can translocate to the
nucleus to regulate gene expression, can also promote
apoptosis. This conclusion rests on the observation that
ErbB4-ICD appears in the cytoplasm, in which it co-
localizes with mitochondria. ErbB4-ICD can interact
with Bcl-2 to promote Bak-dependent permeabilization
of the mitochondria and apoptosis. Interestingly,
ErbB4-ICD induces efficient apoptosis in various
transformed cell lines, and in human breast tumours,
an association between tumour cell apoptosis and
cytoplasmic localization of ErbB4-ICD has been ob-
served (Naresh et al., 2006; Vidal et al., 2007). These
observations suggest that PS-RIP of ErbB4 could
counteract cell transformation through the generation
of a proapoptotic fragment.

Deregulation of the survival/apoptosis balance in
favour of survival is often associated with cell transforma-
tion. The deregulated activity of RET, TrkC, Met and
ALK, four RTK classified as dependence receptors, is
associated with various tumours sharing a common
feature, namely constitutive tyrosine kinase activation
induced by aberrant ligand expression, receptor over-
expression or fusion of the kinase domain to dimerization
domains (Runeberg-Roos and Saarma, 2007; Chiarle
et al., 2008; Migliore and Giordano, 2008). It has been
established that the constitutive activation of these RTK
contributes to cell transformation through the activation
of signalling pathways that positively regulate survival,
growth or motility. Yet one might speculate that ligand
stimulation, which impairs the caspase-dependent clea-
vage of these receptors and thus, reduces their proapop-
totic properties, might also contribute to cell
transformation. According to this model, cell transforma-
tion favoured by cell survival would result from both
activation of RTK-triggered positive signalling and
inhibition of RTK proapoptotic properties.

From proteolysis to therapy

Receptor tyrosine kinases and their downstream signal-
ling pathways are frequent targets of efforts to develop

anti-cancer strategies (Gschwind et al., 2004). An
example is the development of many antagonist
antibodies, like Herceptin, directed against the RTK
extracellular domain. Another attractive strategy might
be to reinforce RTK proteolysis, for instance, so as to
induce the degradation of an overexpressed receptor in
transformed cells. In this line, an anti-Met antibody
directed against the extracellular domain has been
shown to downregulate expression of the receptor in
Met-overexpressing cells and to hamper Met biological
activity, including tumour growth in mice (Petrelli et al.,
2006). Interestingly, we have recently shown that this
antibody reinforces Met PS-RIP, leading to Met down-
regulation (Foveau et al., 2009). Thus, a forced
induction of PS-RIP of the RTK receptor by antagonist
antibodies could be an attractive therapeutic strategy for
preventing its uncontrolled activation.

Shedding from RTK generates extracellular fragments
acting as decoy receptors owing to their efficient binding to
the ligand (Turner et al., 1995; Wajih et al., 2002).
Although the physiological relevance of the RTK decoy
function is largely unknown, decoy approaches have been
developed as therapeutic strategies. An artificial soluble
extracellular domain of Met or c-Kit can efficiently inhibit
relevant ligand-induced cell responses (Dahlen et al., 2001;
Kong-Beltran et al., 2004), and a decoy Met receptor has
been shown to prevent tumour growth in a mouse model
(Michieli et al., 2004).

The number of RTK known to be cleaved by caspases
or PS-RIP has recently increased, suggesting that this type
of regulation could be widespread within the family.
Future challenges will be to understand relationships
between canonical signalling cascades and these alternative
signalling mechanisms, and to unravel the physiological
relevance of fragments or truncated receptors in the
multiple biological responses induced by RTK.
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GD3 Synthase Expression Enhances Proliferation and Tumor
Growth of MDA-MB-231 Breast Cancer Cells through
c-Met Activation
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The disialoganglioside GD3 is overexpressed in ∼50% of invasive ductal breast carcinoma, and the GD3

synthase gene (ST8SIA1) displays higher expression among estrogen receptor–negative breast cancer tumors,
associated with a decreased overall survival of breast cancer patients. However, no relationship between gangli-
oside expression and breast cancer development and aggressiveness has been reported. We have previously shown
that overexpression of GD3 synthase induces the accumulation of b- and c-series gangliosides (GD3, GD2, and
GT3) at the cell surface of MDA-MB-231 breast cancer cells together with the acquisition of a proliferative
phenotype in the absence of serum. Here, we show that phosphoinositide 3-kinase/Akt and mitogen-activated
protein kinase/extracellular signal-regulated kinase pathways are constitutively activated in GD3 synthase–
expressing cells. Analysis of phosphorylation of tyrosine kinase receptors shows a specific c-Met constitutive
activation in GD3 synthase–expressing cells, in the absence of its ligand, hepatocyte growth factor/scatter factor.
In addition, inhibition of c-Met or downstream signaling pathways reverses the proliferative phenotype. We also
show that GD3 synthase expression enhances tumor growth in severe combined immunodeficient mice. Finally,
a higher expression of ST8SIA1 andMET in the basal subtype of human breast tumors are observed. Altogether,
our results show that GD3 synthase expression is sufficient to enhance the tumorigenicity of MDA-MB-231
breast cancer cells through a ganglioside-dependent activation of the c-Met receptor. Mol Cancer Res; 8(11);
1526–35. ©2010 AACR.
Introduction

Gangliosides, the glycosphingolipids carrying one or
more sialic acid residues, are essentially located at the outer
leaflet of the plasma membrane in microdomains named
“glycosynapse,” where tyrosine kinase receptors (RTK)
are also located (1). They are often found in growing
and developing tissues and complex gangliosides from b-
and c-series, initiated by GD3 or GT3, respectively; are
mainly expressed during embryogenesis; and are restricted
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to the central nervous system in adults (2). In mammalian
cells, the expression of di- and trisialogangliosides increases
in pathologic conditions such as cancer. GD3, GD2, and
GT3 are considered as oncofetal markers in animal and hu-
man tumors such as melanoma and neuroblastoma. They
play a key role in invasion and metastasis by mediating cell
proliferation, migration, adhesion, and angiogenesis (3-5).
The restrictive expression in pathologic conditions and the
accessibility of gangliosides on the cell surface make them
good targets for cancer immunotherapy, as it was well
studied in melanoma (6).
Little is known about ganglioside expression in breast

cancer. Total ganglioside levels seem to be significantly
higher in breast tumors than in normal breast tissues (7).
The gangliosides GD3, 9-O-acetyl-GD3, and 9-O-acetyl-
GT3 are absent or expressed at a very low levels in normal
breast tissues, but are overexpressed in ∼50% of invasive
ductal breast carcinoma (7). Recently, two clinical studies
have shown that the GD3 synthase (GD3S) gene (ST8SIA1),
the key enzyme for the biosynthesis of b- and c-series gang-
liosides, displayed higher expression among estrogen recep-
tor (ER)–negative breast cancer tumors (8) and had a
prognostic impact in breast cancer dependent on ER status:
ST8SIA1 gene expression was associated with poor patho-
histologic grading in ER-negative tumors and a reduced
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overall survival of the patients (9). In contrast, a better prog-
nosis for ER-positive samples with high expression of
ST8SIA1 was noticed (9). However, no functional relation-
ship between ganglioside expression and breast cancer devel-
opment and aggressiveness has been reported. We have
recently developed a cellular model derived from MDA-
MB-231 breast cancer cells expressing the human GD3S.
GD3S-expressing cells accumulate gangliosides of b- and
c-series (i.e., GD3, GD2, and GT3) at the cell surface. The
change in cell membrane ganglioside composition is associ-
ated with morphologic changes, and increased migration
and proliferation in the absence of serum or exogenous
growth factors. Here, we show that proliferative capacity
of MDA-MB-231 GD3S+ clones in serum-free medium is
directly correlated to the constitutive activation of c-Met
receptor and downstream signaling pathways phosphoinosi-
tide 3-kinase (PI3K)/Akt and mitogen-activated protein
kinase/extracellular signal-regulated kinase (MEK/ERK).
Inhibition of either c-Met activity or downstream signal-
ing abrogates the proliferation of GD3S-expressing cells.
We also show that GD3S expression induces an increased
tumor growth in severe combined immunodeficient
(SCID) mice.

Materials and Methods

Antibodies and reagents
Antiphosphorylated extracellular signal-regulated kinase

ERK (E-4), anti-ERK (K-23), anti-Akt (H-136), and rab-
bit polyclonal IgG anti-actin antibodies were purchased
from Santa Cruz Biotechnology. Anti-phosphorylated Akt
S473, mouse monoclonal antibody directed against the
COOH-terminal region of human Met, and rabbit poly-
clonal antibody against phosphorylated tyrosine 1234
and 1235 of the Met kinase domain were purchased from
Cell Signaling Technology. Anti-rabbit and anti-mouse
IgG conjugated with horseradish peroxidase were
purchased from GE Healthcare. Alexa Fluor 488 donkey
anti-mouse IgG (H+L) was purchased from Molecular
Probes Invitrogen.
U0126, Akt inhibitor VIII, SU11274, and PHA665752

were purchased from Calbiochem Merck Chemicals Ltd.
and dissolved in dimethyl sulfoxide (DMSO). Human
recombinant hepatocyte growth factor/scatter factor
(HGF/SF) was purchased from Peprotech.

Cell culture
Cell culture reagents were purchased from Lonza. The

breast cancer cell line MDA-MB-231 was obtained from
the American Type Cell Culture Collection. These cells
were routinely grown in monolayer cultures and main-
tained at 37°C in an atmosphere of 5% CO2, in Dulbecco's
modified Eagle's medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 2 mmol/L L-glutamine,
and 100 units/mL penicillin-streptomycin. MDA-MB-
231 control (empty vector transfected) and MDA-MB-
231 GD3S+ clones 4 and 11 were obtained as previously
www.aacrjournals.org
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described (10). The transfected cells were cultured in the
presence of 1 mg/mL G418 (Invitrogen).

RNA interference assays
Cells were transfected with 20 pmol siRNA (Invitrogen)

targeting Met [Met7 (stealth) 5′-CCAUUUCAACUGA-
GUUUGCUGUUAA-3′; Met8 (stealth) 5′-UCCAGAA-
GAUCAGUUUCCUAAUUCA-3′] or a scramble sequence
using 5 μL Lipofectamine 2000 reagent (Invitrogen)
following the manufacturer's instructions. Cells were
transfected with the corresponding siRNAs and were col-
lected for cell growth assay or Western blot analysis
24 hours later.

Proliferation assays
Cell growth was analyzed using the MTS reagent (Pro-

mega) according to the manufacturer's directions. For
pharmacologic inhibition, cells (2 × 103) were seeded in
96-well plates (Thermo Fisher Scientific) and grown in
DMEM containing 0.1% FBS. After 12 hours, the medi-
um was replaced with serum-free DMEM containing spe-
cific inhibitors: 1 μmol/L U0126, 1 μmol/L Akt inhibitor
VIII, 500 nmol/L SU11274, or 100 nmol/L PHA665752.
Control cells were treated with DMSO at a 1:1,000 dilu-
tion. The medium was changed every 2 days. For inhibi-
tion with neutralizing antibody against c-Met, cells were
cultured during 5 days in DMEM serum-free medium
containing 10 μg/mL of 5D5 Fab or control IgG.
For RNA interference assay, 2 × 103 cells were seeded in

96-well plates in DMEM serum-free medium 1 day after
the transfection with siRNA sequences, then cultured at
2 days before the assessment of cell growth.

Migration assays
Cells (5 × 104) were seeded and cultured in the upper

surface of Transwell 12-well plates (BD Bioscience) for
6 hours, as described previously (10). Specific inhibition
was done with 1 μmol/L SU11274 or 200 nmol/L
PHA665752. Cells treated with DMSO (1:1,000 dilution)
were used as controls.

Phospho-RTK array analysis
Cells were cultured for 48 hours in six-well plates in

serum-free DMEM or in DMEM containing 10% FBS.
Cells were then lysed in NP40 lysis buffer [1% NP40,
20 mmol/L Tris-HCl (pH 8.0), 137 mmol/L NaCl, 10%
glycerol, 2 mmol/L EDTA, 1 mmol/L sodium orthovana-
date, and protease inhibitor cocktail tablet (Roche)]. The
human Phospho-RTK array kit (R&D Systems) was used
according to the manufacturer's protocol.

Immunoblotting
Cell pellets were treated with lysis buffer [150 mmol/L

NaCl, 50 mmol/L Tris-HCl (pH 7.5), 1% Triton X-100,
1 mmol/L sodium orthovanadate, and protease inhibitor
cocktail tablet]. The supernatants were assessed for pro-
tein concentration using the Bio-Rad DC protein assay
kit II.
Mol Cancer Res; 8(11) November 2010 1527
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For the studies of the MEK/ERK and PI3K/Akt path-
ways, 20 μg of proteins from cell lysate were subjected
to SDS-PAGE and transferred onto a nitrocellulose mem-
brane. Membranes were saturated in TBS–0.05% Tween
20 containing either 5% (w/v) nonfat dry milk or 5% bo-
vine serum albumin (Sigma-Aldrich). Membranes were
then incubated overnight at 4°C with the primary anti-
body, and then incubated at room temperature for 1 hour
with a horseradish peroxidase–conjugated anti-mouse or
anti-rabbit secondary antibody. Analysis was done by
Mol Cancer Res; 8(11) November 2010
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chemiluminescence using the ECL-Plus Western blotting
detection reagent (GE Healthcare) with Kodak film.
For the phospho-Met and Met detection, 100 μg of

total proteins were subjected to SDS-PAGE. The mem-
branes were then incubated with blocking buffer [0.2%
(v/v) casein, 0.1% (v/v) Tween 20 dissolved in PBS]
for 1 hour and probed for 1 hour at room temperature
with appropriate antibodies diluted in blocking buffer
according to the manufacturer's recommendations. After
washing in PBS–Tween 0.2%, immune complexes were
M
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FIGURE 1. Involvement of
MEK/ERK and PI3K/Akt pathways
in the proliferation of GD3S+

clones. A, cell proliferation assay
on standard monolayer plates.
GD3S+ clones 4 and 11 and control
cells were cultured in serum-free
conditions for 5 d. Cell growth was
determined by the MTS assay.
Each measurement was done in 16
wells, and data are the means of
four independent manipulations.
**, P < 0.01, GD3S+ cells versus
control cells. B, Western blot
analysis of ERK, Akt, and p38, and
their phosphorylated forms in
control and GD3S+ MDA-MB-231
clones after 48 h of culture in
serum-free conditions. Expression
of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used
as control for protein loading.
C, cells were treated in serum-free
medium for 48 h with 1 μmol/L
U0126 or 1 μmol/L Akt inhibitor VIII.
Lysates were subjected to
immunoblotting to determine the
decrease in pERK and pAkt
proteins. D. Proliferation assay
using MTS. GD3S+clones 4 (▪) and
11 (▴) and control cells (♦) were
cultured in serum-free
medium with the indicated
concentration of DMSO as control.
In parallel, clones 4 (□) and
11 (▵) and control cells (⋄) were
cultured in the presence of U0126
or Akt inhibitor VIII for 5 d. **, P <
0.01, inhibitor-treated versus
untreated GD3S+ cells.
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detected with specific secondary antiserum conjugated
with alkaline phosphatase followed by an enhanced
chemiluminescence detection system (Amersham ECL
Western Blotting Detection Reagents).
www.aacrjournals.org
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Tumor growth in SCID mice
Female SCID mice were purchased from the Pasteur

Institute and acclimatized for at least 2 weeks. Mice
were maintained under a 12 hours light/dark cycle at
FIGURE 2. Activation of c-Met in GD3S+ clones in serum-free conditions. A, total cell lysates from control, clone 4, and clone 11, cultured for 48 h under
serum-free conditions, were subjected to phospho-RTK array. The phospho-RTK array coordinates are given on the right side of the figure. Black dots
represent phospho-tyrosine positive controls: a1, a2: EphA6; a3, a4: EphA7; a5, a6: EphB1; a7, a8: EphB2; a9, a10: EphB4; a11, a12: EphB6; a13, a14: mouse
IgG1 negative control; a15, a16: mouse IgG2A negative control; a17, a18: mouse IgG2B negative control; a19, a20: goat IgG negative control; a21, a22:
PBS negative control; b1, b2: Tie-2; b3, b4: TrkA; b5, b6: TrkB; b7, b8: TrkC; b9, b10: VEGFR1; b11, b12: VEGFR2; b13, b14: VEGFR3; b15, b16: MuSK;
b17, b18: EphA1; b19, b20: EphA2; b21, b22: EphA3; b23, b24: EphA4; c1, c2: Mer; c3, c4: c-Met; c5, c6: MSPR; c7, c8: PDGFRα; c9, c10: PDGFRβ;
c11, c12: SCFR; c13, c14: Flt-3; c15, c16: M-CSFR; c17, c18: c-Ret; c19, c20: ROR1; c21, c22: ROR2; c23, c24: Tie-1; d1, d2: EGFR; d3, d4: ErbB2; d5, d6:
ErbB3; d7, d8: ErbB4; d9, d10: FGFR1; d11, d12: FGFR2α; d13, d14: FGFR3; d15, d16: FGFR4; d17, d18: insulin R; d19, d20: IGF-IR; d21, d22: Axl; d23,
d24: Dtk. B, Western blot analysis using specific c-Met and phospho-c-Met antibodies. Control, GD3S+ MDA-MB-231, and wild-type MDA-MB-231 cultured
in serum-free conditions were treated or not for 15 min with 30 ng/mL HGF/SF. Cell lysates were analyzed by Western blotting with antibody directed
against human Met and the phosphorylated tyrosine residues of the kinase domain. Reprobing with anti-ERK2 antibody was done to assess loading.
Mol Cancer Res; 8(11) November 2010 1529
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a temperature of 20°C to 22°C. Food and water were
available ad libitum. Mice were maintained in accor-
dance with the Institutional Animal Care and Use Com-
mittee procedures and guidelines. The local ethics
committee approved the protocol used. MDA-MB-231
control and GD3S+ cells were harvested and resuspended
in phosphate-buffered solution before s.c. injection into
the flanks of mice (10 mice per group) as previously
described (11).

Statistical analysis
Microarray data from two datasets previously published

by van de Vijver et al. (ref. 12; Agilent platform) and Chin
et al. (ref. 13; Affymetrix platform) were analyzed using
Prism 5 (GraphPad Software). The probes considered for
the analysis were UGID Hs.408614 (Agilent) and
A.210073_at (Affymetrix) for ST8SIA1 and A.203510_at
Mol Cancer Res; 8(11) November 2010
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(Affymetrix) for MET. The levels of expression of these
genes were compared from one group to another by using
the one-way ANOVA test. Correlation of gene expression
was tested using Pearson's test. Statistical analysis of other
results was done using Student's t test. P < 0.05 was con-
sidered statistically significant.

Results

GD3 synthase expression promotes MDA-MB-231
proliferation through the activation of
MEK/ERK and PI3K/Akt pathways
To determine the functional importance of the GD3S

expression in breast cancer development and aggressive-
ness, we previously established a cellular model derived
from MDA-MB-231 breast cancer cells expressing
GD3S. The selected clones (named clones 4 and 11)
M
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FIGURE 3. Reduction of the
proliferation of the GD3S+ clones
on c-Met inhibition. A, inhibition
of c-Met phosphorylation by
pharmacologic inhibitors of c-Met.
Control cells and clones 4 and
11 were cultured in the presence
of 500 nmol/L SU11274 or
100 nmol/L of PHA 665752 for
48 h before lysis and Western blot
analysis. Expression of Erk2 was
used as control for protein loading.
B, cell proliferation assays.
Clones 4 (▪) and 11 (▴) and control
cells (♦) were cultured for 5 d in
serum-free medium containing
500 nmol/L SU11274, 100 nmol/L
PHA 665752, or the indicated
dilution of DMSO as the negative
control (□, clone 4;▵, clone
11;⋄, MDA-MB-231 control).
**, P < 0.01, inhibitor-treated
versus untreated GD3S+ cells.
C, immunoblotting analysis of
c-Met after siRNA transfection.
Total cell lysates were extracted
after one round of transfection with
siRNA control or with siRNA
targeting c-Met (named Met7 and
Met8). D, proliferation assay after
c-Met siRNA transfection. One day
after the transfection, cells were
seeded in 96-well plates and cell
growth was then analyzed after
48 h as described in Materials and
Methods. Absorbance values
were normalized to the control
cells transfected with a scramble
sequence, which was arbitrarily set
as 100%. **, P < 0.01, GD3S+

cells versus control cells.
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express b- and c- series gangliosides such as GD3, GD2, and
GT3 at the cell surface (10). As shown in Fig. 1A, the mod-
ification of the ganglioside pattern of MDA-MB-231 cells
was correlated with an increase of cell proliferation capacity
in serum-free conditions. After 5 days of culture, the rela-
tive number of GD3S+ cells is ∼4-fold of control cells. The
activation of the main signaling pathways involved in
MDA-MB-231 proliferation (i.e., MEK/ERK, PI3K/Akt,
and p38/mitogen-activated protein kinase pathways;
ref. 14) was then determined by Western blot analysis.
As shown in Fig. 1B, after 48 hours of culture in the ab-
sence of serum, higher levels of phospho-Akt (pAkt) and
phospho-ERK (pERK) were observed in GD3S+ cells com-
pared with control.
In contrast, no difference in phospho-p38 was observed

between clones and control cells. The involvement of
MEK/ERK and PI3K/Akt pathways in cell proliferation
was then determined using selective inhibitors against
MEK (1 μmol/L U0126) and Akt (1 μmol/L Akt inhibitor
VIII). The concentration used was based on the absence of
toxicity in MDA-MB-231 cells, as determined by cell
proliferation assay in serum-free medium for 48 hours
(data not shown). Efficient inhibition of MEK or Akt
(Fig. 1C) did not modify proliferation of control cells
but strongly reduced that of GD3S+ cells, with the rela-
tive number of GD3S+ cells being similar to that of con-
trol ones (Fig. 1D). Taken together, these results indicate
an essential function of MEK/ERK and PI3K/Akt path-
ways in the proliferative phenotype of GD3S+ MDA-
MB-231 cells.

c-Met receptor is constitutively activated in GD3
synthase–expressing cells
Several studies have shown that cellular ganglioside

composition can modulate the activity of growth factor
receptors, and consequently induce the activation of intra-
cellular molecular pathways (15-17). In this context, the
phosphorylation status of 42 RTKs was simultaneously
examined using a phospho-RTK array in MDA-MB-231
cells. As shown in Fig. 2A, GD3S+ MDA-MB-231 cells
displayed a strong phosphorylation of c-Met receptor com-
pared with control cells cultured in serum-free or complete
medium (Supplementary Fig. S1). A weak increase of epi-
dermal growth factor receptor (EGFR), Tie-2, and Ret
phosphorylation was also observed. To confirm c-Met ac-
tivation, we performed Western blot analysis using anti–
phospho-c-Met antibodies directed against phosphorylated
tyrosine residues 1234 and 1235 of c-Met. As shown in
Fig. 2B, phospho-c-Met was detected only in GD3S+ cells
but not in control cells. As expected, HGF/SF stimulation
induced efficient phosphorylation of c-Met in control
MDA-MB-231 cells. In addition, confocal microscopy
analysis of c-Met showed no significant difference in
c-Met distribution between control and MDA-MB-231
GD3S+ cells (Supplementary Fig. S2). Treatment of
GD3S+ MDA-MB-231 cells with 5D5 Fab, which inhibits
ligand-dependent activation of c-Met through inhibition
of HGF/SF-Met association (refs. 18, 19; Supplementary
www.aacrjournals.org
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Fig. S3A), does not affect cell proliferation, excluding
autocrine activation of c-Met by HGF/SF (Supplementary
Fig. S3B). A slight increase of c-Met expression was also
observed in both clones, in comparison with control cells.
However, quantitative PCR analysis did not reveal modi-
fication of MET transcriptional expression in GD3S+

MDA-MB-231 clones (Supplementary Fig. S4).

c-Met activation is involved in the increased
proliferation of GD3S+ MDA-MB-231 cells
To determine the potential involvement of c-Met in the

increased proliferation of GD3S+ MDA-MB-231 cells, we
first inhibited c-Met activation using two selective ATP-
competitive inhibitors of the c-Met kinase, SU11274 and
PHA665752 (20, 21). Both inhibitors abrogated consti-
tutive c-Met phosphorylation (Fig. 3A) and significantly
FIGURE 4. Western blot analysis of p-ERK and p-Akt on c-Met inhibition.
A, Western blot analysis of pERK and pAkt in control cells and GD3S+

clones after treatment with c-Met inhibitors: 500 nmol/L SU11274 or
100 nmol/L PHA 665752. B, Western blot analysis of MEK/ERK and
PI3K/Akt pathways in control cells and GD3S+ clones after treatment with
20 pmol of specific siRNA.
Mol Cancer Res; 8(11) November 2010 1531
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decreased the proliferation of both GD3S+ clones
(Fig. 3B). In addition, both inhibitors of the c-Met kinase
activity reduced the migration capacity of both clones to
the level of control cells (Supplementary Fig. S5). We then
targeted c-Met with specific siRNA, which efficiently
silenced c-Met expression in control and GD3S+ MDA-
MB-231 cells (Fig. 3C). Inhibition of c-Met expression
prevented increased proliferation of clones 4 and 11, thus
demonstrating the involvement of c-Met receptor in the
high proliferative property of GD3S+ cells in deprivation
conditions. Moreover, both pharmacologic agents and
c-Met siRNA also strongly decreased the phosphorylation
of ERK and Akt in GD3S+ clones (Fig. 4A and B).
Altogether, these results show that the enhanced prolifera-
tion of GD3S+ MDA-MB-231 cells is essentially due to
c-Met activation, which in turn activates the downstream
MEK/ERK and PI3K/Akt signaling pathways.

GD3 synthase overexpression increases tumor
growth in SCID mice
MDA-MB-231 cells were s.c. injected into SCID mice.

All animals formed a tumor at the injection site. However,
tumor growth of GD3S+ cells were significantly increased
because tumors were palpable 1 week after injection and
attained a size of 1.75 cm3 in ∼6 weeks. In contrast, empty
vector–transfected cells formed palpable tumors with a
latency of 3 weeks and formed tumors of similar size in
∼8 weeks (Fig. 5).

Statistical analyses of microarray data
ST8SIA1 expression in breast cancer primary tumors was

investigated by exploring two microarray datasets previous-
ly published by van de Vijver et al. (12) and Chin et al.
(13). The first dataset consisted of 295 stage I or II breast
cancers (12), and the second consisted of 118 stage I-III
(mostly I-II) tumors (13). As previously reported (9), we
found a significant association of ST8SIA1 mRNA expres-
sion with ER negativity in both datasets (data not shown).
To refine this result, we used the established subtype
classification based on the 534 genes signature defined
by Sorlie et al. (22). For both datasets, each tumor has been
Mol Cancer Res; 8(11) November 2010
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categorized as one of the five defined subtypes: basal,
erbB2, normal-like, luminal A, and luminal B. This clas-
sification has been shown to reflect the clinical outcome
of the patients with both basal and erbB2 subtypes be-
ing associated with poorer prognosis (22). We have an-
alyzed the level of expression of ST8SIA1 in the
different subtypes and found it significantly higher in
the basal subtype than in any other group in both da-
tasets (Fig. 6A and B). Interestingly, higher expression of
MET was also observed in the basal subgroup (Fig. 6B).
We also found that the expression levels of ST8SIA1 and
MET were significantly correlated (P < 0.001 Pearson's
correlation test) in the Chin et al. dataset. Taken togeth-
er, these results suggest that ST8SIA1 is overexpressed in
poor-prognosis breast cancers (basal type), possibly in
conjunction with MET.

Discussion

In the present study, we showed that the expression of
GD3S and complex gangliosides in MDA-MB-231 cells
leads to a proliferative phenotype in the absence of serum
or growth factors. This phenotype is induced by the con-
stitutive activation of c-Met and subsequent signal trans-
duction MEK/ERK and PI3K/Akt pathways. GD3S
expression not only promotes cell growth in vitro but also
stimulates primary tumor growth in SCID mice and is
associated with MET gene expression in the basal subtype
of human breast tumors.
We previously shown that GD3S expression renders

MDA-MB-231 cells independent of serum (10). The abil-
ity to survive and proliferate under serum-free conditions is
one of the well-known features of aggressive cancer cells
in vitro that can be mediated by a constitutive phosphor-
ylation of RTKs, the key regulators of critical cellular pro-
cesses such as cell growth and survival. Dysregulated
activation of RTKs is implicated in the genesis and pro-
gression of a variety of cancers, including breast cancer
(23). By using phospho-RTK array, we analyzed the acti-
vation pattern of various RTKs in GD3S+ clones. We
observed a strong and specific constitutive activation of
M
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FIGURE 5. Xenograft tumor
growth in SCID mice. Growth
curve of tumors. Control and
GD3S+ MDA-MB-231 cells were
s.c. injected into SCID mice. Ten
animals were used in each group.
Tumor volume was monitored
every 2 or 3 d until tumor volume
approached 2 cm3. Student's t test
was done between control and
clone 11 (*, P < 0.05; **, P < 0.01),
and between control and clone 4
(†, P < 0.05).
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the c-Met receptor despite the absence of ligand-dependent
stimulation. Moreover, the downregulation of c-Met
induced a significant reversion of the phenotype, demon-
strating the crucial function of c-Met in the proliferative
capacity of GD3S+ clones. It has been well shown that dur-
ing oncogenesis, abnormal c-Met activation results in a
www.aacrjournals.org
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complex program called “invasive growth,” consisting of
the activation of a series of cellular processes such as pro-
liferation, scattering, invasion, and survival (24). Thus,
c-Met activation through HGF/SF stimulation induced
MDA-MB-231 growth, motility, and invasiveness (25).
c-Met is also known to induce survival of bladder carcino-
ma cells submitted to serum starvation (26); however, to
our knowledge, nothing is described concerning the impli-
cation of c-Met in breast cancer cell proliferation in serum-
free conditions.
Perturbation of the HGF/Met signaling axis leads to

enhanced signaling that occurs in a wide range of aggres-
sive human cancers, correlated with poor prognosis.
As previously described (27), the two intracellular path-
ways, MEK/ERK and PI3K/Akt, promoted by c-Met
trans-phosphorylation serve as key downstream integrators
of growth and survival signals in MDA-MB-231 cells (14).
Signaling for mitogenesis and growth essentially occurs
through the MEK/ERK pathway, whereas PI3K-Akt
signaling has been shown to play a central role in the
antiapoptotic responses induced by activated c-Met. Inter-
estingly, in this context, we showed using specific phar-
macologic inhibitors that the simultaneous activation of
both pathways is necessary to maintain the proliferative
phenotype of GD3S+ cells in serum-free conditions.
The GD3S expression leads to the accumulation of com-

plex gangliosides from b- and c-series at the plasma mem-
brane of MDA-MB-231 cells. It is commonly known that
gangliosides are associated or complexed with signal trans-
ducers such as small G-proteins, Src family kinases, tetra-
spanins, and integrins (28). The modulation of ganglioside
expression can therefore have deep effects on receptor-
mediated signaling, notably RTKs, and regulate cell growth
through inhibition/activation of signal transduction path-
ways (15-17). For example, tyrosine kinase activity of
EGFR is inhibited by the monosialoganglioside GM3
through carbohydrate-carbohydrate interactions of GM3
with GlcNAc terminated N-glycan on EGFR, without
interfering with EGF binding (29, 30). Moreover, GM3
has been described as an angiogenesis suppressor by regu-
lating vascular endothelial growth factor receptor-2 phos-
phorylation (31, 32). Previously, it has been shown that
a-series gangliosides act as negative regulators of c-Met.
GD1a inhibits HGF-induced motility and scattering of can-
cer cells through suppression of tyrosine phosphorylation
of c-Met (33). GM3 and GM2 form heterodimers that spe-
cifically interact with tetraspanin (CD82) in glycosynapses,
and such complexes inhibit c-Met activation and integrin
cross talk (34, 35). However, to our knowledge, it is the
first demonstration of ganglioside-induced c-Met constitu-
tive activation in cancer cells.
Dysregulation of c-Met signaling through mutation,

overexpression, or autocrine/paracrine loops has been well
documented and is an important feature in various human
cancers, especially in terms of metastasis development (36).
To date, no mutation has been found either in human
breast cancer biopsies or in breast cancer cell lines, includ-
ing MDA-MB-231 (http://www.vai.org/met/). A slight
FIGURE 6. ST8SIA1 and MET expression in breast cancer subtypes.
A, ST8SIA1 RNA expression is expressed as the difference to the median
signal detected on Agilent microarray (12). B, ST8SIA1 and MET
expression is expressed as normalized signal detected on the Affymetrix
microarray (13). For both dataset, the number of tumors in each subtype
group is reported next to the X axis. Significant differences between
basal and other subtypes are indicated: *, P < 0.05; ***, P < 0.001.
Mol Cancer Res; 8(11) November 2010 1533
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increase of c-Met expression was observed in both GD3S+

clones, but was not correlated to an increase of MET tran-
scription, as revealed by quantitative PCR analysis. A major-
ity of breast tumors aberrantly expresses HGF and its
receptor (37, 38), which may activate c-Met in an autocrine
manner. However, it has been shown that the autocrine ac-
tivation of c-Met does not occur in MDA-MB-231 (39).
Proliferation assay of GD3S+ clones with 5D5 Fab, which
specifically blocksHGFbinding and subsequent pathway ac-
tivation, has confirmed ligand-independent activation of c-
Met on GD3S expression. Thus, we described the original
mechanism of c-Met activation independently of gene ampli-
fication or autocrine activation induced by complex ganglio-
sides in MDA-MB-231 GD3S+ cells.
As shown in Fig. 3, downregulation of c-Met activation

did not completely abolish the proliferative capacities of
these cells after 5 days of culture in deprivation conditions.
It is possible that other RTKs could contribute to the en-
hanced proliferation, such as EGFR, Ret, and Tie-2, which
are also found to be slightly activated in GD3S+ cells. Con-
sistent with this hypothesis, recent evidence shows that
c-Met cross talk with other cell surface proteins, including
RTKs, contributes to tumorigenesis (40, 41). For example,
the synergistic action of c-Met and EGFR has been shown
to enhance the malignant properties of cancer cells by
promoting the resistance of tumors to therapy (42, 43).
In vivo experiments reveal that GD3S expression enhances

the tumorigenicity of MDA-MB-231 cells in SCID mice.
This suggests that modification of complex ganglioside
patterns may provide some advantage for cancer cells to grow
in the cellular environment of host tissues. Previous studies
have shown that stable inhibition of GD3 and GD2 expression
in human lung cancer cells by GD3S siRNA significantly sup-
pressed cell growth in SCID mice (44). In parallel, ST8SIA1
overexpression was associated with poor pathohistologic grad-
ing in ER-negative tumors and reduced overall survival of
patients (8, 9).We report here a higher expression of ST8SIA1
in the basal subtype of breast tumors compared with others.
Interestingly, a similar pattern was found for MET, in accor-
dance with previous reports (38, 45, 46). c-Met is also associ-
ated with poor clinical outcome and considered as a possible
marker for earlier recurrence and shorter survival in breast
cancer patients (47-49). Our results support the idea that
the products of these two genes may cooperate within the
same subtype of breast cancers: the basal type, which consists
mainly of the triple-negative breast cancers (ER, progesterone
receptor, and erbB2 negative). These cancers are of poor
prognosis and cannot benefit from available targeted therapies
(i.e., hormone therapy and Herceptin treatment; ref. 22).
Mol Cancer Res; 8(11) November 2010

American Asso Copyright © 2010 
mcr.aacrjournaDownloaded from 
It has been recently shown that the GD3S expression
renders human hepatocarcinoma cells susceptible to hyp-
oxia, which mediates ROS generation and subsequently
cell death (50). Hepatocarcinoma GD3S+ cells display
enhanced GD3 levels both at the cell surface and in internal
organelles, most likely including mitochondria. This
specific subcellular localization is consistent with the pro-
apoptotic role of GD3 described in a variety of cell types.
Therefore, the biological outcome of GD3 synthase expres-
sion in cancer cell biology also depends on the subsequent
cellular localization and the relative amounts of complex
gangliosides that localize to the mitochondria.
To conclude, our results show that GD3S and complex

ganglioside expression may contribute to increase the ma-
lignant properties of breast cancer cells, by activating
RTKs, especially c-Met. This mechanism underlies a new
way for c-Met constitutive activation. Molecular targeted
therapies have been developed for over a decade to specif-
ically inhibit consistently activated oncogene products,
including c-Met (25). However, their efficiency is limited
to some patients because of the development of intrinsic
or acquired resistance. The present results suggest that com-
plex gangliosides are not only antigenic markers but could
be also valid therapeutic targets in basal-type/triple-negative
breast cancers. Although further studies are needed to pre-
cisely determine which type of gangliosides is responsible
for the specific activation of c-Met, our results suggest that
targeting both gangliosides and c-Met would lead to a more
favorable clinical outcome than targeting RTKs alone.
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A B S T R A C T

B- and c-series of gangliosides are over-expressed in neuro-ectoderm-related cancers,

including breast cancer. It has been shown that GD3 ganglioside is over-expressed in about

50% of invasive ductal breast carcinoma and the GD3 synthase (GD3S) gene displays higher

expression among estrogen receptor (ER) negative breast tumors. We previously showed

that GD3S expression in MDA-MB-231 breast cancer cells induces the expression of GD2

and increased cell proliferation and migration via a GD2-dependent activation of c-Met

receptor. Here, we show that in ER-positive MCF-7 breast cancer cells, GD3S expression

resulted in an increase of GD1b, which was associated with a decrease of GM1a and GM2.

Meanwhile, GD3S expressing MCF-7 cells exhibited an increased migration without any

modification of proliferation rate. Therefore, GD3S expression can result in different

modifications of both ganglioside profiles and cell phenotypes depending on breast cell

types.

� 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

Les gangliosides des séries b- et c- sont surexprimés dans différents cancers d’origine

neuro-ectodermique, dont le cancer du sein. Il a été montré que le ganglioside GD3 est

surexprimé dans environ 50 % des carcinomes canalaires infiltrants et le gène de la

GD3 synthétase (GD3S) est surexprimé dans les tumeurs estrogène-récepteur négatives.

Nous avons précédemment démontré que l’expression de la GD3S dans les cellules

cancéreuses mammaires MDA-MB-231 induisait l’expression du GD2 et augmentait la

Abbreviations: b3Gal T4, GM1a/GD1b synthase; b4GalNAc T1, GM2/GD2 synthase; BSA, Bovine Serum Albumin; Cer, ceramide; DMEM, Dulbecco’s

ified Eagle’s Medium; EDTA, Ethylene Diamine Tetra-acetic Acid; EGFR, Epithelial Growth Factor Receptor; ER, Estrogen Receptor; ERK, Extracellular
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1. Introduction

Gangliosides, the GSL carrying one or more sialic acid
residues, are essentially located in the outer part of the
plasma membrane in microdomains named ‘‘glyco-
synapses’’, where they can interact with transmembrane
receptors or signal transducers involved in cell prolifera-
tion and intracellular signaling [1,2].

GSL from ganglio-series are usually classified in four
series according to the presence of 0 to 3 sialic acid
residues linked to LacCer: b-Galp-(1!4)-b-Glcp-Cer
(LacCer, GA3). The transfer of sialic acid residues is
catalyzed in the Golgi apparatus by specific sialyltrans-
ferases (namely GM3 synthase, GD3S and GT3 synthase,
respectively) that exhibit a high specificity toward their
respective glycolipid substrates [3]. Thus, GA3, GM3 (a-
Neup5Ac-(2!3)-b-Galp-(1!4)-b-Glcp-Cer), GD3 (a-Neu-
p5Ac-(2!8)-a-Neup5Ac-(2!3)-b-Galp-(1!4)-b-Glcp-
Cer) and GT3 (a-Neup5Ac-(2!8)-a-Neup5Ac-(2!8)-a-
Neup5Ac-(2!3)-b-Galp-(1!4)-b-Glcp-Cer) initiate 0-,
a-, b- and c-series gangliosides and the biosynthesis of
these compounds determines the relative proportion of
gangliosides in each series (Fig. 1). The steady state level of
membrane-associated gangliosides is therefore dependent
on the activity of corresponding sialyltransferases, and the
expression of b- and c- series gangliosides is strictly
controlled by ST8Sia I, also named GD3S. Afterwards,
further monosaccharides, including GalpNAc, Galp and
Neup5Ac, can be transferred in a stepwise manner by other
glycosyltransferases [4].

Normal human tissues usually express a-series gang-
liosides, mainly GM1a, whereas complex gangliosides from
b- and c-series are essentially found during embryogene-
sis, in developing tissues and are mostly restricted to the
nervous system in adult [5]. Complex gangliosides
expression also increases in different pathological condi-
tions including cancers, such as melanoma [6], neuroblas-
toma [7], or small cell lung carcinoma [8]. In particular,
disialogangliosides (GD3 and GD2) play a key role in
proliferation and migration of neuro-ectoderm-derived
tumor cells [9] and are used as targets for development of
anti-cancer vaccines [10]. In breast cancer, GD3 and 9-O-
acetyl-GD3 are over-expressed in about 50% of invasive
ductal carcinoma [11] and ST8SIA1, the gene that encodes
GD3S, displays higher expression among ER negative
breast cancer tumors [12,13]. We have previously shown
that GD3S expression in the ER-negative MDA-MB-231
cells results in the accumulation of b- and c- series
gangliosides [14] and mass spectrometry analysis of
permethylated GSL has shown that GD2 is the main

ganglioside expressed at the cell surface of MDA-MB-
231 GD3S+ clones (unpublished data). The expression of
GD2 is associated with an increased cell migration and
with a proliferative phenotype of MDA-MB-231 GD3S+
clones in absence of serum or exogenous growth factors
[14]. We have also shown that the proliferative capacities
of MDA-MB-231 GD3S+ clones in serum-free conditions
directly proceed from the specific and constitutive
activation of c-Met receptor and the downstream MEK/
ERK and PI3 K/Akt signaling pathways [15]. Moreover,
GD3S expression also stimulates primary tumor growth in
severe immunodeficient mice [15].Here, we describe the
effect of GD3S expression in MCF-7 cells, a usual model of
ER-positive breast cancer cells in culture. We show by
mass spectrometry that the MCF-7 GD3S+ cells accumu-
late di- and trisialogangliosides, mainly GD1b. Moreover,
the MCF-7 GD3S+ clones showed an increased migration
without any change in proliferation compared to control
cells.

2. Material and methods

2.1. Antibodies and reagents

Anti-GM3 GMR6 (mouse IgM) and anti-GD2 (mouse
IgG3) S220-51 mAbs were purchased from Seikagaku
Corp. (Tokyo, Japan). Anti-GD3 R24 mAb was purchased
from AbCam (Cambridge, UK). Anti-GD1b GGR12 mAb
(mouse IgG2b) [16] was kindly provided by Pr. Ronald L.
Schnaar (Depart. of Pharmacology and Neuroscience, The
Johns Hopkins University School of Medicine, Baltimore,
USA). Anti-GT3 A2B5 mAb [17] was kindly provided by
Pr. Jacques Portoukalian (Depart. of Transplantation and
Clinical Immunology, Claude Bernard University and
Edouard Herriot Hospital, Lyon, France). FITC-conjugated
cholera toxin B-subunit from Vibrio cholerae was from
Sigma-Aldrich (Lyon, France) and FITC-conjugated sheep
anti-mouse IgG was from GE Healthcare (Templemars,
France). Alexa Fluor 488 donkey anti-mouse IgG (H + L),
Alexa Fluor 488 donkey anti-mouse IgM and FITC-
conjugated anti-mouse IgM were purchased from
Molecular Probes (Invitrogen, Carlsbad, CA, USA). Mouse
mAb directed against the cytoplasmic region of human
c-Met was purchased from Invitrogen, and rabbit
polyclonal antibody against phosphorylated tyrosine
1234 and 1235 of the c-Met kinase domain was
purchased from Cell Signaling Technology (Danvers,
MA, USA). Anti-rabbit and anti-mouse IgG conjugated
with horseradish peroxidase were purchased from GE
Healthcare.

prolifération et la migration cellulaires par l’activation GD2-dépendante du récepteur c-

Met. Nous montrons ici que l’expression de la GD3S dans les cellules MCF-7 provoque une

accumulation du GD1b associée à une diminution du GM1a et du GM2. Parallèlement, les

cellules MCF-7 GD3S positives montrent une augmentation de migration sans

modification de la prolifération. Ce résultat montre que les modifications du profil

gangliosidique et du phénotype induites par l’expression de la GD3S sont dépendantes du

type cellulaire.
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 Cell culture

The breast cancer cell line MCF-7 and the melanoma
 line SK-Mel 28 were obtained from the American Type

Cell Culture Collection. Cell culture reagents were pur-
chased from Lonza (Levallois-Perret, France). Cells were
routinely grown in monolayer and maintained at 37 8C in
an atmosphere of 5% CO2, in DMEM supplemented with
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10% FBS, 2 mM L-glutamine, and 100 units/mL penicillin-
streptomycin. MCF-7 control (empty vector transfected)
and MCF-7 GD3S+ clones #1 and #4 were cultured in the
presence of 1 mg/mL G418 (Invitrogen).

2.3. Stable transfection

The pcDNA3-GD3S expression vector encoding the full-
length human GD3 synthase [18] was obtained from Pr. C.H.
Kim (Molecular and Cellular Glycobiology Unit, Depart-
ment of Biological Science, SungKyunKwan University,
Suwon, Korea). Transfections were performed by electro-
poration using the Nucleofection technology according to
Amaxa Biosystem protocol (Lonza). Briefly, 2 � 106 cells
were resuspended in 100 ml of Cell Line NucleofectorTM

Solution V and cell suspension was mixed with 2 mg of
pcDNA3 or pcDNA3-GD3S vector. The sample was
transferred into an electroporation cuvette and transfec-
tion was performed using the program E-014 according to
manufacturer’s instructions. After nucleofection, cells
were transferred into prewarmed complete DMEM medi-
um and maintained at 37 8C in an atmosphere of 5% CO2.
After 48 h, the transfected cells were cultured in the
presence of 1 mg/mL G418 (Invitrogen). After 21 days of
culture in the selective medium, individual G418-resistant
colonies were isolated by limit dilution. Two positive
clones (#1 and #4), expressing GD3S and complex
gangliosides, as determined by real-time PCR and flow
cytometry analysis, respectively, were used for further
study.

2.4. Extraction and preparation of glycolipids

20 dishes (10 cm diameter) of cultured cells were
washed twice with ice-cold PBS and cells were scraped and
homogenized. Cells were suspended in 200 mL of water
and sonicated on ice. The resulting material was dried
under vacuum and sequentially extracted by CHCl3/CH3OH
(2:1, v/v), CHCl3/CH3OH (1:1, v/v) and CHCl3/CH3OH/H2O
(1:2:0.8, v/v/v). Supernatants were pooled, dried and
subjected to a mild saponification in 0.1 M NaOH in
CHCl3/CH3OH (1:1) at 37 8C for 2 h and then evaporated to
dryness [19]. Samples were reconstituted in CH3OH/H2O
(1:1, v/v) and applied to a reverse phase C18 cartridge
(Waters, Milford, MA) equilibrated in the same solvent.
After washing with CH3OH/H2O (1:1, v/v), GSLs were
eluted by CH3OH, CHCl3/CH3OH (1:1, v/v) and CHCl3/
CH3OH (2:1, v/v).

2.5. Mass spectrometry analysis of GSL

Prior to mass spectrometry analysis, GSL were per-
methylated according to Ciucanu and Kerek [20]. Briefly,
compounds were incubated 2 h in a suspension of 200 mg/
mL NaOH in dry DMSO (300 mL) and CH3I (200 mL). The
methylated derivatives were extracted in CHCl3 and
washed several times with water. The reagents were
evaporated and the sample was dissolved in CHCl3 in the
appropriate dilution. MALDI-MS and MS/MS analyses of
permethylated GSL were performed on 4800 Proteomics
Analyzer (Applied Biosystems, Framingham, MA, USA)

mass spectrometer, operated in the reflectron mode. For
MS acquisition, 5 mL of diluted permethylated samples in
CHCl3 were mixed with 5 mL of 2,5-dihydroxybenzoic acid
matrix solution (10 mg/mL dissolved in CHCl3/CH3OH (1:1,
v/v)). The mixtures (2 mL) were then spotted on the target
plate and air-dried. MS survey data comprises a total of 50
subspectra of 1500 laser shots. Peaks observed in the MS
spectra were selected for further MS/MS. CID MS/MS data
comprises a total of 100 subspectra of 3000 laser shots.
Two or more spectra can be combined postacquisition with
mass tolerance set at 0.1 Da to improve S/N ratio. The
potential difference between the source acceleration
voltage and the collision cell was set to 1 kV and argon
was used as collision gas.

2.6. Analysis of cell surface ganglioside by flow cytometry

Cells were washed in cold PBS and detached by EDTA
4 mM. Cells were incubated at 4 8C during 1 h with anti-
ganglioside mAbs: anti-GM3 GMR6 (1:75), anti-GD3 R24
(1:100), anti-GD2 S220-51 (1:100), anti-GD1b GGR12
(1:100) and anti-GT3 A2B5 (1:10), diluted in PBS containing
0.5% PBS-BSA (Sigma-Aldrich). After washing with PBS-
BSA, cells were incubated on ice during 1 h with FITC-
conjugated anti-mouse IgM or IgG. To analyze GM1a

expression, cells were incubated with a FITC-conjugated
cholera toxin B-subunit (1:1000). Control experiments
were performed using secondary antibody alone. Cells
were analyzed by flow cytometry (FACScalibur, Becton
Dickinson).

2.7. Analysis of ganglioside by confocal microscopy

Cells were cultured on glass coverslips in DMEM
supplemented with 10% FBS. After 24 h, cells were washed
twice in PBS and fixed in 4% paraformaldehyde (Sigma-
Aldrich) for 20 min at room temperature. After washing
with PBS, cells were blocked in PBS-BSA 0.2% for 30 min.
Cells were incubated for 1 h at room temperature with
anti-GD3 R24 (1:100), anti-GD2 S220-51 (1:100), anti-GD1b

GGR12 (1:100) and anti-GT3 A2B5 (1:10), diluted in PBS-
BSA. Cells were then washed three times in PBS-BSA and
incubated with Alexa Fluor1 488 anti-IgG or anti-IgM (1 h
at room temperature; dilution 1:2000 in PBS-BSA). After
three washes in PBS-BSA, PBS and deionised water, cells
were mounted in Mowiol. Stained slides were examined
under a Leica SP5 spectral microscope (IRI CNRS USR 3078,
Villeneuve d’Ascq, France) with a 63X oil immersion lens at
room temperature. Data were therefore collected using the
LAS 6000 AF software.

2.8. Quantitative real-time-PCR (QPCR) analysis of GD3

synthase

Total RNA was extracted using the Nucleospin RNA II kit
(Macherey Nagel, Hoerdt, France), quantified using a
NanoDrop spectrophotometer (Thermo Scientifics, Wil-
mington, USA) and the purity of the preparation was
checked by ratio of the absorbance at 260 and 280 nm. The
cDNA was synthesized using 2 mg of RNA (GE Healthcare).
PCR primers for GD3S and HPRT were previously described
Please cite this article in press as: Steenackers A, et al. Expression of GD3 synthase modifies ganglioside profile and
increases migration of MCF-7 breast cancer cells. C. R. Chimie (2011), doi:10.1016/j.crci.2011.05.004
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,21] and synthesized by Eurogentec (Seraing,
gium). PCR reactions (25 mL) were performed using
SYBR1 Green Universal QPCR Master Mix (Stratagene,
sterdam, The Netherlands), with 2 mL of cDNA solution

 300 nM final concentration of each primer. PCR
ditions were as follows: 95 8C for 30 s, 51 8C for 45 s,
8C for 30 s (40 cycles). Assays were performed in
licate and GD3S transcript expression level was
malized to HPRT using the 2�

DDCt method described
Livak and Schmittgen [22]. Serial dilutions of the
ropriate positive control cDNA sample were used to

ate standard curves for relative quantification and
ative control reactions were performed by replacing
A templates by sterile water.

 Proliferation assays

Control and clones cells (2 � 103) were seeded in 96-
ll plates (Thermo Fisher Scientific, Rockford, IL, USA)

 grown in DMEM containing 5, 1, 0.5% FBS, or in FBS-
 medium. Cell growth was analyzed at different times

ng the MTS reagent (Promega, Charbonnières-les-Bains,
nce) according to the manufacturer’s instructions.

. Cell migration analysis

Cells (5 � 104) were seeded in the upper surface of
nswell 12 plates (BD Biosciences, Le-Pont-de-Claix,
nce) and cultured for 24 h in 10% FBS-containing
dium. After incubation, cells were fixed in 4% paraform-
ehyde (20 min at room temperature) and stained with
scht 33528 (Sigma-Aldrich) during 20 min in the dark

room temperature. Then, the upper chamber of the
ll’s porous membrane was removed by scraping with a
ton swab and washed several times with PBS. The
mbrane was mounted on slide with Glycergel mounting
dium (Dako, Trappes, France). The migrating cells were
nted on the overall membranes under � 200 magnifi-

ion and the mean number of cells was evaluated in
ee independent experiments.

. Immunodetection of c-Met and phospho-c-Met

Cell pellets were treated with lysis buffer (150 mM
l, 50 mM Tris-HCl [pH 7.5], 1% Triton X-100, 1 mM

ium orthovanadate, and protease inhibitor cocktail
let). The supernatants were assessed for protein
centration using the Bio-Rad DC protein assay kit II.

 hundred microgram of total proteins were subjected
DS-PAGE and transferred onto a nitrocellulose mem-

ne. Membranes were saturated in TBS containing 5%
 and 0.05% Tween-20. Membranes were then incubated
h blocking buffer (0.2% casein, 0.1% Tween-20 in PBS)
1 h and probed for 1 h at room temperature with
ropriate antibodies diluted in blocking buffer according
he manufacturer’s recommendations. After washing in
-Tween 0.2%, immune complexes were detected with
cific secondary antiserum conjugated with alkaline
sphatase followed by an enhanced chemiluminescence

ection system (Amersham ECL Western Blotting
ection Reagents).

2.12. Statistical analyses

Student’s t-test was used for statistical analysis.
p < 0.05 was considered as statistically significant.

3. Results

3.1. Establishment of GD3S+ MCF-7 breast cancer cells

MCF-7 cells were transfected with the pcDNA3-GD3S
expression vector containing the full-length cDNA of
human GD3S or the empty pcDNA3 vector as control.
Transfected cells were cultured 21 days in the presence of
1 mg/mL G418. As previously shown [14], QPCR analysis of
GD3S expression (Fig. 2A) indicates that GD3S mRNA is
expressed at a very low level in wild-type and control
(empty vector transfected) MCF-7 cells compared to SK-
Mel 28 melanoma cells used as positive control for GD3S
expression [23]. Meanwhile, GD3S expression was signifi-
cantly increased in pcDNA3-GD3S transfected MCF-7 cell
population. Flow cytometry analysis of gangliosides in
both control and pcDNA3-GD3S transfected cells shows
that GD3S stable transfectants do not expressed GD3 or GD2

and only a low percentage of cells (about 15%) expresses
GD1b concomitantly with a decrease of GM1a expression, a
larger proportion of cells being recognized by the anti-GT3

A2B5 mAb (Fig. 2B).
Given the fact that the pcDNA3-GD3S transfected cell

population was heterogenous, individual G418-resistant
colonies were isolated by limiting dilution cloning. Forty-
three different clones were obtained and analyzed for the
expression of GD3S and gangliosides. Positive clones for
GD1b and GT3 expression were selected and two of them,
clones #1 and #4, were used for this study. The pattern of
gangliosides was monitored in the two clones by flow
cytometry using different anti-ganglioside mAbs. As
shown in Fig. 3A, the two selected clones expressed high
levels of GD1b and GT3. In contrast, GM1a expression level
was reduced (Fig. 3A). GD1b expression appeared to be
slightly higher in clone #1 than in clone #4. Control cells
showed no change in the ganglioside profile compared
with wild-type MCF-7 (data not shown). Finally, immu-
nofluorescence and confocal microscopy confirmed that
GD1b and GT3 were expressed at the cell surface of both
clones (Fig. 3B).

3.2. Mass spectrometry analysis of GD3S+ MCF-7 cells GSL

composition

In order to confirm the modifications in gangliosides
composition observed by flow cytometry analysis in MCF-
7 GD3S+ cells, we compared the GSLs profiles from control
and GD3S+ MCF-7 cells by MALDI-TOF-MS and MALDI-
TOF-MS/MS sequencing (Figs. 4 and 5). The total glyco-
lipids were extracted and subjected to mild alkalinolysis.
GSLs were further purified on reversed-phase C18 column
and analyzed by mass spectrometry as permethylated
derivatives. As shown in Fig. 4, the MALDI-MS analysis
revealed that MCF-7 cells expressed a complex pattern of
GSLs. Individual signals were identified by calculating
ease cite this article in press as: Steenackers A, et al. Expression of GD3 synthase modifies ganglioside profile and
creases migration of MCF-7 breast cancer cells. C. R. Chimie (2011), doi:10.1016/j.crci.2011.05.004
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monosaccharide and Cer compositions and by establishing
monosaccharide sequences by MALDI-TOF-MS/MS frag-
mentation. Then, the final attribution of individual GSLs to
existing series was based on the known biosynthetic
pathways of GSLs in human cells. Altogether, the data
established that MCF-7 cells expressed GSLs from the
globo- and the ganglio-series. Each GSL, irrespective of
their series, were identified as two distinct signals
exhibiting 112 mu differences, which established that
they are substituted by two Cer moieties differing by eight
–CH2– groups. Indeed, two Cer isoforms are usually
expressed in human tissues due to the substitution of
the sphingosine by palmitic acid C16:0 or lignoceric acid
C24:0. Globo-series GSLs were characterized by the
presence of simple Gb3 and Gb4 at m/z 1215/1327 and

1460/1572, respectively. Ganglio-series GSLs were charac-
terized by the presence of a single neutral GA1 at m/z 1215/
1327, monosialylated GM2 and GM1 at m/z 1616/1728 and
1821/1933, as well as disialylated at m/z 2182/2294. MS/
MS fragmentation of individual signals allows one to
differentiate isobaric molecules such as Gb4/GA1 and GM1a/
GM1b (data not shown). It is noteworthy that the MS/MS
sequencing established that the disialylated GD1 expressed
in empty vector-transfected MCF-7 cells was exclusively
constituted by the a-series ganglioside. Indeed, the intense
B- and C-cleavage ions at m/z [M + Na]+ 847 and 620
unambiguously established that the terminal Gal residue
of the Hex-HexNAc motif was monosialylated (Fig. 5B).
Accordingly to the attribution as GD1a, Y-cleavage ion at m/

z [M + Na]+ 1469 and the Y2a/C5 double cleavage ion at m/z

Fig. 2. A: QPCR analysis of GD3S mRNA in pcDNA3-GD3S transfected MCF-7 cell population. Results were normalized to the expression of HPRT mRNA and

expressed relative to GDS3 mRNA in SK-Mel 28 melanoma cells, which was regarded as 100%. The quantification was performed by the method described by

Livak and Schmittgen [22]. WT: MCF-7 wild-type; Control: empty vector transfected MCF-7; GD3S: pcDNA3-GD3S transfected MCF-7. B: Flow cytometry

analysis of gangliosides expression in pcDNA3-GD3S transfected MCF-7 cell population. The immunodetection of GM3, GD3, GD2, GD1b, GT3 and GM1a was

performed using GMR6, R24, S220-51, GGR12, A2B5 mAbs and cholera toxin B-subunit from Vibrio cholerae, respectively. The grey peaks correspond to

control MCF-7 cells (empty vector transfected) and black lines correspond to pcDNA3-GD3S transfected MCF-7 cells.
Please cite this article in press as: Steenackers A, et al. Expression of GD3 synthase modifies ganglioside profile and
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 [M + Na]+ confirmed that Galp-(1!4)-b-Glcp disac-
ride was also mono-sialylated.
As expected, the gangliosides profiles of MCF-7 GD3S+

es established by MALDI-MS significantly differed
 those of the wild-type (data not shown) and empty

tor-transfected MCF-7 (control) cells (Fig. 4). Indeed,

whereas MCF-7 cells expressed simple a-series ganglio-
sides including GM2, GM1a and GD1a, GD3S+ clones
accumulated di-, tri- and tetra-sialylated gangliosides of
higher complexity including GD3, GD2, GD1, GT2, GT1 and
GQ1. In parallel, monosialylated gangliosides totally dis-
appeared in MCF-7 GD3S+ cells compared to control cells.

3. Analysis of the expression of gangliosides in MCF-7 GD3S+ clones. A: flow cytometry analysis of ganglioside expression. Gangliosides GM3, GD3, GD2,

b, and GT3 were revealed with anti-GM3 GMR6, anti-GD3 R24, anti-GD2 S220-51, anti-GD1b GGR12, and anti-GT3 A2B5 mAbs, respectively. GM1a expression

 analyzed with FITC-labeled cholera toxin B from Vibrio cholerae. The grey peaks correspond to control MCF-7 cells, whereas black lines correspond to

-7 GD3S+ cells. Results are representative of three independent experiments. B: Analysis of ganglioside expression at the membrane surface MCF-7

 by immunocytochemistry and confocal microscopy. Ganglioside were revealed with anti-GD3 R24 (A1, B1, C1), anti-GD1b GGR12 (A2, B2, C2) or anti-GT3

5 (A3, B3, C3) mAbs and anti-mouse IgM or anti-mouse IgG labeled with Alexa 488. Bars: 50 mm.
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Fig. 4. MALDI-TOF-MS profiles of permethylated GSLs from control and GD3S+ MCF-7 cells. Mass Spectra of permethylated GSLs isolated from control MCF-

7 transfected with empty vector (A), GD3S+ MCF-7 cells clone #1 (B) and clone #4 (C). Gangliosides from b- or c-series were not detected in control cells,

whereas complex gangliosides containing 2 to 4 sialic acids residues (i.e. GD3, GD2, GD1b, GT2, GD3, GT1b/c, GQ1b/c) were detected in GD3S+ MCF-7 cells. Glcp;

Galp; GalpNAc; Neup5Ac; Ceramide.
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n, MS/MS fragmentation analysis of individual com-
nds in MCF-7 GD3S+ cells established that all GSLs are
nd c-series, which permitted to precisely identify GD1b,

b/c and GQ1b/c. In particular, comparison of the
mentation patterns of GD1 signals from control MCF-

ells and GD3S+ clones revealed that GD1 isolated from
3S+ cells exclusively contained the b-series isomer
ereas control MCF-7 cells only contained the a-series

er (Fig. 5B). The presence of the di-sialylated motif on
 lactose moiety typifying b-series was unambiguously
blished by the presence of Y/B couple cleavage ions at

 1830/486 and B ion at m/z 759.

 Growth and migration of GD3S+ MCF-7 cells

Cell growth was determined by MTS assay in culture
dia containing decreasing concentrations of FBS. As

shown in Fig. 6A, no difference in cell growth was observed
between control and GD3S+ cells. Similar result was
obtained with wild-type MCF-7 cells (data not shown). In
all cases, cell proliferation decreased with serum concen-
tration. Similar result was obtained by direct cell counting
experiments (data not shown). Interestingly, cell migration
assay using Transwell Boyden chambers showed that GD3S
expression induced twice as much cell migration to the
bottom chamber compared to control cells (Fig. 6B).

3.4. Immunodetection of c-Met and phospho-c-Met in MCF-7

GD3S+ clones

The expression and phosphorylation of c-Met were
analyzed in control and MCF-7 GD3S+ clones by Western
blotting and immunodetection using anti-c-Met and anti–
phospho-c-Met antibodies directed against phosphorylat-

5. MALDI-MS/MS sequencing of the permethylated gangliosides from control and GD3S+ MCF-7 cells. MALDI-MS/MS spectra of the [M + Na]+ molecular

m/z 2495 corresponding to permethylated GD1 gangliosides in MCF-7 transfected with empty vector (A) and GD3S+ MCF-7 clone #1 (B). Fragment ions

e annotated according to nomenclature of Domon and Costello [31]. All molecules are detected as [M + Na]+ ions with the exception of those into

kets {}. The fragmentation profiles of permethylated GD1 ganglioside typifies GD1a in control MCF-7 cells and GD1b in GD3S+ MCF-7 clones. The C/Z

le fragment ions at m/z 1634 [M + Na]+ and 660 [M + H]+ typify the ceramide moiety as sphingosine C18:1 substituted by lignoceric acid C24:0. Glcp;

alp; GalpNAc; Neup5Ac; Ceramide.
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ed tyrosine residues 1234 and 1235 of the receptor. As
shown in Fig. 7, c-Met was detected at the same expression
level in both control and GD3S+ clones (Fig. 7). Phosphor-
ylation of c-Met was revealed neither in control nor in
untreated GD3S+ clones, while HGF/SF induced efficient
Met phosphorylation in MCF7 cells (Fig. 7).

4. Discussion

Recent evidences have proposed that GD3S could be
associated with breast cancer development and aggres-
siveness. Clinical studies using breast tumors microarray
datasets have shown that the GD3S gene (ST8SIA1)
displayed higher expression among ER negative tumors
[12]. ST8SIA1 expression is associated with poor histo-
pathological grading and tumor size in ER negative tumors
[12,13]. We have also recently showed that ST8SIA1

expression is significantly higher in the basal-subtype
[24] breast cancer tumors [15], indicating that GD3S could
be over-expressed in aggressive breast cancer tumors.
However, in comparison with tumors, breast cancer cells
do not express complex gangliosides from b- and c-series
in culture conditions [14]. To analyze the effect of GD3S
expression in breast cancer, we have established and
characterized cellular models deriving from two breast
cancer cell lines: the triple negative (ER-, PR- and Her2-)
basal-subtype MDA-MB-231 and the luminal-A subtype
ER+ MCF-7 breast cancer cells, that both express GD3S. We
have shown that MDA-MB-231 GD3S+ clones exhibit a
proliferative phenotype in absence of serum or growth
factors, and an increased tumor growth in severe

Fig. 6. Analysis of the effect of GD3S expression on MCF-7 cell proliferation and migration. A: Proliferation assays were performed by MTS in 96-wells plates

and cells were grown in DMEM supplemented with 5, 1 or 0.5% FBS. Cells were counted after 24, 48, 72, 96 and 120 h. Each measure was performed in 16

wells and data are mean of four independent manipulations. : control cells; : clone #1; : clone #4. B: Transwell cell migration analysis. Cells were

counted after 24 h of culture in DMEM medium supplemented with 1% FBS. ** p < 0.02.

Fig. 7. Western blot analysis using specific c-Met and phospho-c-Met

antibodies. Untransfected MCF-7 (WT), control MCF-7 transfected with

empty vector, GD3S+ MCF-7 cells clone #1 and clone #4 were cultured in

serum free condition. Untransfected MCF-7 (WT) were treated or not

15 min with 30 ng/ml HGF/SF. Cell lysates were analyzed by Western

blotting with antibodies directed against human c-Met and the

phosphorylated tyrosine residues of the c-Met kinase domain. The

positions of molecular weight markers are indicated. Arrowheads

indicate the positions of precursor and mature c-Met.
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unodeficiency mice. This phenotype results from the
stitutive activation of c-Met receptor and subsequent

ivation of MEK/ERK and PI3 K/Akt pathways [15]. Here,
 reported the phenotype of MCF-7 GD3S+ clones.
MALDI-TOF analysis has confirmed that wild-type MCF-
nd MDA-MB-231 have different GSL composition. GSL

position of MDA-MB-231 and MCF-7 cell lines was
viously examined [25], showing that there is twice as
ch neutral GSL in MCF-7 as in MDA-MB-231 cells and
t ganglioside content is four-fold higher in MDA-MB-

 cells compared to MCF-7 cells. Our data confirm that
F-7 express large amount of globosides such as Gb3 and
and lower amount of gangliosides compared to MDA-

-231 [14]. This difference in GSL composition may be
lained by the lowest expression of the GM3 synthase
3 Gal V) in MCF-7, the enzyme that regulates the first

 of gangliosides biosynthesis [14]. Similarly to MDA-
-231 cells, wild-type MCF-7 cells only express a-series
gliosides, but mainly accumulate GM1a instead of GM2

MDA-MB-231, probably due to the 5-fold higher
ression of the b3 Gal T4 in MCF-7 cells (data not
wn). In MCF-7 clones, GD3S expression resulted in the
version of a-series in b- and c-series gangliosides
ent from control cells, GD1b being the main compound
tead of GD2 in MDA-MB-231 GD3S+ clones (unpublished
a). These data are in good agreement with ganglioside
files of wild-type MCF-7 and with the expression of
ted enzymes, GD2 being efficiently converted in GD1b by

 b3 Gal T4 in MCF-7 cells. It is noteworthy that GD3S+
es also express c-series gangliosides whereas the GT3

thase ST8Sia V is weakly expressed in both MDA-MB-
 and MCF-7 cells. This may be due to the GT3 synthase

ivity of GD3S that also uses GD3 as acceptor substrate to
thesize GT3 [26].
As previously shown, GD3S expression in MDA-MB-231
uces a proliferative phenotype in serum-free condi-
s, resulting from the constitutive activation of c-Met

eptor and subsequent activation of MEK/ERK and PI3 K/
 transduction pathways [15]. Moreover, the silencing of

 GM2/GD2 synthase (b4GalNAc T1) reverses the
liferative phenotype and c-Met phosphorylation, un-
lying the role of GD2 in c-Met activation. It is commonly
wn that ganglioside expression can have important
cts on RTKs-mediated signaling and regulates cell
wth through activation or inhibition of intracellular
sduction pathways [27]. For example, EGFR tyrosine

ase activity is inhibited by GM3 through interactions of

3 with terminal b-GlcpNAc of EGFR N-glycans [28].
ever, no change in the proliferative capacity of GD3S+

F-7 clones was observed and no activation of c-Met was
ected in these cells. The absence of phenotype of GD3S+
F-7 clones can be related to the expression of GD1b

tead of GD2, and reinforces the role of GD2 in c-Met
ivation. In parallel, MCF-7 GD3S+ cells show an
reased migration as observed for MDA-MB-231 clones.
s seems to indicate that proliferation and migration are
ivated by different mechanisms in GD3S+ cells.
In conclusion, the present data together with our
vious results show that the expression of GD3S in
ast cancer cells results in different ganglioside profiles

dependent expression of other glycosyltransferases in-
volved in ganglioside biosynthesis (i.e. ST3 Gal V, b4Gal-
NAc T1, and b3 Gal T4). Recently, it has been shown that
breast cancer cell gangliosides can serve as functional E-
selectin ligands and be involved in cell adhesion to
vascular endothelium, favoring metastasis [29]. Moreover,
the expression of ST6GalNAc V, a sialyltransferase catalyz-
ing a-ganglioside biosynthesis, has been associated to
brain metastasis of breast cancer. Normally restricted to
the brain, the expression of ST6GalNAc V in breast cancer
cells enhances their adhesion to brain endothelial cells and
their passage through the blood-brain barrier [30]. We
have also previously shown that ST8SIA1 expression is
significantly higher in the basal-subtype breast cancer
tumors and that GD2 expression induces a growth factor
independent proliferative phenotype via the constitutive
activation of c-Met [15]. Nevertheless, ST8SIA1 alone is not
sufficient to induce GD2 accumulation and c-Met activa-
tion, as low expression of b3 Gal T4 is also required.
Altogether, these data indicate that the fine analysis of
ganglioside glycosyltransferase genes expression should
give new insights on proliferation capacity and tissue-
specific metastasis targeting of basal-subtype breast
cancer tumors.
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Schiffmann, S. Grösch, G. Geisslinger, U. Holtrich, T. Karn, M. Kaufmann,
Breast Cancer Res. Treat. 112 (2008) 41.
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