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1 RESUME 
 

1.1 Introduction 

 

1.1.1 Nodal est une protéine clef dans l’embryogenèse précoce 

 

Durant l’embryogenèse chez la souris, plusieurs étapes cruciales ont lieu pour façonner 

l’embryon et créer des lignées de tissus spécifiques. Après fertilisation, le zygote murin 

(cellule primordiale) se divise jusqu’au stade du blastocyste (environ 32 cellules). A ce stade, 

cet amas de cellules se compose de cellules et d’une cavité au centre. Adjacente à cette cavité, 

se loge la masse cellulaire interne (MCI) qui donne l’embryon proprement dit. Durant les 

prochaines divisions, l’expression de certains gènes se met en place pour définir les différents 

territoires de l’embryon. L’embryon se compose à la fin de la gastrulation d’un axe antéro-

postérieur (axe A/P). L’axe A/P constitue la première marque morphologique de l’embryon. 

Suite à cette première ébauche architecturale, les lignées primordiales de cellules sont 

établies: l’endoderme, le mésoderme et l’ectoderme. Ces trois lignées façonnent l’embryon. 

Tandis que les tissus extra-embryonnaires permettent une attache ainsi que des échanges 

nutritifs avec la mère.  

 

Tout au long de l’embryogenèse une connexion étroite entre les tissus embryonnaires et extra-

embryonnaires a lieu. Nous nous focaliserons ici sur les mécanismes de la partie 

embryonnaire. Une protéine est essentielle durant les stades précoces de l’embryogenèse: 

Nodal. Nodal fait partie de la super-famille des ligands nommés ‘Transforming growth 

factors-β’ (TGF-β) qui comporte trois familles principales : celle des ‘bone morphogenic 

factor’ (BMP), le sous-groupe des TGF-β per se et le groupe de l’Activin/Inhibin. La structure 

de Nodal étant très différente des autres membres de cette super-famille, on classe Nodal dans 

une quatrième catégorie à part entière.  

 

La voie de signalisation de Nodal est régulée par deux types de récepteurs à l’Activin : le 

récepteur de type I et celui de type II. L’activation du récepteur de type I par le récepteur de 

type II induit la phosphorylation d’effecteurs cytoplasmiques nommés Smad2 et Smad3. 

L’hétérodimère Smad2/4 ou Smad3/4 est ensuite transporté dans le noyau et induit la 
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régulation, positive ou négative, de différents gènes. Une inhibition peut de plus avoir lieu soit 

au niveau de l’activation du récepteur, soit de l’activité de l’hétérodimère. Cette régulation 

supplémentaire est effectuée par  un inhibiteur appelé Smad7 au niveau du récepteur et Smad6 

au niveau de l’inactivation de l’hétérodimère. 

 

1.1.2 Nodal a besoin d’être clivé et requiert la présence d’un corécepteur pour envoyer 

un signal le long de la voie Smad2/3 

 

Nodal est une protéine constituée d’un pro-domaine en N-terminal et d’un domaine mature en 

C-terminal. Un site de clivage ([RK]-X-X-[RK]) sépare ces deux domaines et permet à Nodal 

d’être pleinement actif le long de la voie de transduction Smad2/3. Les protéines qui coupent 

Nodal se nomment ‘subtilisin-like proprotein convertases’ (SPCs). Deux d’entre elles 

semblent jouer un rôle décisif pour l’activité de Nodal durant l’embryogenèse: Furin (ou 

SPC1) et Pace4 (ou SPC4). Etonnamment, il a été démontré que Nodal et ses convertases ne 

sont pas exprimées dans le même compartiment embryonnaire. Nodal est exprimé dans la 

partie embryonnaire tandis que ses convertases sont exprimées dans la partie extra-

embryonnaire. Nodal est cependant actif dans le compartiment où il est exprimé. Ce constat 

impose donc que se sont les convertases qui migrent dans le compartiment embryonnaire où 

Nodal se trouve et sera par la suite activé. Nodal est libérée sous forme de dimère dans le 

milieu extracellulaire. Mais la façon dont Nodal et les protéines qui  le coupe se rencontrent 

est encore hypothétique. 

 

Par ailleurs, Nodal a besoin d’un corécepteur, Cripto, pour intensifier un signal relayé par 

les Smads. Des homologues de Cripto ont été trouvés dans différentes espèces dont le 

zebrafish et le xénope. Cripto fait partie de la famille des ‘epidermal growth factor - 

Cripto1/FRL1/Cryptic’ (EGF-CFC) protéines. Le CFC domaine est riche en cystéines. Le 

domaine C-terminal de cette protéine est composé d’un site d’ancrage aux membranes. Cette 

amarre se nomme ‘glycosylphosphatidylinositol (GPI) anchor’. Par son ancrage à la 

membrane ce type de protéine accède à certains types de microdomaines présents sur la 

membrane cellulaire. Il a en effet été montré que les protéines ayant ce site d’amarrage sont 

capables d’accéder à des domaines riches en cholestérol et glycosphingolipides. Par la 

composition élevée en lipides saturés, ces domaines sont résistants à certains types de 

détergents (ex. Triton X-100). Sur la base de cette propriété, une technique de fractionnement 



 9 

cellulaire a été mise au point. Cette technique permet de séparer les domaines constitués 

essentiellement de ces lipides, nommés‘rafts’ ou radeaux, et les domaines pauvres en lipides.  

 

1.1.3 Différentes voies d’internalisation permettent l’induction d’un signal 

 

Pour envoyer un signal dans la cellule, non seulement certaines protéines doivent se situer 

dans des tissus particuliers, mais aussi certaines protéines doivent être internalisées par des 

domaines membranaires spécifiques et compétents pour l’induction de leur type de signal. La 

voie de signalisation utilisée par le sous-groupe des TGFβs est marquée par la présence de 

Clathrin sur ces organelles. La Clathrin crée un manteau en forme de nid d’abeille autour de la 

vésicule qui la rend facilement reconnaissable par microscopie électronique. Ces organelles 

entourées de Clathrin se nomment ‘clathrin coated vesicles (CCV)’. Ce compartiment est 

connu pour sa capacité à induire un signal depuis ses vésicules. Au fil du temps, ces 

organelles vont se modifier et changer leurs caractéristiques allant de l’induction d’un signal à 

la dégradation. Dans cette voie d’endocytose, différents marqueurs permettent de visualiser 

les étapes de maturation vésiculaire à l’intérieur de la cellule. Ces marqueurs sont appelés les 

Rabs. Ces petites GTPases sont liés au côté cytoplasmique des membranes. Dans la 

progression de l’internalisation protéique, Rab5 est le premier marqueur. Rab5 se trouve à la 

membrane plasmique ainsi que sur les endosomes précoces. Par la suite, Rab4 marque le 

compartiment endosomal qui trie et recycle les protéines. Les protéines qui ne sont pas 

recyclées et renvoyées à la membrane plasmique progresseront dans les endosomes tardifs 

marqués par Rab7 pour finir le chemin dans les lysosomes où elles seront dégradées. 

 

Lorsque les récepteurs des TGF-β sont destinés d’office à être dégradé par la cellule cible  

(sans même y produire un signal), les récepteurs suivent une autre voie. Cette internalisation 

membranaire est dotée de vésicules marquées par la Caveolin. Cette protéine forme un 

crochet dans la couche cytoplasmique de la membrane plasmique et permet à la membrane de 

s’invaginer formant par la suite une vésicule nommée caveolae. Une troisième voie de 

signalisation est caractérisée par son indépendance à la Clathrin et à la Caveolin. Cette voie 

est la moins connue et encore mal caractérisée. Elle semble contenir plusieurs sous-types 

d’internalisation définis par la présence de certains effecteurs. Cdc42 et Arf6 sont deux 

marqueurs qui définissent des compartiments riches en protéines comprenant un ancrage GPI. 

Cette voie se nomme ‘GPI-APs enriched endosomal compartment’ (GEECs) dans le cas de 
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Cdc42. Arf6 défini un nouveau compartiment tubulaire permettant aux protéines qui s’y 

trouvent d’être recyclée à la membrane plasmique. La formation de ces deux types de 

vésicules est dépendante de la Dynamin tandis que d’autre comme, la voie des GTPases Rho 

(une autre sous catégorie de vésicules Clathrin et Caveolin négative), ne l’est pas. De par leur 

récente découverte, ces types d’internalisation sont encore mal définis. Par ailleurs, les voies 

de signalisation qui ont été caractérisées jusqu’à présent semblaient ne pas être 

interconnectées. Il se trouve que récemment une connexion entre les caveolae et les 

endosomes précoces a été établie. Cette découverte suggère que le système d’internalisation 

est plus complexe que la vision linéaire émise au départ. 

 

 

1.2 Résultats 

 

Nodal est une protéine d’intérêt non seulement pour son rôle déterminant dans 

l’embryogenèse, mais aussi pour ses particularités biochimiques. La production d’un signal 

dépendant de Nodal semble être étroitement régulée. En effet, cette protéine semble être très 

instable une fois qu’elle est clivée et le processus de dégradation semble être très rapide. Le 

temps de demi-vie de la protéine active semble donc être très court. Lors de ce travail de 

doctorat, nous avons porté un accent particulier aux types de modifications présentes sur le 

précurseur de Nodal, à la localisation intracellulaire de la protéine et au rôle de son 

corécepteur Cripto.  

 

NB : Pour des raisons encore peu claires, il est difficile d’exprimer la protéine Nodal dans des 

cellules. Nous travaillons essentiellement avec deux types de cellules capables d’exprimer 

Nodal : les cellules 293T et Cos1. Les cellules humaines 293T sont riches en SPCs. Tandis 

que les cellules de singe Cos1 sont fortement dépourvues de SPCs. Les cellules Cos1 sont 

plus grandes et nous permettent de mieux voir où se trouve notre protéine.  

 

1.2.1 Nodal est une glycoprotéine qui ne passe pas par le Trans Golgi pour arriver à la 

membrane plasmique 

 

Nodal est une glycoprotéine. Une glycoprotéine est synthétisée dans le reticulum 

endoplasmique (ER), puis acquière des modifications le long de son parcours depuis le ER 
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jusqu’au Trans Golgi. Chaque étape apporte des modifications spécifiques aux chaînes 

glycosylées. Nous nous sommes intéressés de prime abord à la nature de ses hydrates de 

carbone. Nous nous sommes aperçus que dans des extraits du milieu de conditionnement ou 

dans le lysat cellulaire, Nodal n’avait pas acquis les modifications terminales du Tans Golgi. 

Après traitement avec l’endoglysolidase-H et la N-glycosilase-F, la taille détectée de Nodal 

était en effet de plus petit poids moléculaire. Ces enzymes ont le même effet sur Cripto. 

Lorsque la localisation de Nodal et Cripto est examinée par immuno-fluorescence dans des 

cellules Cos1, Nodal et Cripto sont fortement localisés dans le ER. Cette localisation peu 

commune pourrait être due au fait que la surexpression de nos protéines crée une surcharge du 

système de production protéique et sature le ER. Cependant le fait que même les protéines 

secrétées sont sensibles à la N-glycosilase-F et la endoglysolidaseH semble indiquer qu’un 

autre mode de sécrétion est probable pour Nodal et Cripto.  

 

Nous avons donc analysé nos données sous un autre angle. La brefeldin A (BFA) fusionne le 

ER avec l’appareil du Cis Golgi. Cette substance désorganise la topologie du Golgi et sa 

fonction. Le Cis et leTrans Golgi sont physiquement déconnectés. La BFA empêche donc les 

protéines d’acquérir leurs sucres terminaux dans le Trans Golgi. Nous avons analysé si Cripto 

et Nodal changent leur localisation membranaire en présence ou absence de cette drogue. La 

BFA n’a aucun effet sur la localisation de Cripto et de Nodal. Cripto est toujours présent à la 

membrane plasmique même après traitement à la BFA. Ceci est aussi le cas de Nodal.  

 

Pour tester l’efficacité de cette drogue, nous avons utilisé un mutant de Cripto auquel il 

manque l’ancrage GPI en C-terminal. Ce mutant n’est donc pas attaché aux membranes et est 

fortement secrété dans le milieu extra-cellulaire. En présence de cette drogue, Cripto∆GPI 

n’est plus détecté à la membrane plasmique. Il semble donc que cette mutation affecte le 

transport non-conventionnel de Cripto à la surface cellulaire. L’attache membranaire GPI 

permet soit l’ancrage de Cripto dans des domaines membranaires spécifiques qui ne transitent 

pas par le Golgi ou la liaison à une ou d’autres molécules qui permettent à Cripto de dévier sa 

route en excluant un passage, normalement obligé pour les protéines sécrétées, par le Golgi. 

De plus, comme Nodal et Cripto semblent être affectés de la même manière par ce traitement, 

il est tentant de suggérer que leur sécrétion se fait ensemble et que le rôle de Cripto est de 

localiser Nodal dans des domaines spécifiques bien avant son apparition à la membrane 

plasmique. Nous avons donc testé si Nodal se localise à la membrane plasmique de la même 
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manière en présence et absence de Cripto. Cripto n’a aucun effet sur la présence de Nodal à la 

membrane plasmique. Il semble donc que la sécrétion de Nodal est indépendante de Cripto. 

 

Exactement comment Nodal atteint la surface cellulaire n’est cependant pas encore résolu. 

Nodal est sécrété sous forme de précurseur. Nodal se compose d’un prodomaine de 27kD 

tandis que le domaine mature de Nodal ne fait que 12kD. Vu la taille du prodomaine, on 

pourrait s’attendre à ce qu’il ait un rôle dans la sécrétion. Cependant, le prodomaine semble 

différent dans son mode de sécrétion tandis que le domaine mature de Nodal a des propriétés 

similaires au précurseur. Il se pourrait donc que le domaine mature de Nodal soit responsable 

de sa sécrétion non-conventionnelle. 

 

1.2.2 Cripto permet à Nodal d’accéder à des domaines membranaires propices pour 

l’activation du ligand  

 

Le rôle de Cripto en tant que corécepteur n’étant pas encore clairement défini, nous nous 

sommes ensuite intéressé à l’interaction entre Nodal et son corécepteur Cripto. En effet, le fait 

que Nodal requière Cripto pour transmettre un signal le long de la voie des Smad est déjà un 

fait établi. Par contre, la nature de l’interaction entre Nodal et Cripto et le mécanisme sont 

encore à définir. Nodal est formé d’une partie N-terminale étant le prodomaine et d’une partie 

C-terminale étant le domaine mature capable d’induire un signal en présence de Cripto. Après 

co-immunoprécipitation, nous avons pu observer que toutes les formes de Nodal sont capables 

de se lier à Cripto. Cette expérience suggère que déjà avant son clivage, Nodal peut se lier à 

son corécepteur Cripto. Cette expérience nous laisse supposer que Cripto ne joue pas un rôle 

seulement dans l’activité de Nodal.  

 

Nous avons donc regardé quelle était l’influence de Cripto sur Nodal dans sa localisation à la 

membrane plasmique. En présence de Cripto, seule la forme de Nodal résistante au clivage est 

alors stabilisée à la surface cellulaire. Ceci suggère que non seulement Cripto est requis pour 

la stabilisation de Nodal à la membrane plasmique mais que dès que la protéine est clivée, 

Nodal est balayé de la surface cellulaire. Ces résultats sont en accord avec nos anciennes 

données sur la stabilité du domaine mature de Nodal. Il serait donc plausible que Cripto 

présente Nodal aux protéases permettant la maturation de Nodal ainsi que l’induction de son 

signal. Une relation entre Cripto et les convertases clivant Nodal n’a à ce jour pas été établie. 

Utilisant la technique d’immuno-précipitation, nous avons pu identifier la présence d’une 
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liaison entre Cripto et Furin ainsi qu’entre Cripto et Pace4. Cette liaison suggère que Cripto 

non seulement présente Nodal a la surface cellulaire mais que Cripto sert aussi d’amarrage 

aux enzymes permettant la maturation et l’activité de Nodal. Il est donc possible que le 

corécepteur Cripto facilite l’interaction entre Nodal et ses convertases. 

 

 

Nous nous sommes ensuite penchés sur la formation du complexe entre le ligand, le 

corécepteur et les protéases. Le fait que Nodal et les enzymes qui le coupent ne soient pas 

exprimés dans le même compartiment embryonnaire suggère que Nodal rencontre ses 

convertases après leur libération dans le milieu extracellulaire. Pour mieux s’accorder au 

modèle embryonnaire, nous avons procéder à un mélange de cellules contenant les protéases 

et d’autres pourvues du ligand, du corécepteur et les facteurs de transcription. Le même degré 

d’activation est produit lorsque les protéases rencontrent Nodal dans la même population 

cellulaire ou dans des cellules différentes. Le fait que Nodal ne rencontre ses protéines 

activatrices qu’une fois arrivé à la membrane cellulaire ne semble donc avoir aucun effet sur 

son niveau d’activation. Nous nous sommes intéressés en détail à la détection d’un complexe 

ligand/corécepteur/protéase. Après fixation des liaisons protéiques à la surface cellulaire, nous 

avons identifié le complexe formé par le précurseur de Nodal, Furin et Cripto à la surface 

cellulaire. Cripto semble donc jouer un rôle de pilier d’activation pour son ligand Nodal. 

Cependant, le lieu de cette activation n’est pas encore défini. 

 

Nous nous sommes ensuite intéressés au compartiment de signalisation de Nodal. Plus 

précisément, dans quels domaines membranaires Cripto pourrait induire la formation d’un 

complexe avec ses protéases et ses récepteurs. La technique de fractionnement cellulaire 

permet d’identifier des domaines riches et pauvres en lipides. Après fractionnement de lysat 

cellulaire, Nodal était détecté dans la fraction riche en lipides uniquement en présence de 

Cripto.  Nous avons donc continué à caractériser ces domaines en utilisant différents types de 

marqueurs d’endocytose. Récemment, une nouvelle voie d’endocytose a été identifiée. Elle 

est caractérisée par une composition lipidique élevée comme les ‘rafts’, un mouvement rapide 

de ses vésicules et la présence de Flotillin1. La Flotillin est aussi une protéine induisant une 

invagination membranaire comme la Caveolin. Pour ce faire, nous avons procédé à 

l’adjonction d’anticorps correspondant à notre protéine d’intérêt pendant 5min ou 10min dans 

le milieu de culture cellulaire à 37°C. Cette méthode nommée ‘uptake experiment’ en anglais 

est couramment utilisée dans le domaine de l’endocytose. Alors que la colocalisation entre la 
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Caveolin et Nodal est faible et peu affectée par la présence ou l’absence de Cripto, Nodal est 

fortement colocalisé avec la Flotillin en présence de Cripto. Cette colocalisation s’accentue 

entre 5 et 10 min d’internalisation pour atteindre ~30%. Etant donné la localisation de Nodal 

dans les ‘rafts’ en présence de Cripto, nous avons supposé que ces domaines pourraient avoir 

un rôle dans la signalisation de Nodal.  

 

La Flotillin, tout comme la Caveolin, sont des protéines qui peuvent être modifiées. Par 

exemple, ces deux protéines sont modifiées par un groupement palmitique. Cette modification 

est une adjonction lipidique à la protéine. Certaines drogues inhibent les étapes nécessaires 

aux modifications. Dans ce cas présent, le 2 bromo-palmitate (2BP) inhibe la palmitoylation 

des protéines. Nous avons donc regardé la réaction de Nodal en présence de cette drogue. 

Premièrement, Nodal n’est plus capable d’induire un signal. De plus, Nodal reste bloqué à la 

membrane plasmique. En effet, en présence du 2BP, la forme précurseur reste non clivée et 

s’accumule dans le milieu extracellulaire même en présence des protéases. Ce résultat suggère 

que ces domaines sont déterminants pour le clivage de Nodal et forment un environnement 

adéquat au complexe (ligand/corécepteur/protéase) qui permet l’induction de son signal. 

 

1.2.3 Cripto localise Nodal à la membrane périphérique des endosomes 

 

En présence de Cripto, Nodal est capable d’induire fortement un signal grâce au récepteur de 

type I Alk4. Ce récepteur a besoin de SARA (Smad Anchor Receptor Activator), une protéine 

qui aide à la localisation et l’activation des effecteurs Smad à proximité du récepteur. Cette 

protéine est localisée à la membrane plasmique mais n’est active qu’à la surface d’endosomes. 

Il a déjà été démontré que les TGF-β sont  internalisés par la voie dépendante à la Clathrin. 

De plus, une récente étude a démontré un lien entre les domaines positifs à la Flotillin et la 

voie classique des endosomes positifs pour Rab5 et Rab4. Notre attention s’est portée sur la 

présence ou non de Nodal dans les compartiments à des stades d’endocytose plus tardifs. 

Nous avons cette fois-ci procédé à l’adjonction pendant 40min d’anticorps correspondant à 

notre protéine d’intérêt. En absence de Cripto, Nodal est internalisé dans des vésicules 

internes aux endosomes. Ce type d’organelle se nomme un endosome multivésiculaire (ou 

multivesicular endosome (MVE) en anglais). La fonction de ces structures est déjà bien 

caractérisée.  L’internalisation de protéines est suivie de leur dégradation après maturation de 

l’organelle en lysosomes. Etonnement, en présence de son corécepteur, Nodal est localisé sur 
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la membrane externe de l’endosome. Il semble que la présence de Cripto agrandit la taille des 

vésicules endosomales. Le rôle de Cripto serait donc d’empêcher l’invagination membranaire 

et donc l’internalisation de Nodal. La protéine Nodal serait donc stabilisée à la surface des 

endosomes et son signal serait prolongé dans les domaines adéquats à sa transmission.  

Contrairement à Nodal, l’Activin n’a pas besoin de Cripto pour se lier au recepteur Alk4 et 

induire un signal dans la voie des Smads. Nous avons donc regardé où était localisé l’Activin 

en absence de Cripto. Nous avons pu en effet voir que l’Activin est localisé à la périphérie des 

vésicules Rab4 même en l’absence de Cripto.  

 

Par ailleurs, nous avons examiné certaines mutations chez Cripto et regardé si la localisation 

de Nodal était toujours sur le bord des vésicules. Nous avons testé des mutations provoquant 

une perte de fonction de Cripto. Toutes ces mutations ont déjà été testées in vivo et  

empêchent l’activité de Nodal. En accord avec ces résultats, la localisation de Nodal sur les 

membranes externes des endosomes était radicalement réduite en présence de ces mutants. En 

effet, Nodal se retrouvent séquestré à l’intérieur des vésicules en présence de ces différents 

mutants de Cripto. Pour quantifier l’effet de Cripto sur la localisation de Nodal, la distribution 

moyenne d’anticorps internalisé fût calculée en mesurant la plus courte distance du centre du 

marquage intra-vésiculaire jusqu’au pourtour de la vésicule. En moyenne, Cripto réduit la 

distance de Nodal au pourtour membranaire d’un facteur de 3.2. Après normalisation en 

tenant compte de la taille de l’endosome, ce facteur s’accentue et devient 4.2. 

 

 

1.3 Conclusion  

 

Nodal est une protéine essentielle à l’embryogenèse, plus particulièrement à la gastrulation. 

Pour effectuer un signal relayé par les effecteurs Smad2 et Smad3, Nodal doit s’assembler 

avec un corécepteur nommé Cripto. Cependant, Nodal est capable de se lier à ses récepteurs 

de type I et II en absence de Cripto. Notre étude s’est donc portée sur le mode de 

fonctionnement au niveau moléculaire du corécepteur Cripto. En effet, nos résultats ont 

démontré que Cripto a un rôle de stabilisation du ligand Nodal à la surface cellulaire, de 

formation du complexe ligand/corécepteur/récepteur, de localisation du complexe dans les 

domaines membranaires compétents pour l’induction d’un signal via Smad2. De plus, Cripto 
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est capable de localiser Nodal sur la membrane externe d’endosome et potentialise ainsi le 

signal induit par Nodal. 

 

Nous avons pu en effet démontrer que Nodal et Cripto n’étaient pas sécrétés pas la voie 

conventionnelle ER-Golgi-membrane plasmique, mais que le ligand et le corécepteur 

cheminent directement du reticulum endoplasmique à la membrane plasmique. Ce type de 

sécrétion est encore mal connu, mais il semble que d’autres protéines ont la même capacité. 

Par exemple, le complexe majeur d’histocompatibilité suit une voie phagocytique similaire 

pour la présentation à la surface cellulaire d’antigène exogène. De plus dans l’adhésion axo-

gliale, le complexe GPI-linked F3/Contactin et Caspr/Paranodin est insensible à la brefeldinA. 

Ce complexe est essentiel à la formation d’une jonction fonctionnelle aux paranodes se 

trouvant sur les axons. Dans le cas de Nodal, ce raccourci pourrait être possible grâce à une 

propriété du domaine mature de Nodal.   

 

Nous avons ensuite défini le type de domaine membranaire sur lequel la formation du 

complexe ligand/corécepteur/protéase à lieu. Cripto semble rediriger Nodal dans des 

domaines riches en lipides. Nous avons pu identifier ces domaines comme étant des domaines 

marqués pas la protéine Flotillin. Il semble que ces sites spécifiques permettent le clivage de 

Nodal et la transmission du signal. En effet, en empêchant les modifications portées par la 

Flotillin d’avoir lieu, nous avons stabilisé le précurseur même en présence de protéases et 

anéanti l’activité de Nodal. Ce résultat s’inscrit dans le contexte de l’ ‘epidermal growth 

factor’ (EGF). EGF est internalisé dans des voies différentes lorsqu’il est en forte ou faible 

concentration. Il semble donc probable que ce facteur de croissance ne produise pas le même 

signal suivant les domaines auxquels il est lié. 

 

Nous avons démontré que Cripto et la liaison de Nodal à Cripto permettent la stabilisation du 

ligand sur la membrane externe des endosomes. Le ligand est maintenu sur la membrane 

vésiculaire et peut donc perpétuer son signal via la machinerie nécessaire à la production du 

signal. Il a en effet été démontré que SARA doit se trouver sur la membrane d’endosome pour 

pouvoir activement présenter Smad2 au récepteur. Par ailleurs, l’Activin est présente sur la 

membrane externe de ces mêmes vésicules même en absence de Cripto. Cette observation est 

en accord avec le fait que le signal induit par l’Activin ne nécessite pas Cripto. Cette idée de 

prolongation du temps de résidence à la périphérie membranaire est directement liée à une 

étude sur les récepteurs à l’Activin. Cette étude montre que le nombre de récepteurs ainsi que 
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leur temps d’activité à l’intérieur de la cellule détermine la durée du signal émit par le ligand. 

Et de ce fait, la durée du signal établit la réponse cellulaire ou plus concrètement quels gènes 

vont être exprimés. Récemment, la réponse au signal donné par Nodal a été expérimentée 

chez le zebrafish. Cette étude a montré que les cellule-cibles génèrent un signal en fonction de 

la dose maximale reçue durant une période donnée. La question qui reste maintenant à savoir 

est comment Cripto stabilise-t-il Nodal sur les membranes des endosomes. Deux hypothèses 

sont plausibles. Soit Cripto est capable d’interagir avec certaines molécules capables de 

modifier les propriétés membranaires (ex. invagination de membrane), soit Cripto séquestre 

Nodal dans des domaines membranaires portant le ligand hors d’atteinte de la machinerie de 

dégradation.   

 

 

1.4 Activité de Nodal : un lien entre le développement et le cancer 

 

Le fonctionnement des TGF-βs est complexe. Les TGF-βs sont sécrétés comme précurseur 

latent. Après clivage, le domaine mature de la protéine produit aussitôt un signal qui doit donc 

être sévèrement régulé. En effet, il semble qu’à faibles doses, Nodal est capable de contrôler 

le cycle cellulaire et la maintenance de l’information génétique. Par contre, lorsque 

l’expression de Nodal est ectopique, Nodal induit une réponse cellulaire aberrante. Il a été 

récemment démontré qu’une expression de Nodal était corrélée à une augmentation de 

l’agressivité des mélanomes. Nodal est impliqué non seulement dans le patterning de 

l’embryon, mais une surexpression menant à une activité anormale induit la formation de 

métastases. De plus en plus, l’établissement d’une relation entre une prolifération régulée (ex. 

la formation d’un embryon) et une prolifération incontrôlée (ex. la formation d’une masse 

cancéreuse) nous permet de mieux comprendre les mécanismes impliqués. En étudiant les 

voies de signalisation essentielles au développement embryonnaire, nous pourrons ensuite 

faire la comparaison avec le cancer et peut-être appliquer une thérapie adéquate pour 

empêcher la prolifération de cellules malignes.  

 

 

 

NB : Pour de plus amples détails expérimentaux, illustrations, références et points techniques, 

veuillez vous référer au texte en anglais. 
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2 Abbreviation list 
 

 

AP:   adaptor protein 

A/P axis:  antero-posterior axis 

AVE:   anterior visceral enodoerm 

BFA:  brefeldin A 

BMP:  bone morphogenetic proteins 

2BP:  2-bromo-palmitate 

CMK:  chloromethylcetone 

CCV:   clatherin coated vesicles (also called: clathrin coated pits) 

Dally:  Division abnormally delayed 

Dly:  Dally-like 

dpc:   days post coitum 

DRMs:  detergent-resistant membranes 

DVE:   distal visceral endoderm 

ECM:   extracellular matrix 

EC:  ectoplacental cone 

ECV:   endosomal carrier vesicles 

EMT:   epithelial-mesenchymal transition  

ER:  endoplasmic reticulum 

ESCRT:  endosomal sorting complex required for transport 

ExE:  extraembryonic ectoderm 

GAG:  glycosaminoglycan 

GEEC:  GPI-anchored protein enriched endosomal compartment 

GDF:  growth and differentiation factors 

GDNF: glial-cell-derived neurotrophic factor 

GFP:  green fluorescent protein 

GPI:  glycosylphosphatidylinositol  

GPI-AP: glycosylphosphatidylinositol-anchored protein 

Hh:  Hedgehog 

HSPG:  heparin sulphate proteoglycan 

ICM:   inner cell mass 

LPM:  lateral plate mesoderm 

LSE:  left-side specific enhancer 

MVB:  multivesiclular body 

MVE:  multivesicular endosome 

P/D axis: proximo-distal axis 

PrE:  primitive endoderm 

PS:  primitive streak 

SARA: Smad anchor for receptor activation  

Smurf:  Smad ubiquitination regulatory factor 

SPC:  subtilisin-like proprotein convertase 

TE:  trophectoderm 

TGF-β: transforming growth factor-β 

TGN:  Trans Golgi network 

Ub:  ubiquitin 

VE:  visceral endoderm 

Wg:  Wingless 



 20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 21 

3 SUMMARY 
 

 

The transforming growth factor (TGF) β family member Nodal plays important roles in 

embryo patterning and establishment of the body plan during gastrulation. Nodal is secreted 

as a precursor protein, which is then proteolytically cleaved by members of the subtilisin-like 

proprotein convertase (SPCs) family (Beck et al., 2002). It has been shown that Nodal can act 

across several cell diameters and, together with the glycosylphosphatidylinositol (GPI)- 

anchored protein Cripto, Nodal coordinates multiple cell fate decisions (Xu et al., 1999), 

(Chen and Schier, 2001).  

 

In Drosophila, it has been shown that Dally and Dally-like, two coreceptors for Dpp, are 

required for Dpp transport (Fujise et al., 2003; Belenkaya et al., 2004). Similar to Dally and 

Dally-like, Cripto is anchored to the outer leaflet of the plasma membrane via a GPI anchor. 

With the help of the GPI-anchored Cripto or Cryptic, Nodal forms a complex with Activin 

receptors that are activated. The aim of this project was to elucidate the cellular mechanisms, 

which regulate Nodal signalling and trafficking. 

 

Nodal signalling is regulated by the rate of precursor cleavage and rapid turnover of the 

mature protein (Le Good et al., 2005). Current models in the existing literature suggest that 

Nodal is recruited by Cripto to the plasma membrane, after cleavage by the SPCs, and that 

Cripto-binding is necessary to stimulate Nodal receptors. To elucidate the underlying 

mechanism in more detail, we investigated whether Cripto regulates the proteolytic 

maturation and/or trafficking of Nodal precursor protein. We show that Cripto captures Nodal 

already during secretion, partly via the propeptide, and assembles a processing complex with 

the proprotein convertases Furin at the cell surface. We also studied whether Cripto stabilises 

Nodal precursor on the plasma membrane and recruits the proproteins convertases to specific 

membrane domains favourable for signal transduction. Indeed, data suggest that Cripto 

mediates uptake of mature Nodal via a non-clathrin, non-caveolar pathway to early 

endosomes. In addition, Cripto tethers Nodal to the limiting membrane of endosome where 

the signalling machinery is present. Our results suggest that Cripto is a receptor for proprotein 

convertases which couples Nodal processing and signalling in cells.  
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4 INTRODUCTION 

 

4.1 Establishment of the basic body plan during gastrulation 

 

Following fertilisation, a set of mitotic division evolves determinants of the zygote. Smaller 

daughter cells, termed blastomers, are formed. After a set of divisions, the embryo is 

composed of 8 cells enclosed in a layer of glycoproteins (the zona pellucida). Then a unique 

feature in the mammalian phylum occurs: compaction. In this process, cells rearrange spaces 

between them. At the 16 cell stage, the morula is made of two layers, an inner and an external 

layer. The outer blastomers of the morula develop tight junctions that seal off the inside of the 

sphere and divide the plasma membrane into apical and basolateral domains (Fleming and 

Pickering, 1985; Pratt et al., 1982). The descendents of the external cells become 

trophectoderm (TE) cells (Johnson and Ziomek, 1981). Cells from this population will form 

extraembryonic structures (chorion, placenta), and do not contribute to the embryonic tissues 

(Papaioannou, 1982; Searle et al., 1976). The inner cells generate the inner cell mass (ICM), 

which will mainly give rise to the embryo and the placenta. By 3.0 days post coitum (dpc), the 

polarised outer trophoblast cells pump fluid into the morula to create a cavity called 

blastocoel. Meanwhile, inner cells break their contacts with outer cells and are pushed to one 

side by the liquid pressure (reviewed in Pelton et al., 1998). These cell movements will result 

in the formation of a cell mass filled with fluid. At the preimplantation stage, the mammalian 

embryo is called blastocyst (Fig. 1) (Pedersen and Spindle, 1980). By 4.5 dpc, the primitive 

endoderm (PrE), a second extraembryonic lineage, appears on the surface of the ICM that 

faces the blastocoelic cavity. Shortly after, some cells from the PrE detach from the ICM and 

acquire epithelial character. Some associate with the ICM to become embryonic visceral 

endoderm (VE) while others associate with the extraembryonic ectoderm becoming the 

extraembryonic visceral endoderm (reviewed in Zernicka-Goetz, 2002).  

 

The VE is an extraembryonic endoderm component that derives from the primitive endoderm. 

Once these extraembryonic lineages have been set aside, the remainder of the ICM 

proliferates and, under the influence of signals from the VE, undergoes a process of cavitation 

to form a cup-shaped structure composed of an ‘outer’ layer of visceral endoderm and an 

‘inner’ layer of ectoderm surrounding the proamniotic cavity. This so-called egg cylinder is a 

result of the cavitation process, and its cylindrical morphology is a characteristic of rodent 
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embryos. The primitive ectoderm, also known as epiblast, gives rise to the fetus, amnion, the 

allantois and the extraembryonic mesoderm. The proximal portion of the egg cylinder 

comprises the extraembryonic ectoderm (ExE), a derivative of polar TE cells (Fig. 1). The 

ExE gives rise to the chorionic component of the placenta, which provides the vascular 

interface with the mother and the embryo for nutrient and gas exchange. It also forms the 

ectoplacental cone (ec), which invades the uterus during the nidation process to connect the 

embryo to the mother (reviewed in Lu et al., 2001).  

 

 

 

 

 

Figure 1. Cellular organisation from the zygote to the blastocyst 
In the zygote, the female and male pronuclei are labelled red and blue respectively in addition to the second 

polar body (PB). Pronuclei fuse and the first cell further divides. At the 8-cell stage the cells are called 

blastomeres. They are initially round, but then they flatten at the compaction stage and undergo apical–basal 

polarization (shown by blue to yellow gradient). However, at the morula stage (16 cells), the embryo consists of 

inside (light yellow) and outside cells (light blue). At the blastocyst stage, inner cells form the inner cell mass 

(yellow), which is surrounded by polar TE (light blue) whereas the mural TE (darker blue) surrounds the cavity. 

Source: Zernicka-Goetz, 2002. 

 

 

 

After day 5.5 dpc, the primary body axis is specified by signals from distal VE (DVE) cells. 

Labelling with a lipophilic dye in culture showed that DVE cells move to one side of the 

epiblast, which thus becomes defined as anterior (Thomas and Beddington, 1996). The 

conversion of proximo-distal (P/D) to antero-posterior (A/P) polarity which is associated with 

the anterior movement of the DVE thus already occurs before gastrulation (Fig. 2). At this 

stage the DVE cells migrate asymmetrically towards the prospective anterior side of the egg 

cylinder to form the anterior VE (AVE) (see below) (reviewed in Beddington and Robertson, 

1998).  
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Figure 2. Formation of the primitive streak leads to the establishment of the antero-posterior axis  
During gastrulation (6.0–7.5 days post coitum (dpc)) cells at posterior pole of the egg cylinder are induced to 

form the PS. The different cell types of the epiblast (blue), embryonic visceral endoderm (yellow), 

extraembryonic visceral endoderm (green) and extraembryonic ectoderm (grey) are shown. The PS is first 

evident at 6.5 dpc. This structure defines the A/P axis. Its formation is associated with the delamination of 

mesoderm (red) at the embryonic–extraembryonic junction. The site of streak formation defines the posterior 

margin of the embryo. The streak elongates to the tip of the cylinder. Source: Beddington and Robertson, 1998. 

 

 

Gastrulation occurs in all animals. During this process, the epiblast is converted into three 

primary germ layers: ectoderm, mesoderm and definitive endoderm. In the mouse, this critical 

step begins at 6.5 dpc, when cells along the proximal rim of the epiblast start to ingress to 

form a transient embryonic structure termed primitive streak (PS) (reviewed in Bellairs, 

1986). The PS marks the prospective posterior pole of the embryo and constitutes the first 

morphological sign of the A/P polarity within the embryo proper. Cells entering the PS 

undergo an epithelial-mesenchymal transition (EMT) (reviewed in Thiery and Sleeman, 

2006). In this process, epiblast cells loose their polarised epithelial morphology, loose cell-

cell contacts and undergo a massive cytoskeletal reorganisation to become motile 

mesenchyme cells. Mesenchymal cells detach from the PS and spread distally and anteriorly 

as a layer of cells between the epiblast and the visceral endoderm. By 7.5 dpc, a complete 

layer of mesoderm is formed between the ectoderm and the endoderm (Tam and Beddington, 

1987).  
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By mid-streak stage, precursors of the definitive endoderm delaminate from the anterior PS 

and intercalate with the visceral endoderm cells. Definitive endoderm cells rapidly proliferate 

and spread so that by the end of gastrulation, they almost completely replace visceral 

endoderm cells. In addition, the epiblast cells outside the PS progressively differentiate into 

ectoderm cells. By then, the three first cell lineages (endoderm, mesoderm and ectoderm) are 

established (reviewed in Lu et al., 2001). The future lineages issued from the two first groups 

of cells give rise to differentiated cell types of the embryo itself and extraembryonic structures 

(Fig. 3). Growth factors, such as transforming growth factor β (TGF-β), play key roles in 

these processes. 

 

 

 

 

Figure 3. The fate of ICM and trophectoderm cells  
At the morula stage, cells in the outer layer of the cellular mass become the TE. Further on, these cells form the 

extraembryonic ectoderm (ExE) and ectoplacental cone (ec) that make part of the placenta. Cells on the inside 

express genes that are characteristic of pluripotent cells and form the inner cell mass (ICM) of the blastocyst, 

from which the epiblast derives. The ICM gives rise to the primitive endoderm, which produces the visceral 

endoderm lining the extraembryonic yolk sac. The epiblast consists of a population of pluripotent cells from 

which all the fetal tissues will form (endoderm, mesoderm, ectoderm). In addition, the epiblast forms 

extraembryonic structures such as the extraembryonic mesoderm of the yolk sac, the allantois and the amnion. 

Cells that are allocated to the mesoderm are distributed to four main tissue compartments: the axial mesoderm 

(notochord); the paraxial mesoderm, which forms the somites and subsequently the vertebral column and skeletal 

muscle; the lateral plate mesoderm (circulatory system and gut wall); and the extraembryonic mesoderm (yolk 

sac vasculature and blood). The definitive endoderm forms the epithelium of the gut tube, lungs and organs 

including the liver, pancreas and thyroid. Source: Tam and Loebel, 2007. 
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4.2 Proteins of the TGF-β superfamily share similar protein sequences in 

their C-terminal domains 

 

The TGF-β superfamily has attracted much attention because of their ability, from nematodes 

to mammals, to control multiple cellular functions required for embryonic development and 

adult tissue homeostasis (reviewed in Massague and Wotton, 2000). Indeed, TGF-βs are 

probably the most ancestral active cytokines characterised at the molecular level in both 

Protostome and Deuterostome lineage (reviewed in Massague et al., 1987). The initial 

discovery of Decapentaplegic (Dpp) in Drosophila melanogaster stressed the early origin of 

this superfamily (Padgett et al., 1987). The largest subfamily of TGF-β comprises widely 

distributed members within the animal kingdom (Fig. 4). Bone morphogenetic proteins 

(BMPs) can be divided in two main groups which show approximately 50% identity: the 

BMP2/4 group and the BMP5-8 group. On the basis of conserved structural features and 

sequence homologies, the TGF-β members are subdivided into different TGF-β isoforms. In 

addition, two smaller groups are attached to this family: the activin/inhibin group and Nodal 

related-proteins (reviewed in Heldin et al., 1997). 

 

4.2.1 The BMP group 

BMPs were originally discovered for their ability to induce bone formation (Wozney et al., 

1988). In mammals, over 15 BMPs have been isolated. BMPs are involved in numerous early 

to late developmental events such as dorsoventral pattern formation, mesoderm induction, 

tissue and organ development as well as limb formation (reviewed in Hogan, 1996). BMPs 

can be further divided in two groups which show approximately 50% identity: BMP2/4 and 

BMPs5-8. The BMP2/4 group includes the first described invertebrate BMP, Dpp (Wozney et 

al., 1988). These proteins are key regulators of dorso-ventrsl axis specifications form 

vertebrates to insects (reviewed in Lemaire and Yasuo, 1998). 

 

4.2.2 The TGF-β group 

TGF-β subfamily members are pleiotropic multifunctional proteins (reviewed in Keah and 

Hearn, 2005). Five isoforms have been characterised in higher vertebrates (TGF-β 1-5). They 

are involved in development, tissue repair and remodelling, haematopoiesis and they increase 

the production and secretion of extrcellular matrix (ECM) proteins and protease inhibitors 

(Herpin et al., 2004). They also play numerous roles in the function and development of the 
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immune system and generally show immuno-suppressive and anti-inflammatory activities 

(Boivin et al., 1995).  

 

 

4.2.3 The activin/inhibin group 

The activins and inhibins were first identified as gonadally produced feedback regulators of 

pituitary follicle stimulating hormone secretion in vertebrates (reviewed in Risbridger et al., 

2001). They are also involved in paracrine and autocrine regulation of growth and 

differentiation (reviewed in McDowell and Gurdon, 1999; Ramis et al., 2007). Activins 

comprise homo- and hetero-dimers of various Inhibin-β subunits, while Inhibins consist of a 

heterodimer of an Inhibin-β subunit with an Inhibin-α subunit.  

Figure 4. Phylogenetic 

tree from TGF-β 

superfamily ligand 
Here is represented with a 

phylogenetic tree the 

relationships between 

TGF-β superfamily of 

ligands. Protein alignement 

is done with humans and 

Drosophila Melanogaster. 

Human proteins are shown 

in black and Drosophila 

proteins are shown in grey. 

Protein symbols are given 

with alternative names. 

Putative, mature and fully 

processed forms were used 

to construct the tree. 

Source: Schmierer and 

Hill, 2007. 
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4.2.4 The Nodal-related protein group 

Nodal occupies a separate branch on the phylogenetic tree of the TGF-β superfamily (Herpin 

et al., 2004). Nodal has been found in invertebrate deuterostomes, such as ascidians and sea 

urchins, but so far, is missing in protostomes (reviewed in Chea et al., 2005). A single Nodal 

gene is found in the mouse and in the human species (Vallier et al., 2004; Zhou et al., 1993). 

In zebrafish, Nodal has three related proteins: Cyclops (which acts at short distance), Squint 

(which acts at long distance) and Southpaw (reviewed in Schier, 2003). In Xenopus laevis, 6 

Nodal related proteins have been identified, including Xenopus nodal related (Xnr) 1, 2, 3, 4, 

5 and 6. Finally, Nodal related protein has been found up to cephalochordates. In Amphioxus, 

the homolog is termed AmphiNodal (Yu et al., 2002). However, no Nodal related gene has 

been identified in Drosophila melanogaster and Caenorhabditis elegans.     

 

 

TGF-β related proteins are secreted as precursor peptides forming homo- or hetero- dimers 

(Cheifetz et al., 1987; Cheifetz et al., 1988). Each monomer is synthesized as a large pre-pro-

protein: a N-terminal pro-domain and a C-terminal mature peptide. After cleavage of the 

signal peptide, the precursor is N-glycosylated. The pro-domain is then proteolytically 

cleaved at the consensus site [RK]-X-X-[RK] by subtilisin-like proprotein convertases (SPC). 

In addition to the mature biologically active peptide, the pro-domain is supposed to be under 

selective constraints due to its putative accessory function (reviewed in Sinha et al., 1998), but 

its precise role is poorly understood.  

 

4.3 TGF-β superfamily members signal through a common cascade 

 

Aside from structural similarities, TGF-β members share several common features in their 

downstream signalling mechanisms. With the exception of glial-cell-derived neurotrophic 

factor (GDNF), a distant member of the TGF-β superfamily, the large majority of TGF-β 

family members transmit a signal through heteromeric complexes of type I and II 

serine/threonine kinase receptors (reviewed in ten Dijke et al., 1996). TGF-β superfamily 

members can bind to and transduce signals through the activated receptor type I kinases 

ALK1 to ALK6. BMP, TGF-β, and Activin signal through different sets of receptors. Nodal 

shares the receptor Alk4 with Activin. In addition, Nodal can signal through Alk7, but this 

type I receptor apparently is not used for Nodal signalling and cannot compensate for Alk4 in 
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the early embryo (Reissmann et al., 2001; reviewed in Wang and Tsang, 2007; Yeo and 

Whitman, 2001b). Moreover, two type II receptors can be used by Nodal: ActRIIa (Acvr2a) 

and ActRIIb. Ligand binding induces the formation of a tetrameric complex in which two type 

II receptors transphosphorylate two type I receptors on their cytoplasmic GS box 

(SGSGSGLP) (Wrana et al., 1994). Activated type I receptors in turn activate specific 

receptor substrate (Smads) organised in multisubunit complexes that translocate into the 

nucleus to regulate transcription of target genes. A key feature of the type I receptor is the 

L45 loop. The sequence of this loop determines specific TGF-β signalling activity and 

specifies the choice of Smad proteins by these receptors in the cell (Chen et al., 1998). 

 

Smads can be divided into three distinct classes: Receptor-regulated (R-Smads), Common-

partner (Co-Smads), Inhibitory (I-Smads) Smads (Fig. 5). The R-Smads are Smads-1, -2, -3, -

5 and 8/9 for vertebrates and Mad (Mother against Dpp) for Drosophila (reviewed in 

Miyazono et al., 2000; reviewed in Raftery and Sutherland, 1999). R-Smads are directly 

phosphorylated by the type I receptors on two conserved serines at the COOH-terminus. 

Smad anchor for receptor activation (SARA) was the first protein identified for Smad2 

recruitment to the type I TGF-β receptor
 
(Tsukazaki et al., 1998). Phosphorylation induces the 

release from the receptor complex as well as from SARA. Furthermore, it was later shown 

that coexpression of Hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs has 

recently been renamed as Hgs) and SARA both augments the response in an activity assay for 

Smad2 (Miura et al., 2000). The localisation of SARA in early endosome is required for 

efficient TGF-β/Smad2/3 signalling (Itoh et al., 2002; Panopoulou et al., 2002; Penheiter et 

al., 2002; Tsukazaki et al., 1998). Thus, SARA is also used as a marker for endosomal 

activity. Phosphorylation stimulates R-Smads to accumulate in the nucleus as heteromeric 

complexes with a second class of Smads, the Co-Smads, which are the human/mouse Smad 4 

and Drosophila Medea (reviewed in Derynck et al., 1998; reviewed in Massague and Wotton, 

2000). R-Smads and Smad4 share two conserved domains: the N-terminal Mad Homology 1 

(MH1) domain and the C-terminal MH2 domain.  

 

In the nucleus, the Smads associate with DNA binding partners and various transcriptional co-

activators or co-repressors, positively or negatively regulating gene expression. In addition, a 

third class of Smads regulates the cascade: the I-Smads (Smad-6 and -7). They seem to 

function in several different ways. They were originally shown to compete with R-Smads for 

binding to activated type I receptors and thus to inhibit the phosphorylation of R-Smads 
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(reviewed in Shi and Massague, 2003). Subsequently, the I-Smads were found to recruit E3-

ubiquitin ligases, known as Smad ubiquitination regulatory factor 1 (Smurf1) and Smurf2, to 

the activated type I receptor, resulting in receptor ubiquitination and degradation, and 

termination of signalling (Ebisawa et al., 2001). Recently, Smad7 has been shown to recruit a 

complex of GADD34 and the catalytic subunit of protein phosphatase 1 to the activated TGF-

β type I receptor to dephosphorylate and inactivate it (Shi et al., 2004). Furthermore, the I-

Smads might also have a nuclear role because Smad6 has been shown to recruit the 

corepressor CtBP to repress BMP-induced transcription (Lin et al., 2003). The TGF-β 

superfamily specificity is directed by R-Smads. Smads 2 and 3 mediate signalling of the TGF-

β/activin branch (including TGF-β sensu stricto, Activins and Nodals), whereas Smads 1, 5, 

and 8/9 act in the BMP branch (BMPs) (reviewed in Miyazawa et al., 2002). 

 

 

 

Figure 5.  TGF-β signal transduction 

by Smad transcription factors  
Activated receptors propagate a signal 

inside the cell through the 

phosphorylation of receptor-regulated 

Smads (R-Smads: Smad1, Smad2, 

Smad3, Smad5 and Smad8). Access of 

the R-Smads to the type I receptors is 

facilitated by auxiliary proteins such as 

SARA. ALK1, ALK2, ALK3 and ALK6 

phosphorylate Smad1, Smad5 and 

Smad8, whereas ALK4, ALK5 and 

ALK7 phosphorylate Smad2 and Smad3. 

Many members of the TGF-β 

superfamily of ligands elicit multiple 

diverse cellular responses. Activated R-

Smads form heteromeric complexes with 

Smad4. These complexes accumulate in 

the nucleus, where they control gene 

expression in a cell-type-specific and 

ligand dose-dependent manner through 

interactions with transcription factors, 

coactivators and corepressors. These 

proteins shuttle between the cytoplasm 

and nucleus both in uninduced cells (as 

monomers) and during active TGF-β 

signalling, when Smad2 and Smad3 

(red), presented to the receptors (pink) 

by SARA, become phosphorylated and 

form heteromeric complexes with Smad4 

(green). Inhibitory Smads (I-Smads) 

form a distinct subclass of Smads that 

act in an opposing manner to R-Smads 

and antagonise signalling. Smad6 and 

Smad7 (blue) are inhibitory factors, but 

seem to act differently to inhibit the 

cascade. Source: Miyazono et al., 2000. 
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Like other TGF-βs, Nodal consists of a prodomain and a mature region (Zhou et al., 1993). 

Nodal protein is formed by the binding of two monomeric subunits that are linked by a 

disulfide bond on the mature part of the protein. Whereas the prodomain sequences vary 

considerably among different TGF-β family members, the mature region is highly conserved 

and contains the entire structural features characteristic of the TGF-β family. Seven cysteine 

residues within the carboxyl terminal region are invariant in members of the family. Six of 

these cysteines are closely grouped to form three disulfide bonds within each monomer that 

generate a rigid structure, called a cystine knot, similar to the structure found in neurotrophic 

factors (NGF, BDNF, NT3) (reviewed in McDonald and Hendrickson, 1993; Schlunegger and 

Grutter, 1992; reviewed in Sun and Davies, 1995). The remaining cysteine residue in each 

monomer forms an additional disulfide bond that links two monomers into a dimer. The dimer 

is also stabilised by hydrophobic interactions that exist between the two monomer subunits 

(reviewed in Lin et al., 2006). Nodal is secreted as a precursor protein, which is then 

proteolytically cleaved by members of the SPC family (Beck et al., 2002; Constam and 

Robertson, 1999). It is now established that processing is essential to efficiently stimulate 

Nodal signalling through the Smad2/3 pathway. However, how this processing step is 

regulated, and its subcellular localisation remained unknown.  

 

4.4 Nodal is responsible for early embryonic patterning 

 

In amphibian embryos, the dorsal lip of the blastopore has the ability to induce a secondary
 

axis when grafted ectopically. This
 
cell mass was named the Spemann’s organizer.

 
A structure 

with axis-inducing abilities
 
was also found in the chick and named Hensen’s node. In the 

mouse, this population of cells has the ability
 
to induce a partial secondary axis when grafted 

ectopically (Beddington, 1994). However, the secondary axis results in the formation of a 

truncated axis suggesting that the mammalian node is not the direct equivalent of the 

amphibian and chick organisers. In the early-streak stage mouse embryo, cells that are
 
fated to 

form the axial mesoderm composed of notochordal and prechordal mesoderm are localised to 

a region of the proximal-posterior epiblast (Lawson et al., 1991; Tam et al., 1997).
 
Compared 

to the node of late streak stage embryos, this region can induce a more complete secondary 

axis and thus is now referred to as the Early Gastrula Organizer (Kinder et al., 2001). Cells 

within the organizer in all species show similar tissue fates
 
and are the primary source of the 
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axial mesoderm and prechordal plate tisse, which comprises a structure composed of both 

mesodermal and endodermal cells.  

 

Aside from its role in axis and germ layer formation, Nodal already has an earlier function in 

the implanted blastocyst, where it is essential to expand a pool of pluripotent progenitors in 

the ICM (Mesnard et al., 2006). Thus, in Nodal mutants, the ICM precociously differentiates 

into neural tissue (Camus et al., 2006). Furthermore, Nodal is required for the specification of 

DVE and A/P axis formation (Brennan et al., 2001; Varlet et al., 1997; Conlon et al., 1991; 

Conlon et al., 1994). Nodal is initially expressed in the ICM and the primitive endoderm of 

the implanted blastocyst (4.5dpc) (Mesnard et al., 2006). Thereafter, Nodal is expressed 

throughout the epiblast and overlying embryonic VE until E5.5 (Fig. 6) (Brennan et al., 2001; 

Mesnard et al., 2006).  

 

 

 

Figure 6. Nodal signalling in the early mouse embryo, and the role of AVE in anterior neural patterning 

Blue shading indicates regions expressing Nodal; red shading indicates regions expressing the Nodal antagonists 

Lefty1 and Cer1. Shortly after implantation, Nodal is expressed throughout the epiblast at 5.25 dpc, and by 5.5 

dpc induces formation of the anterior visceral endoderm (AVE, shown in red) at the distal end of the egg 

cylinder. Nodal signalling is also required for the movement of the AVE (purple arrow) to the anterior side (5.75 

dpc) where the expression of Nodal antagonists (Lefty1, Cer1). Expression of Nodal antagonists by the AVE is 

essential for the specification of anterior neural identity in the adjacent epiblast. After full extension of the streak 

(7.5 dpc), the node (purple) appears at the posterior end of axial mesendoderm (pink) by the anterior primitive 

streak (the primitive streak is shown in green). In turn, the axial mesendoderm produces signalling factors (black 

arrows) that are essential for forebrain maintenance and ventral neural tube patterning. Source: Shen, 2007. 

 

 

The formation and directional movement of the DVE directs Nodal expression pattern. This 

has been attributed to the fact that the DVE produces the Nodal feedback antagonists Lefty1 

and Cerberus-1 (Cer1). Their expression is initiated by Nodal specifically in the DVE 
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(Srinivas et al., 2004). After the DVE migration to the anterior side of the embryo, this 

specialised group of cells becomes the AVE. The AVE continues to produce Nodal 

antagonists, Lefty1 and Cer1, which interfere with autoinductive Nodal signalling in the 

adjacent epiblast and thus limit PS formation to the opposite side at the prospective posterior 

pole (reviewed in Perea-Gomez et al., 2001). By contrast, in absence of Nodal, no DVE is 

formed and the P/D axis is not patterned (Brennan et al., 2001). 

  

The Nodal signalling pathway is integral to pattern formation and differentiation during the 

pre-gastrulation and gastrulation stages of chordate development because it regulates an entire 

set of genes that are involved in early mouse embryogenesis (reviewed in Tam and Loebel, 

2007). Nodal signalling also patterns the neural plate (Gritsman et al., 2000; Zhou et al., 

1993). In addition, Nodal is essential for maintaining the molecular pattern in the murine 

extraembryonic ectoderm (Guzman-Ayala et al., 2004). Altogether, Nodal dictates the 

molecular identity of all cells within the early conceptus (reviewed in Schier, 2003). The roles 

of Nodal signalling and antagonism in mesoderm and endoderm induction, PS formation and 

left-right specification appear to be particularly well-conserved during evolution. The read-

outs for Nodal signalling activity have been the phosphorylation of the downstream effector 

Smad2 and the induction of mesodermal or endodermal genes. 

 

Activated type I receptor phosphorylates and thereby activates cytoplasmic Smad3 (in the 

epiblast) and Smad2 (in the epiblast and visceral endoderm), leading to their interaction with 

Smad4 and the subsequent formation of transcriptional complexes in the nucleus (Dunn et al., 

2004). At the transcriptional level, Nodal function is mediated by the activities of 

transcription factor FoxH1 and the Mixer subclass of homeoproteins (Kunwar et al., 2003). 

These factors are needed to induce endoderm downstream of Nodal. Endoderm is induced by 

high doses of Nodal exceeding the signalling thresholds required for mesoderm formation 

(Dunn et al., 2004). Known targets of the Nodal pathway include Cripto, Lefty1, Cerberus1 

and Nodal itself. Nodal is positively autoregulated through the asymmetric enhancer (ASE) 

located in the first intron and by an upstream left-side specific enhancer (LSE) (Norris et al., 

2002; Saijoh et al., 2005). A comparison of Nodal and Smad2 mutants reveals that Nodal is 

able to signal through a Smad2-independent pathway (Brennan et al., 2001). In particular, 

Nodal was able to induce the expression of Bmp4 and Eomesodermin in the ExE of Smad2 

mutant embryos (Dunn et al., 2004).  
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4.5 Regulation of Nodal precursor processing 

 

In order to efficiently activate the Smad2/3 pathway, Nodal has to be cleaved. Nodal is 

processed by the subtilisin-like proprotein convertases Furin (or SPC1) and Pace4 (or SPC4) 

(Beck et al., 2002; Constam and Robertson, 1999). Interestingly, at early stages (5.75-6.5dpc), 

Furin and Pace4 are specifically expressed in the extraembryonic ectoderm, rather than in 

cells expressing Nodal (Fig. 7), suggesting that Nodal may be cleaved after secretion.  

 

 

 

 

Figure 7. The expression patterns of Nodal and Cripto are complementary to those of Furin and Pace4  
At the onset of gastrulation, Nodal is expressed in the epiblast and visceral endoderm, whereas Furin and Pace4 

transcripts are confined to the extraembryonic ectoderm (exe) and the ecoplacenal come (ec). Thus, if Nodal 

precursor protein is directly cleaved by these convertases, such an interaction must occur after secretion. The 

following model is currently investigated: a local source of Furin and Pace4 in the ExE activates Nodal in 

adjacent tissue to specify AVE and to induce expression of Cripto. Source: Beck et al., 2002; Mesnard et al., 

2006. 

 

 

In keeping with this model, soluble forms of Furin and Pace4 can process Nodal in vitro, 

whereas intracellular cleavage has never been observed (Beck et al., 2002). Given that the 

source of Nodal convertases is localised, one might predict that Nodal is not uniformly 

activated, but instead may be more efficiently cleaved in the proximal epiblast than in distal 

regions. However, when and where Nodal encounters its proprotein convertases is still 

unknown. 
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4.6 The EGF-CFC family is involved in several signalling pathways during 

development 

 

Genetic studies in zebrafish and mouse have shown that Nodal signalling also critically 

depends on proteins of the epidermal growth factor-Cripto1/FRL1/Cryptic (EGF-CFC) 

family, represented in zebrafish by a single protein termed One-eyed pinhead (Oep) (Sakuma 

et al., 2002; reviewed in Schier, 2003; reviewed in Schier and Shen, 2000). In line with this 

view, Cripto
-/-

 mice arrest development around day 7.5 due to their inability to form endoderm 

(Ding et al., 1998; Liguori et al., 1996). Furthermore, in the absence of Cripto, the DVE forms 

but does not translocate (Ding et al., 1998; Kimura et al., 2001). Later in embryogenesis, 

Nodal functions through Cryptic in the establishment of the left-right (L/R) asymmetry of the 

visceral situs (Shen et al., 1997; Yan et al., 1999). 

 

Upon its discovery in teratoma, Cripto initially has also been termed teratocarcinoma-derived 

growth factor-1 (TDGF-1) (reviewed in Saloman et al., 2000). In the meantime, orthologous 

genes have been identified in human (Cr-1) (Dono et al., 1993), chicken (CFC) (Colas and 

Schoenwolf, 2000), zebrafish (Oep) (Zhang et al., 1998) and Xenopus (FRL1) (Kinoshita et 

al., 1995). EGF-CFC family members are composed of an N-terminal signal peptide, a 

modified EGF-like region, a conserved cysteine-rich domain (CFC motif) and a short 

hydrophobic C-terminus that contains a signal sequence for adding a GPI anchor (Minchiotti 

et al., 2001). Removing the COOH-terminal residues where the GPI linkage occurs generates 

soluble forms (Minchiotti et al., 2000) that were thought to mediate cell non-autonomous 

activity (Chu et al., 2005; Yan et al., 2002). However, a recent study clearly shows that 

deletion of the GPI signal sequence abolishes the ability of Cripto to stimulate Nodal 

signalling (Watanabe et al., 2007). This apparent paradox indicates that Cripto may be 

released together with its GPI anchor (Watanabe et al., 2007). 

 

Cripto contains a consensus O-linked fucosylation site on a threonine residue within the EGF-

like motif.  It was previously thought that the fucosylation itself was required for the activity 

of Cripto (Schiffer et al., 2001). However, more recent work shows that the amino acid itself, 

rather than the fucose modification is required for Nodal signalling (Shi et al., 2007).  
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The first evidence that EGF-CFC proteins are required in the Nodal pathway came from 

studies in zebrafish showing that maternal-zygotic oep mutants mimicked the Cyclops/Squint 

double mutants, and that this defect can be rescued by constitutively active, ligand-

independent mutant type I activin receptor (Gritsman et al., 1999).  The same study also 

hypothesised that Oep may act as a coreceptor in signal receiving cells to increase Nodal 

binding to signalling receptors. In keeping with this model, coimmunoprecipitation analysis in 

Xenopus embryos subsequently revealed that murine Nodal produced in the context of the 

heterologous propeptide of Bmp10 was able to bind Cripto, and that Cripto apparently 

mediates the assembly of a complex with ALK4 and ActRIIa (Yeo and Whitman, 2001b). 

These authors also showed that Cripto binds ALK4 via the CFC domain. In addition, Cripto 

can also interact with Alk7 and thereby enhance the ability to mediate Nodal signalling 

(Reissmann et al., 2001). Similar results were obtained for Cryptic (Chen and Shen, 2004).  

 

However, the Reissman study and subsequent receptor binding assays in 293T human 

embryonic kidney cells clearly showed that Nodal can bind both ActRII and ALK4 

independently of Cripto and Cryptic, and that this binding is only marginally increased by 

Cripto (Chen and Shen, 2004). Likewise, binding of zebrafish Squint to ALK4 in Xenopus 

embryos was clearly Cripto-independent (Cheng et al., 2004). Moreover, while early receptor 

binding assays focused on processed Nodal (Reissmann et al., 2001; Yeo and Whitman, 

2001b), the Constam lab recently could show that ALK4 and ActRIIb bind both cleaved and 

uncleaved Nodal irrespective of whether or not Cripto is present (Ben-Haim et al., 2006). 

Finally, close examination of the data in the Shen laboratory (Chen and Shen, 2004) raised the 

possibility that Cripto might primarily interact with unprocessed Nodal precursor. Prompted 

by these observations, we decided to revisit the question by which mechanism(s) Cripto might 

potentiate Nodal signalling. In particular, we hypothesized that EGF-CFC proteins may play a 

role in Nodal processing. 

 

4.7 Cripto is a target of Nodal feedback inhibitors 

 

It was initially proposed that Lefty antagonises Nodal signalling through competitive binding 

to the type II receptors (Sakuma et al., 2002). However, these results have not been 

confirmed. Instead, Lefty is now thought to directly compete with Nodal for Cripto (Chen and 

Shen, 2004; Cheng et al., 2004). In addition, both Lefty1 and Cer1 have been proposed to 
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directly bind Nodal, thereby inhibiting its access to signalling receptors (Chen and Shen, 

2004; Piccolo et al., 1999).  

 

4.8 Cripto can activate alternative pathways  

 

Aside from stimulating Nodal/Alk4/Smad2/3 signalling, and independently of Nodal, Cripto 

can also activate the ras/raf/MAPK signalling pathway (reviewed in Bianco et al., 2004; De 

Santis et al., 1997; Kannan et al., 1997). Interestingly, this signalling pathway can even be 

activated by a soluble, GPI-truncated recombinant Cripto (Bianco et al., 2002; Kannan et al., 

1997) through direct binding to Glypican-1, a membrane-associated heparansulphate 

proteoglycan (HSPG) (Bianco et al., 2003). However, it remains to be determined to what 

extent this pathway is used during gastrulation, and/or to mediate known effects on cell 

motility (Warga and Kane, 2003), cell invasion (Normanno et al., 2004), cardiac lineage 

specification and differentiation (Parisi et al., 2003; Xu et al., 1999). 

 

In addition, to its role in embryonic development, Cripto can induce cellular transformation 

and tumorigenesis (reviewed in Bianco et al., 2004; reviewed in Salomon et al., 1999). When 

transfected into immortalised mouse NOG-8 mammary epithelial cells, Cripto induced 

anchorage-independent growth and colony formation in soft agar (Ciardiello 1991). Recent 

studies analysing markers of EMT suggest that Cripto is also involved in mammary gland 

hyperplasia and tumorigenesis (Strizzi et al., 2004). During EMT, intercellular contacts 

between epithelial cells are lost due to a decrease of E-cadherin expression and disruption of 

the adherens junction complex (Boyer et al., 2000). E-cadherin was significantly decreased in 

tissue extracts from the mammary tumor lesions that expressed Cripto. In addition, 

overexpression of Cripto leads to an increase of vimentin, a characteristic marker of cells 

undergoing EMT (Ackland et al., 2003; Casaroli-Marano et al., 1999; Dandachi et al., 2001). 

 

In addition to MAP kinase signalling, Cripto can activate the PI3-K/AKT/GSK-3β pathway 

(Ebert et al., 1999), and interactions between Cr-1 signalling pathway and the Wnt/β-

catenin/Lef-1 signalling pathway have been described. Specifically, microarray analysis 

revealed that Cr-1 is a primary target gene in the Wnt/β-catenin signalling pathway during 

embryonic development (Morkel et al., 2003). More recently, FRL1 and mouse Cripto have 

been implicated as coreceptors for Wnt-11 since they can be coimmunoprecipitated with Wnt-
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11 in Xenopus embryo (Tao et al., 2005). This provides a new link between the EGF-CFC 

proteins and non-canonical Wnt signalling. Furthermore, in Xenopus, Wnt11 also interacts 

with glypican-4, suggesting that both glypican-4 and FRL1 are involved in regulating Wnt 

signalling (Ohkawara et al., 2003).  

 

4.9 GPI-anchors allow localisation to specific membrane domains 

 

EGF-CFC proteins are linked to the plasma membrane by a GPI anchor. Proteins of the 

secretory pathway can be attached to membrane structures by various mechanisms. GPI 

anchors have a common core structure in all species studied so far (reviewed in Ferguson, 

1999; reviewed in Ikezawa, 2002), but can also acquire diverse modifications during 

maturation. In animal cells, GPI-anchored proteins (GPI-APs) are important in development, 

and several GPI-anchored cell-adhesion proteins are essential during early embryogenesis, 

including Gas1 and Ran-2 (Kawagoe et al., 1996; Mullor and Ruiz i Altaba, 2002; Salzer et 

al., 1998). GPI membrane anchoring allows proteins to be recruited to specific membrane 

microdomains at the cell surface (Varma and Mayor, 1998). 

 

GPI-APs are synthesised as precursors with two cleavable ends. A hydrophobic amino-

terminal signal sequence, which targets the protein to the lumen of the endoplasmic reticulum 

(ER), is immediately cleaved during translocation (reviewed in Udenfriend and Kodukula, 

1995). The presence of a so-called ω signal sequence in the C-terminal region then leads to a 

second cleavage, followed by addition of the GPI moiety by GPI transamidase. The GPI 

moiety is already formed before its attachment to the COOH end of the nascent target protein. 

The GPI-anchoring consists of a hydrophobic region separated from the GPI-attachment site 

(ω-site) by a hydrophobic spacer region (Fig. 8) (reviewed in Mayor and Riezman, 2004). 

GPI anchors are not all uniform, but instead can be remodelled. Three mannose groups 

adjacent of the ω-site can be modified by the attachment of sugars or phosphoethanolamine. 

The lipid anchor can as well be rearranged by acylation, fatty-acid exchange and even lipid-

backbone removal. These modifications may be essential for specific properties of the GPI-

APs in the membrane, such as mobility in the lipid bilayer or trafficking. 
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Figure 8. Structure of GPI-anchored proteins and the position of a specific ω-site for GPI attachment  
GPI-anchored proteins are synthesized as precursors with a cleavable, hydrophobic N-terminal signal sequence 

that targets the protein to the lumen of the ER. A cleavable, C-terminal signal sequence directs GPI anchoring. 

The GPI-anchoring signal consists of a hydrophobic region separated from the GPI-attachment site ( -site) by a 

hydrophilic spacer region. The conserved core consists of ethanolamine phosphate in an amide linkage to the 

carboxyl terminus of the protein, three mannose residues, glucosamine and phosphatidylinositol. It can be 

modified and is subjected to various remodelling reactions of the lipid moiety. Due to their specific attachment 

to membranes, GPI-anchored proteins are embedded in the extracellular or lumenal leaflet of membranes 

through their glycolipid moieties and are not directly accessible from the cytosolic face of membranes. Source: 

Mayor and Riezman, 2004. 

 

 

An extremely interesting feature of the GPI-anchoring of proteins is that this mode of 

attachment confers specific associations with detergent-insoluble/detergent-resistant 

membranes (DRMs) (Brown, 1994). The GPI-anchor is required for protein trafficking, but in 

addition seems important in conformational change enough that antibodies cannot recognise 

the protein (reviewed in Butikofer et al., 2001). Sorting between GPI-APs and other proteins 

in yeast already occurs upon exit from the ER (Muniz et al., 2001). There seem to be two 

distinct steps required for cargo sorting and packaging into vesicles; one that determines the 

vesicle population that will be used, and a second step that concentrates the cargo into the 

budding vesicles (Malkus et al., 2002; Miller et al., 2002). In fact, GPI-APs cannot directly 

interact with cytosolic components that recognise sorting signals. Thus, they may have to 

interact with specific transmembrane proteins in the lipid bilayer that mediate sorting into 

vesicles. It seems that the GPI-anchor is critical for the selective targeting of GPI-APs to 

particular internalisation routes. Van der Goot and coworkers have shown that different 

residence times of GPI-APs in lipid rafts regulate their sorting in the endocytic pathway 

(Fivaz et al., 2002). Clustering of cell-surface GPI-anchored proteins can trigger 

transmembrane signal transduction (Varma and Mayor, 1998). It has been reported that GPI-
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APs were targeted to cholesterol and sphingosine-rich microdomains. These domains, also 

called lipid rafts, are detergent resistant (reviewed in Hooper, 1999).  

 

Once they have reached the cell surface, GPI-APs similar to other cell surface proteins are 

subjected to internalisation, downregulation and degradation. GPI-APs are found in various 

endosomes, which implies potential existence of several internalisation pathways (reviewed in 

Chatterjee and Mayor, 2001; Fivaz et al., 2002; Mayor et al., 1998; Sabharanjak et al., 2002). 

Four known pathways can be considered for GPI-APs internalisation: caveolae, clathrin-

coated pits (Rab5 positive vesicles), GPI-AP enriched endososmal compartments (GEECs) 

and Arf6 (see below). Several markers can indeed label different endocytic pathways. 

 

4.10 Endocytosis can be mediated by several intracellular pathways 

 

Protein uptake is characterised by the internalisation of molecules from the cell surface into 

internal membrane compartments. Endocytosis occurs by multiple mechanisms (Fig. 9).  Two 

broad categories require actin filaments for their internalisation: phagocytosis or cell eating 

(uptake of large particles) and pinocytosis or cell drinking (uptake of fluid and solutes) 

(reviewed in Conner and Schmid, 2003). Phagocytosis is typically restricted to specialised 

mammalian cells (ex. macrophages), whereas pinocytosis occurs in all cells (reviewed in 

Aderem and Underhill, 1999). With pinocytosis, cells continually form small small vesicles 

called pinosomes. In macropinocytosis, large ruffles in the membrane engulf mass quantities 

of fluid in vesicles known as macropinosomes. Other types of vesicular trafficking require 

exclusively membrane invagination rather than membrane protrusion and membrane 

invagination. They can be divided into four basic mechanisms: clathrin-mediated endocytosis, 

caveolae-mediated endocytosis, and clathrin- and caveolae- independent endocytosis and 

macropinocytosis.  

 

4.10.1 Clathrin-mediated endocytosis 

The best characterised endocytic route involves clathrin-mediated uptake, which is 

responsible for the internalisation of various nutrients, pathogens, antigens, growth factors 

and receptors (reviewed in Schmid, 1997). Clathrin-coated vesicles (CCV) are formed by the 

assembly of cytosolic coat proteins, the main assembly unit being clathrin (reviewed in 

Brodsky et al., 2001). In addition, clathrin vesicle formation requires other main coat 
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constituants, the Adaptor Proteins (APs) (reviewed in Robinson, 2004). Only AP2 is involved 

in endocytic CCV formation, whereas the AP1, 3 and 4 complexes target vesicles to other 

organelles.    

 

 

 

Figure 9. Multiple endocytic routes can internalise extracellular proteins 
The plasma membrane is the interface between cells and their environment. 'Endocytosis' encompasses several 

diverse mechanisms by which cells internalize macromolecules and particles into transport vesicles derived from 

the plasma membrane. It controls entry into the cell and has a crucial role in development, the immune response, 

neurotransmission, intercellular communication, signal transduction, and cellular and organismal homeostasis. 

The endocytic pathways differ with regard to the size of the endocytic vesicle, the nature of the cargo (ligands, 

receptors and lipids) and the mechanism of vesicle formation. Compared with the other endocytic pathways, the 

size of the vesicles formed by phagocytosis and macropinocytosis is much larger and actin filaments trigger 

vesicle formation. Most internalised cargoes are delivered to the early endosome via vesicular (clathrin- or 

caveolin-coated vesicles) or tubular intermediates (known as clathrin- and dynamin-independent carriers 

(CLICs)) that are derived from the plasma membrane. Some pathways may first traffic to intermediate 

compartments, such as the caveosome or the GEECs, en route to the early endosome. In addition, Dynamin is 

not always required for vesicular internalisation processes. Source: Mayor and Pagano, 2007. 

 

 

4.10.2 Caveolae-mediated endocytosis 

Characteristic plasma membrane invaginations known as caveolae demarcate cholesterol and 

sphingolipid-rich microdomains (reviewed in Anderson, 1998). The shape and structural 

organisation of caveolae are conferred by Caveolin-1 or Caveolin-3, dimeric proteins that 

bind cholesterol insert into the inner leaflet of the plasma membrane, and self-associate to 

form a striated caveolin coat on the surface of the membrane invaginations (Li et al., 1996). 

To insert into the plasma membrane, Caveolins must be palmitoylated in the C-terminal 

segment (Dietzen et al., 1995). Caveolae are also thought to be involved in intracellular 
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cholesterol trafficking (reviewed in Ikonen, 1997; reviewed in Ikonen, 2008). Surprinsingly, 

caveolin-1 null mice have no overt phenotype (reviewed in Razani et al., 2002). The cells of 

these mice are devoid of morphologically detectable caveolae, establishing its structural 

importance (Razani et al., 2001a). Caveolin-null mice show a hyperproliferative response, but 

the mice seem not to be hyper-susceptible to tumors (reviewed in Razani et al., 2001b). Thus 

other pathways or other caveolar isoforms can replace the caveolar pathway in these mutant 

mice. However, endothelial cells that lack caveolin are defective in their ability to bind and 

internalise serum albumin. Despite that, the levels of albumin in serum and interstitial spaces 

in caveolin-null mice are normal (Drab et al., 2001).  

 

After internalisation, caveolae can fuse to form caveosomes, i.e. caveolae-derived vesicles 

containing caveolin-1 (reviewed in Pelkmans and Helenius, 2002; Pelkmans et al., 2001). 

Caveosomes are a neutral compartment devoid of degradation capacity. They are distributed 

throughout the cytoplasm. Interestingly, caveosomes lack connection to the plasma membrane 

and thus are not directly connected to the extracellular space. The endocytic role of caveolae 

has remained elusive (reviewed in Parton, 2003). It is still unclear what is the final outcome of 

caveolae-dependent endocytosis (reviewed in Felberbaum-Corti et al., 2003). Uptake in 

caveolae may lead to different endocytic routes; one leading to caveosomes and another to a 

degradative compartment. Furthermore, caveosomes could be involved in signalling as it was 

shown that they communicate with early endosomes. Indeed, Rab5 targets caveolar vesicles to 

early endosome (Pelkmans et al., 2004). 

 

4.10.3 Clathrin- and caveolae- independent endocytosis 

While several types of vesicles are classified in this category, we will focus here on two 

pathways: the Cdc42-regulated pathway and the Arf6-regulated pathway (reviewed in Mayor 

and Pagano, 2007). Both pathways are positive for the scaffold protein Flotillin-1 (Glebov et 

al., 2006). So far, the presence of Flotillin has been found in two vesicular compartments 

independent of Clathrin and Caveolin: the Cdc42-regulated one and the one dependent on 

Arf6 function (reviewed in Mayor and Pagano, 2007). Both the Cdc42 pathway (Sabharanjak 

et al., 2002) and the Arf6 pathway (Naslavsky et al., 2004) are enriched in GPI-APs and do 

not required Dynamin for membrane scission. The relationship between these two pathways is 

not very clear and has to be further analysed.  
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The first compartment is called GEEC, because it was first identified as being enriched for 

GPI-APs (Sabharanjak et al., 2002). The defining feature of this pathway is the requirement 

for the small-molecule GTPase Cdc42. Cdc42 is a member of the Rho family of small 

GTPases. GEECs are pinocytic compartments distinct from the classical endocytic route, 

since specific proteins that orchestrate the classical route (ex. Rab5) are not involved in their 

regulation. GEECs are tubular acidic endosomes that are clathrin- and caveolin- independent. 

The second one is dependent on the small GTPase Arf6 and is identified as an early tubular 

recycling compartment (reviewed in D'Souza-Schorey and Chavrier, 2006).  The Arf6-

labelled compartment was first defined by the presence of major histocompatibility complex I 

(MHC I) (Naslavsky et al., 2003). More recently, it was shown that Arf6 compartment was 

involved in the trafficking of CD59, a GPI-AP (Naslavsky et al., 2004). Arf6 stimulates the 

formation of phosphatidylinositol 4,5 bisphosphate by activating phosphatidylinositol 2-

phosphate-5-kinase. Arf6 induces the internalisation of GPI-APs in Hela cells. Surprisingly, 

Arf6 does not affect the endocytosis of GPI-APs in all cell types (Kalia et al., 2006).  

 

4.10.4 Macropinocytosis 

Macropinocytosis accompanies the membrane ruffling that is induced in many cell types upon 

stimulation by growth factors (reviewed in Amyere et al., 2002). Like phagocytosis, the 

signalling cascades that induce macropinocytosis involve Rho-family GTPases, which trigger 

the actin-driven formation of membrane protrusions (reviewed in Ridley, 2006). However, 

unlike phagocytosis, these protrusions extend in the extracellular space near the plasma 

membrane to further fuse with the cell membrane. This generates large endocytic vesicles, 

called macropinosomes, that sample large volumes of the extracellular milieu. The nature and 

the signals that are driven by this process have not extensively been studied, but it is known 

that transient induction of macropinocytosis in cells has a role in the downregulation of 

activated signalling molecules (Sallusto et al., 1995). In addition, macropinocytosis appears to 

regulate the transport of the major histocompatibility complex II (MHC II) in immature 

dendritic cells (reviewed in Mellman and Steinman, 2001).  

 

The survival and physiology of neurons are regulated by growth factors of the neurotrophin 

(NT) family. NT signalling occurs through the Trk receptor tyrosine kinase after binding the 

specific ligands NGF (TrkA), BDNF (TrkB), and NT3 (TrkC). Trk activation had been seen at 

membrane ruffles where macopinocytosis occurs (Jullien et al., 2003). Pincher, a pinocytic 
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chaperone, mediates the marcoendocytosis of some of these ligands (Shao et al., 2002; Valdez 

et al., 2005). In addition, membrane ruffling requires Rac, a Rho-GTPase (Valdez et al., 

2007). Another characteristic for Trk endosomal signalling is the formation of long-lived 

endosomes. Trk endosomal signalling persists all the way from the nerve terminal to the soma 

(Ye et al., 2003). Regulation of the signalling pathway occurs via GAIP-interacting protein C 

terminus (GIPC). GIPC is recruited by APPL to Trk endosomes and regulates TrkA signalling 

and trafficking to the early endosome in the juxtanuclear region (Varsano et al., 2006). 

Interestingly, APPL was recently found to bind Rab5 on signalling endosomes (Miaczynska et 

al., 2004). Indeed, macropinocytosis markers colocalise with early endosomal markers 

(Falcone et al., 2006).  

 

Different possible entry routes thus exist to regulate the internalisation of molecules. The 

endocytic pathways differ with regard to the size of the endocytic vesicle, the nature of the 

cargo (ligands, receptors and lipids) and the mechanism of vesicle formation. Each route has 

its own properties for cargo trafficking. However, cargo can often be internalised through 

several endocytic pathways in some instances to reach distinct destinations. For example, 

uptake of TGF-β receptors via CCVs is necessary for signalling, whereas uptake in caveolin-

positive vesicles leads to degradation (Di Guglielmo et al., 2003). Other signalling molecules 

such as T cell receptors rely on uptake in specific membrane domains containing lipid rafts 

(Viola et al., 1999).  

 

4.11 Lipid rafts concentrate receptors and activate ligand binding 

 

The lipid raft hypothesis was postulated after the discovery that cholesterol and sphingolipids 

are enriched in specific regions of the exoplasmic leaflet of the plasma membrane (reviewed 

in Brown and London, 1998; reviewed in Simons and Ikonen, 1997; reviewed in Simons and 

van Meer, 1988). The raft concept has long been controversial, largely because it has been 

difficult to methodologically prove the existence that rafts exist in living cells (reviewed in 

Rajendran and Simons, 2005). The lack of standardised methodology has led to some 

confusion in the current nomenclature between rafts, DRMs and caveolae (Fig. 10). However, 

the organisation and the dynamic of these domains are likely to be cholesterol-dependent 

submicron-sized domains (Nohe et al., 2006; reviewed in van der Goot and Harder, 2001). It 
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is interesting to mention that raft isolation using the technique of DRMs flotation is dependent 

on the type of detergent used during cell fractionation (Schuck et al., 2003). 

 

 

 

Figure 10. Raft nomenclature based on specific properties 
The lack of standardised methodology has led to confusion in the current nomenclature between rafts, clustered 

or not, detergent-resistant membranes and caveolae. Here some advantages and disadvantages of specific 

methods used to study rafts are summarised. Based on these considerations, Simons and coworkers propose a 

more standardised nomenclature. Source: Simons and Toomre, 2000. 

 

 

Only a subset of lipid rafts is found in cell surface invaginations called caveolae (reviewed in 

Kurzchalia and Parton, 1999; reviewed in Nabi and Le, 2003; reviewed in Nichols, 2003). 

Caveolae are formed from lipid rafts by oligomerisation of caveolins – hairpin-like 

palmitoylated membrane proteins (reviewed in Parton, 1996; reviewed in Smart et al., 1999). 

The distribution of lipid rafts over the cell depends on the cell type (Levis et al., 1976; 

Renkonen et al., 1971; reviewed in Schuck and Simons, 2004). Interestingly, lipid rafts are 

present mainly on the basolateral side of epithelial cells (Vogel et al., 1998). Rafts are most 

abundant at the plasma membrane, but can also be found in the biosynthetic and endocytic 

pathways (reviewed in Rajendran and Simons, 2005). Lipid raft trafficking does not end with 

surface delivery. Rafts are continuously endocytosed (reviewed in Mukherjee and Maxfield, 

2000). Recently, it has been shown that caveolae can communicate with early endosomes 

(Pelkmans et al., 2004). From early endososmes, lipid rafts either recycle directly back to the 
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cell surface or return indirectly through recycling endosomes, which could also deliver rafts to 

the Golgi (Puri et al., 1999).  

 

Caveolae represent just one type of cholesterol-rich microdomains on the plasma membrane. 

Recently, additional proteins such as the Flotillins have been found to organise lipid rafts. 

Flotillins have been identified to be present in rafts by cell fractionation assay and electron 

microscopy (Bickel et al., 1997; Kokubo et al., 2003). Flotillins are palmitoylated scavenger 

proteins showing a subcellular localisation that is distinct or even complementary to that of 

Caveolins. Flotillin molecules cocluster with GPI-anchored adhesion molecules in non-

caveolar domains (Lang et al., 1998). However, Flotillins can form a hetero-oligomeric 

‘caveolar’ complex when coexpressed with caveolins (Volonte et al., 1999). These two types 

of proteins seem to be related but independent as the cellular localisation of Flotillin does not 

require caveolin expression (Fernow et al., 2007). These new results shed light on the 

complexity of raft domains.  

 

Furthermore, raft-association might have an important role in the biogenesis of apical 

membrane domains during development (reviewed in Schuck and Simons, 2004). In polarised 

epithelia, two membrane domains are separated by tight junctions which prevent mixing of 

apical and basolateral components (reviewed in Tsukita et al., 2001). It has been shown that 

GPI-APs are enriched in raft domains (reviewed in Hooper, 1999). The presence of GPI-APs 

in lipid rafts is likely to have a physiological relevance, since the replacement of the GPI 

anchor by a transmembrane domain modulates signal transduction events (Incardona and 

Rosenberry, 1996). This is also true for Cripto (Watanabe et al., 2007). When, the GPI-anchor 

of Cripto was exchanged with a transmembrane (TM) domain, Nodal signalling was inhibited 

except upon ALK4 overexpression.  

 

One way to consider rafts is that they form concentrating platforms for individual receptors, 

activated by ligand binding (reviewed in Hunter, 2000). Indeed, the most important role of 

rafts at the cell surface may be their function in signal transduction (reviewed in Simons and 

Toomre, 2000). Rafts also dictate the sorting of associated proteins and provide sites for 

assembling cell surface receptor such as T-cell antigen receptor (Janes et al., 2000) or receptor 

ligand such as GDNF (Tansey et al., 2000), and Hedgehog (Hh) (reviewed in Incardona and 

Eaton, 2000). Both cholesterol and the actin cytoskeleton are necessary in establishing a 

membrane environment that provides the suitable environment for raft-associated enzymes 
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(Chichili and Rodgers, 2007). Indeed, if receptors enter lipid rafts, the signalling complex is 

protected from non-raft enzymes, such as membrane phosphatases, that otherwise could affect 

the signalling process.  

 

4.12 Specific markers define certain membrane vesicles during post-

endocytic trafficking  

 

Vesicle formation, motility and tethering to target compartments are regulated by specific 

effectors including small GTPases of the Rab family. Rab effectors are not randomly 

distributed on the organelle membrane but are clustered in distinct functional domains. In the 

early endocytic pathway, Rab5 regulates CCV transport from the plasma membrane to early 

endosomes (Bucci et al., 1992; Gorvel et al., 1991). Early endosome-associated antigen-1 

(EEA1) is a key effector that mediates docking of early endosomes (Christoforidis et al., 

1999). Three main populations of endosomes can be distinguished: one that contains primarily 

Rab5, a second that contains both Rab5 and Rab4, and a third one that carries Rab4 and 

Rab11 (reviewed in Zerial and McBride, 2001). The former two correspond to early/sorting 

endosomes and the latter to late/perinuclear recycling endosomes (Fig. 11).  

 

 

Figure 11. Rab-GTPases define specific 

vesicles along the endosomal pathway  
Rab5, Rab4 and Rab11 tagged with green 

fluorescent protein (GFP) mark distinct 

early endosomes. Cargo flows sequentially 

through these domains as indicated by the 

arrows. Source: Zerial and McBride, 2001. 
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In other words, while Rab5 provides a gateway into early endosomes, the Rab4 and Rab11 

activate machineries that are necessary for protein sorting and recycling to the cell surface. 

Rab5, Rab4 and Rab11 can dynamically interact but keep a relatively stable distribution over 

time. After early endosome entry, proteins targeted for degradation are directed to late 

endosomes (marked by Rab7) after pH acidification. Late endosomes will then mature into 

lysosomes of the vesicular lumen for final protein degradation. Transport to lysosomes is 

preceded by the formation of intravesicluar vesicles present in compartments called 

multivesicular endosomes (MVEs) which further mature into multivesicular bodies (MVBs).   

 

4.13 Multivesicular endosomes (MVEs) are specialised platforms required 

for sorting or further degradation  

 

The early endosome is a mosaic and dynamic compartment (reviewed in Miaczynska and 

Zerial, 2002). It displays a highly complex and pleiomorphic organisation that consists of 

cisternal regions from which tubules and vesicles form protrusions. In addition, membrane 

invaginations which occur towards the centre of the vesicle can bud and lead to the formation 

of MVEs (reviewed in Gruenberg, 2001). Tubular elements resemble recycling endosomes, 

whereas multivesicular elements resemble the endosomal carrier vesicles/multivesicular 

bodies (ECV/MVBs) of the degradative pathway. In mammalian cells, MVBs are clearly 

distinct from both early and late endosomes. Recent ultrastructural studies point to the 

existence of distinct subpopulations of MVBs. Some MVBs are able to recycle vesicles, and 

thus proteins, to the plasma membrane, whereas others containing the lipid 

lysobisphosphatidic acid (LBPA) target proteins to lysosomal degradation (White et al., 

2006). Proteins that are destined to be degraded accumulate on MVB internal membranes. 

Internalisation into MVB can be triggered by ubiquitination (Fig. 12). Ubiquitin (Ub) is a 

conserved protein of 76 amino acids that can be conjugated to other proteins. The 

predominant model proposes that internalised receptors are prevented from being recycled by 

becoming sequestered inside MVB, a compartment generated through inward budding of 

vesicles (reviewed in Di Fiore et al., 2003). Subsequently, MVBs fuse with lysosomes, 

resulting in degradation of their cargo by lysosomal acidic hydrolases (reviewed in 

Gruenberg, 2001). For example, the EGF receptor and its ligand are sorted into the lumen of 

MVB for degradation and ligand-induced receptor downregulation (reviewed in Katzmann et 

al., 2002; Sigismund et al., 2005)  
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Monoubiquitination can thus serve as a signal for both endocytosis and MVE sorting 

(reviewed in Raiborg and Stenmark, 2002). The Ub-binding protein Hrs/Vps27 is required in 

this sorting process (Bache et al., 2003). In addition, four conserved multisubunit complexes, 

endosomal sorting complex required for transport (ESCRT)-0, -I, -II, -III facilitate the 

trafficking of ubiquitinated proteins from endosomes to lysosomes via MVBs (reviewed in 

Williams and Urbe, 2007). 

 

 

 

Figure 12. Transport from early endosomes to lysosomes via MVBs  
Integral membrane proteins and their ligands can be removed from the plasma membrane by incorporation into 

endocytic vesicles that fuse with an early endosomal compartment (also known as a sorting vesicle). Both 

cargoes that are destined for degradation and for recycling pass through the sorting endosome. Tubular elements 

from this tubulovesicular compartment undergo fission to become incorporated into recycling endosomes from 

which the cargo is returned to the plasma membrane. Ub functions as the principal targeting signal to direct 

cargo incorporation into intralumenal vesicles to form MVBs that fuse with the late endosome. The progression 

from early to late endosomes is marked by replacement of Rab5 with Rab7. Source: Williams and Urbe, 2007. 

 

 

The ESCRT complex is essential for both sorting and multivesicular endosome formation 

(reviewed in Raiborg et al., 2003). Hrs is part of the ESCRT-0 complex. Hrs is a FYVE-

domain protein that is recruited to endosomes via PI(3) kinase binding (Raiborg et al., 2001). 

Hrs also mediates the recruitment of ESCRT-I to early endosome (Bache et al., 2003). In turn 

ESCRT-I binds ubiquitinated proteins. ESCRT-II then recruits ESCRT-III which orchestrates 

the deubiquitination of the cargo. Although the ubiquitin group is a sorting determinant for the 

selection of MVB cargo proteins, this group seems to be removed from these proteins before 

they are delivered into MVB vesicles. By contrast, polyubiquitin chains target proteins for 

degradation by the 26S proteasome (reviewed in Pickart, 2001).  
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Both cargoes that are destined for degradation and for recycling pass through the sorting 

endosome. It thus seems that certain platforms allow a communication between the 

established endocytic pathways. 

 

4.14 Endocytic pathways communicate with each other 

 

Recent data have shown that caveolin1-positive vesicles can interact with early endosomes in 

a Rab5-dependent process (Pelkmans et al., 2004). Caveolin1 was found on structures positive 

for endosomal makers as EEA1. These organelles were either small vesicles or larger 

structures with irregular shapes. It thus seems that caveolar vesicles can move from 

caveosomes to early endosomes. This communication involves a pathway regulated by Rab5. 

In addition, this study showed that release and uptake of caveolar cargo depends on how the 

cargo molecules interact with Caveolin1 or other caveolar proteins and with lipids. The 

enrichment of lipid rafts in caveolae would seem an ideal mechanism for sorting molecules 

such as lipids and lipid-associated proteins. Interestingly, it was first thought that lipid rafts 

were specific to caveolar domains. It has become clear that lipid rafts are not restricted to 

caveolae. Instead, these lipid-enriched domains are present in the plasma membrane, on 

endosomes, on the Golgi as well as on MVBs (reviewed in Rajendran and Simons, 2005). 

 

Cells use various pathways to control cell-surface receptors and probably can adapt to 

different conditions such as serum deprivation. The understanding of these interdependent 

mechanisms is crucial to integrate all the possibilities that a protein has to do its job. Further 

discoveries on the regulation of cell signalling, receptor turnover, and the magnitude, duration 

and nature of signalling events is essential for defining the whole picture of endocytic 

itineraries. 
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5 Hypothesis of the present project 
 

Given the characteristic trafficking of GPI-APs, and prompted by our observation that Cripto 

binds uncleaved Nodal, we hypothesised that Cripto may play an essential role in localising 

Nodal precursor processing to specific target membranes. In particular, it seemed possible that 

Nodal processing must be localised in order to shield the mature protein against preemptive 

degradation and/or to access endocytic compartments that are competent to activate Smad2/3 

transcription factors in the cytoplasm. 

 

To test this hypothesis, we characterised Nodal trafficking and its regulation by Cripto in cell 

transfection assays. In first place, we started to elucidate how Nodal is secreted to reach 

proprotein convertases. In particular, we investigated whether Nodal can bypass the TGN and 

thereby avoid proteolytic cleavage during exocytosis. We showed that Cripto captures Nodal 

already during secretion, partly via the propeptide, and assembles a processing complex with 

the proprotein convertases Furin at the cell surface. Subsequently, Cripto mediates uptake of 

mature Nodal via a nonclathrin, noncaveolar pathway to signalling endosomes. Our results 

suggest that Cripto is a receptor for proprotein convertases and couples Nodal processing and 

signalling in target cells.  
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6 RESULTS 
 

6.1 Processing and secretion of Nodal and Cripto 

 

As a basis to address how Cripto potentiates Nodal signalling, we determined how Nodal 

protein is modified during exocytosis in the absence of Cripto. Western blot analysis of 

transfected cells shows that incubation with endoglycosidase-H (EndoH) or N-glycosidase F 

(N-glycF) shifted the apparent molecular weight of intracellular Nodal from 42 kDa (N-42) to 

39 kDa, the predicted size of unmodified precursor. In contrast, the 47 kDa (N-47) soluble 

Nodal precursor and propeptide (35 kDa) in conditioned medium were sensitive to N-glycF 

and neuraminidase (neuramin), but not to Endo-H, indicating that they have acquired complex 

carbohydrates in the Trans Golgi Network (TGN). (Fig. 13A). We also monitored processing 

of Cripto. Cripto is tethered to membranes via a GPI anchor (Kenney et al., 1996; Minchiotti 

et al., 2001). The predicted molecular weight of full-length Cripto is 18 kDa, but a 

prosegment is cleaved off after proline 52 (P52) during secretion by an unknown protease 

(Kenney et al., 1996; Minchiotti et al., 2001). Upon incubation with EndoH or N-glycF, the 

bulk of the 18 kDa form of Cripto in cell lysates was shifted to 13 kDa. Likewise, inhibition 

of N-glycoysyltransferases in the ER by tunicamycin (tunic) shifted Cripto to 13 kDa (Fig. 

13B). This suggests that Cripto is cleaved and N-glycosylated before transport to the Golgi 

apparatus. 

 

 

Figure 13. Post-translational modifications of Nodal and Cripto 



 54 

(A) Western blot analysis of Nodal in lysates (left) and conditioned medium (right) of transfected COS1 cells. 

Upon treatment with either endoglycosidase-H or N-glycosidase F, intracellular Nodal (42 kDa) was shifted to 

an apparent molecular weight of 39 kDa, the predicted size of unmodified precursor. In contrast, soluble Nodal 

precursor and the propeptide in conditioned medium (47 kDa) were sensitive to N-glycosidase F and 

neuraminidase, but not to endoglycosidase H, indicating that they have acquired complex carbohydrates. The 

cartoon (bottom) summarizes the impact of processing on the size of Nodal. (This experiment was performed by 

J. Ann Le Good.) 

(B) Western blot analysis of Cripto in COS1 cell lysates before and after treatment with N-glycosidase F (lane 

2), endoglycosidase H (lane 3) or both (lane 4), or after incubation of cells with tunicamycin (lane 7). The bulk 

of Cripto corresponds to a processed 13 kDa form which lacks the N-terminal 52 amino acids (Minchiotti et al., 

2001), but migrates at an apparent molecular weight of 18 kDa due to high mannose N-glycosylation. The 

threonine (T72) to which an O-fucose is linked in Cripto plays a key functional role. However, the sugar 

modification itself at the position 72 is not required for Cripto to function (Shi et al., 2007). (This experiment 

was performed by J. Ann Le Good.) 

 

 

Immunofluorescence analysis of permeabilised transfected cells revealed that Cripto and 

Nodal colocalise in a reticular network which extends to the cell periphery and harbors the ER 

marker RFP-KDEL, indicating that both of these proteins reside in the ER (Fig. 14). 

 

 

Figure14. Nodal and Cripto colocalise with ER marker KDEL 
Immunofluorescence analysis of permeabilised COS1 cells expressing Cripto (green) together with Nodal (blue) 

reveals significant colocalisation (white) with RFP-KDEL (red), a marker of the endoplasmatic reticulum. 

 

 

To assess how Cripto is secreted, we monitored the effect of brefeldin A (BFA), a compound 

which blocks ER to TGN transport. In control experiments, we analysed mutant Cripto 
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carrying a 6xHis tag instead of the GPI signal sequence (Cripto∆GPI). Cripto∆GPI is secreted 

and migrates with an apparent molecular weight of up to 29 kDa due to complex carbohydrate 

modifications (Kenney et al., 1996; Minchiotti et al., 2001). As expected, Western blot 

analysis and immunostaining of unpermeabilised cells revealed that treatment with BFA 

completely blocked the secretion and cell surface expression of Cripto∆GPI (Fig. 15A, B).  

 

 

 

 

Figure15. BFA treatment inhibits Cripto secretion, but not its presentation at the plasma membrane 
(A) Left: Truncated mutant Cripto lacking a GPI signal (Cripto∆GPI) is shifted in size to 29 kDa by complex 

carbohydrate modifications (Minchiotti et al., 2001), and its release into conditioned medium is blocked by BFA, 

indicating that it is secreted via the TGN. Right: Also shedding of wild-type Cripto into the medium is abolished 

in the presence of BFA. 

(B) Immunostaining of unpermeabilised COS1 cells shows that BFA blocks expression of Cripto∆GPI at the cell 

surface, but not that of wild-type Cripto. Scale bar: 10 µm. 

 

 

BFA also blocked shedding of the GPI anchor and secretion of wild-type Cripto into the 

medium (Fig. 15A). Unexpectedly, however, BFA completely failed to inhibit accumulation 

of GPI-anchored Cripto at the cell surface (Fig. 15B). This result suggests that GPI-anchored 

Cripto at the plasma membrane either fails to be cleared within the time frame analysed, or is 

maintained at the plasma membrane by TGN-independent exocytosis. 
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6.2 Cripto intercepts the Nodal precursor during exocytosis 

 

To test whether Cripto regulates Nodal exocytosis or processing, wild-type Nodal or 

cleavage-resistant mutant precursor were cotransfected with increasing doses of Cripto. Cripto 

dose-dependently inhibited the release of the 47 kDa form of wild-type Nodal precursor into 

the medium. This effect was specific in that the SPC-resistant mutant Nodal (Nr) was barely 

affected by Cripto (Fig. 16A). Secondly, the secretion of Cripto is not diminished, but rather 

increases in cells coexpressing Nodal (data not shown), suggesting that non-specific trapping 

in the ER is unlikely. Thirdly, the release of the 47 kDa form of wild-type Nodal is rescued 

when Cripto lacks a GPI signal (Fig. 16B). These results suggest that membrane-bound Cripto 

directly or indirectly reduces the stability of the Nodal precursor by a mechanism that requires 

SPC-mediated processing. 

 

 

Figure 16. GPI-anchored Cripto intercepts the Nodal precursor in lipid rafts  
(A) In cotransfection assays, Cripto dose-dependently reduces the amount of soluble Flag-tagged Nodal 

precursor (47 kDa) in conditioned medium (top left panels). Compared to wild-type Nodal, mutant precursor 

lacking the SPC cleavage site (Nr, right panels) is more resistant to Cripto-induced turnover. Bottom panels : 

GPI-anchored Cripto accumulated in cell lysates, but remained below detectable levels in conditioned medium, 

except at the maximal concentration examined (10 µg) or after prolonged exposure of the blot (not shown). The 

anti-Flag Western blot of cell lysates is overexposed to detect terminally modified Nodal precursor (47 kDa). 
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(B) Truncated Cripto lacking the GPI anchor is released without affecting Nodal secretion or turnover. The 

Nodal propeptide (35 kDa) can be detected in small amounts in conditioned medium, but is below detectable 

levels in cell lysates (Constam and Robertson, 1999).  

All results are representative of more than three independent experiments. Cripto cDNAs (1 to 10 µg) were 

balanced with empty vector to ensure that the total amount of transfected Cripto DNA in all transfections was 10 

µg. Western blot analysis of γ-tubulin served as a loading control. 

(C, D) Unlike wild-type Nodal (C), cleavage–resistant precursor (Nr) is detected together with a breakdown 

product (38 kDa) in the density fraction 1 even in the absence of Cripto (D, left panels). Cripto increases the 

amount of wild-type precursor and Nr (42 kDa) in fraction 1 (C-D, right panels). 

 

 

A common feature of GPI-anchored proteins is their localisation in lipid microdomains 

known as rafts. To assess whether Cripto recruits the Nodal precursor to lipid rafts, detergent 

lysates of transfected cells were fractionated by density gradient centrifugation. In the absence 

of Cripto, the Nodal precursor was only detected in high density fractions 5 and 6, together 

with transferrin receptor. By contrast, when cotransfected with Cripto, a significant amount of 

uncleaved Nodal localised to detergent resistant membrane fraction 1 containing the raft 

marker Caveolin-1 (Fig. 16C). Nodal protein in the raft fraction migrated with an apparent 

molecular weight of 42 kDa, suggesting that it corresponds to the EndoH-sensitive precursor 

pool that has not yet passed the TGN (cf. Fig. 13A). To exclude that the secreted 47 kDa form 

of Nodal simply escaped detection in rafts due to proteolytic processing, we also monitored 

the raft partitioning of the mutant precursor Nr, which is resistant to SPC-mediated  

processing. The 42 kDa form of Nr, but no Nr-47 was detected at low levels in fraction 1 even 

in the absence of Cripto (Fig. 16D). Furthermore, the levels of Nr-42 in the raft fraction 

dramatically increased upon cotransfection of Cripto, whereas Nr-47 was detected after 

overexposure in fractions 5 and 6 (Fig. 16D, and data not shown). Overall, these results 

indicate that Cripto intercepts a pre-TGN 42 kDa form of Nodal precursor in specific 

membrane microdomains leading to Nodal processing and turnover in an SPC-dependent 

manner.  

 

6.3 The Nodal precursor reaches the cell surface via a TGN-independent 

route 

 

Proteases of the SPC family rely on pH-dependent autocleavage of their propeptides in acidic 

endosomes as they cycle between the plasma membrane and TGN (Anderson et al., 2002; 

Chapman and Munro, 1994; Mallet and Maxfield, 1999; reviewed in Thomas, 2002).    

Endosomal recycling also appears to be crucial for secretion, since inhibitors of endosomal 
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acidification such as NH4Cl block the release of Furin and PACE4 in medium (Fig. 17A, and 

data not shown). 

 

 

Figure 17. Transport through the TGN/endosomal system is essential for the secretion and processing of 

Nodal precursor 
(A) Transfected COS1cells and conditioned medium analysed by immunoblotting for expression of Flag-tagged 

Furin and SPC-resistant Nodal precursor (Nr) after treatment for 20 hr with or without NH4Cl. (This experiment 

was performed by J. Ann Le Good.) 

(B) In cells treated with BFA (5 µg/ml), modification of Nodal by complex carbohydrates (47 kDa) is not 

inhibited even after prolonged treatment (18 hr, right panel), indicating that Nodal still reaches the BFA 

compartment ( reviewed in Nebenfuhr et al., 2002). However, Nodal secretion into the medium is blocked by 

BFA irrespective of whether or not the cells were cotransfected with Cripto (left panel). 

 

 

Prompted by these observations, we asked how N-42 can access an activated pool of SPCs 

already before entering the TGN. This paradox may be resolved if Nodal precursor first 

reaches the plasma membrane for cleavage by extracellular SPCs, before secretion via the 

TGN. In this scenario, both BFA and inhibitors of endosomal acidification should block 

Nodal secretion. In contrast, if Nodal reaches the TGN independently of endosomes, only 

BFA should have an effect. Western blot analysis of cells expressing Nr revealed that both 

BFA and NH4Cl inhibit the release of Nodal precursor (Fig. 17A, B).  

 

 

Figure 18. BFA treatment corresponds with an increase of intracellular Nodal precursor  
(A) After treatment with BFA (5 µg/ml), the amount of resistant to cleavage Nodal (Nr) were increase in the cell 

lysate.  

(B) After treatment with BFA (5 µg/ml), similar results were found with wild-type Nodal. 
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In BFA-treated cells, there was a corresponding increase in the intracellular levels of Nodal 

precursor carrying complex carbohydrates (Nr-47), indicating that Nr is retained in the so-

termed BFA compartment together with sialyltransferases that are shunted from the TGN to 

endosomes (reviewed in Nebenfuhr et al., 2002). Similar results were obtained in 293T cells 

(Fig. 18A). Next, we analysed the effect of BFA on wild-type Nodal precursor and its 

proprotein convertases. As predicted, BFA also abolished the release of cleavable Nodal (Fig. 

18B), as well as of Furin and PACE4 (data not shown). Overall, these results show that acidic 

compartments and the TGN are essential to release Nodal and its convertases into the 

medium. 

 

 

To test whether BFA also blocks Nodal expression at the cell surface, unpermeabilised cells 

were stained by indirect immunofluorescence after addition of fresh medium. Expression of 

Nodal precursor at the cell surface was not inhibited even after 12 hr of incubation with BFA, 

although the signal became more patchy (Fig. 19).  

 

 

 

Figure 19. Transport through the TGN/endosomal system is not required for Nodal cell surface expression 
Immunostaining of Flag-tagged Nr and wild-type Nodal precursor at the surface of unpermeabilised COS1 cells 

that had been treated with or without BFA. Note that BFA does not prevent the accumulation of uncleaved Nodal 

precursor at the cell surface. The fact that BFA fails to prevent the accumulation of uncleaved Nodal precursor 

and Cripto at the plasma membrane suggests that both proteins reach the cell surface by a TGN-independent 

route. However, release into the culture medium requires transport through the TGN, possibly via NH4Cl-

sensitive endocytic pathways implicated to supply the TGN also with Furin (Anderson et al., 2002; Chapman 

and Munro, 1994; Mallet and Maxfield, 1999). Scale bar: 10µm. 
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Similarly, in cells cotransfected with Cripto, treatment with BFA failed to block cell surface 

expression of either Nr or wild-type Nodal (Fig. 19). This is unlikely due to inefficient 

endocytosis and a prolonged half life of Nodal at the cell surface, because the Nodal precursor 

under these conditions enters the intracellular BFA compartment, and because Nodal in 

conditioned medium was cleared within less than 4 hr of BFA treatment (data not shown). 

More importantly, immunoprecipitation analysis of cell surface complexes after reversible 

chemical crosslinking by the membrane-impermeable reagent DTSSP clearly shows that 

Nodal and Cripto at the cell surface correspond in size exclusively to pre-TGN pools in the 

ER (Ben-Haim et al., 2006; Chen and Shen, 2004; Yan et al., 2002). Thus, we propose that 

Nodal and Cripto expression at the cell surface is sustained by a BFA-insensitive TGN-

independent exocytic pathway, whereas transport through the TGN releases these proteins 

into conditioned medium.  

 

6.4 Cripto independently interacts with processed Nodal and its 

propeptide 

 

To assess whether Nodal binds Cripto before undergoing proteolytic maturation, a mixture of 

soluble Nodal propeptide, mature form and residual uncleaved precursor (Fig. 20A, top 

panels) was incubated with metal agarose beads soaked with (lanes 1, 2) or without (lanes 3, 

4) Cripto∆GPI. Cripto mainly pulled down uncleaved Nodal (first two panels, lane 1), despite 

of a molar excess of processed Nodal and propeptide in the input (last two panels, lane 1). 

However, the mutant cleavage site Nodal-sc (Nodal super-cleaved) which is more efficiently 

processed (Constam and Robertson, 1999) facilitated pull-down of both mature Nodal and 

propeptide by Cripto (lane 2). These results indicate that Nodal can interact with Cripto before 

and after proteolytic maturation. 

 

To validate this conclusion, and to determine how Cripto interacts with intracellular Nodal, 

the GPI-anchored form was solubilised and coimmunoprecipitated with various Flag-tagged 

mutant Nodal proteins. In cell extracts, both N-42 and Nr-42 precursor proteins precipitated 

the 18 and 13 kDa forms of Cripto (Fig. 20B, lanes 1, 2). Both forms of Cripto were also 

pulled down by constitutively mature Nodal (Nmat, lane 3) fused to a secretory signal 

sequence whitout the prodomain (Le Good et al., 2005). Likewise, the Nodal propeptide alone 

efficiently precipitated Cripto, although this complex was less soluble in detergent extracts 



 61 

(Npro, lane 4, and data not shown). In control experiments, Cripto was not precipitated by the 

TGF-β family member Dorsalin (data not shown). These results demonstrate that membrane-

anchored Cripto, similar to its soluble mutant derivative, specifically binds uncleaved Nodal 

both via the mature domain and the propeptide. 

 

 

Figure 20. Cripto interacts with both mature Nodal and the prodomain to bind uncleaved precursor 
 (A) Precipitation of Flag-tagged Nodal precursor and cleaved fragments (pro, mat) by truncated soluble Cripto 

devoid of a GPI anchor. Supernatant of 293T cell lines containing a mixture of  Nodal prodomain, mature form 

and residual uncleaved precursor (bottom panels, input) was incubated with metal agarose beads soaked with 

(lanes 1, 2) or without (lanes 3, 4) histidine-tagged Cripto (Cripto∆GPI). Western blot (WB) analysis of 

precipitates revealed that soluble Cripto (18-25 kDa) precipitates uncleaved Nodal precursor (53 kDa), together 

with small amounts of prodomain (35 kDa) and mature form (18 kDa, lane 1). When the Nodal cleavage site 

RQRRHHL is mutated to RQRRHLE (Nodal supercleaved) to increase processing (Constam and Robertson, 

1999), binding of Cripto to mature Nodal and cleaved prodomain fragment is increased (lane 2). The molecular 

weights of mature Nodal (12 kDa) and precursor (47 kDa) are shifted by 6 kDa due to an N-glycosylation site 

from Xenopus Nodal proteins, which was added to the C-terminal domain to improve protein stability (Le Good 

et al., 2005). Non-specific binding of Nodal to empty beads was below detectable levels (lanes 3, 4). (This 

experiment was performed by J. Ann Le Good.) 

(B) Both wild-type Nodal and an SPC-resistant mutant precursor (Nr) carrying a Flag epitope in the prodomain 

pull down GPI-anchored Cripto from detergent-soluble COS1 cell extracts (lanes 1-2). GPI-anchored Cripto was 

also precipitated by mature Nodal (Nmat, lane 3) or propeptide (Npro, lane 4), but not in the absence of Nodal 

(lane 5). High levels of Npro reduce the detergent solubility of Cripto (lane 4). (This experiment was performed 

by J. Ann Le Good.) 
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6.5 Cripto and Nodal precursor associate before Nodal cleavage 

 

Our finding that Cripto and Nodal in coimmunoprecipitates lack complex carbohydrates 

confirms that they already associate before reaching the dwellings of active Furin or PACE4. 

Therefore, we wished to identify a Cripto-interacting region in the Nodal propeptide and test 

whether it is necessary to activate Nodal. Alignment of prodomain sequences revealed that 

residues 215-226 upstream of the SPC cleavage motif are highly conserved among the Nodal 

proteins, but not in other TGF-βs (Fig. 21, and data not shown).  

 

 

 

Deletion of this motif in the Npro-GFP fusion was not sufficient to abrogate binding to Cripto 

(data not shown). Therefore, to test whether the distal prosegment comprises a Cripto 

interacting region (CIR), it was fused to secreted CFP. Coimmunoproecipitation analysis 

showed that residues 203-229 of Nodal were sufficient to mediate binding of CFP to Cripto 

(Fig. 22A). This interaction was significantly diminished in three independent experiments 

upon mutation of the conserved residues L216 and S223 (Fig. 22A). These results suggest 

that the distal end of the Nodal prodomain significantly contributes to Cripto binding. 

 

Figure 21. Position of a 
highly conserved motif 

among the Nodal proteins  
Residues 211-240 of the 

murine Nodal prop peptide 

flanking the SPC cleavage 

motif (RXXR, not shown) 

and related sequences of 

Nodal homologs (top) and 

other TGFβ family members 

which interact with Cripto 

(murine Lefty1 and -2, Gdf1, 

Gdf3 and Xenopus Vg1). 

Conserved amino acids 

within the Cripto-interacting 

region 202-229 (CIR) are 

indicated in red. Mutated 

residues (216-223) are 

indicated in blue. Neither 

L216 nor Ser223 are 

conserved in TGFβ1-3, but 

present in BMPs and Activin 

βA,B chains, respectively. 
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To assess whether the CIR controls Nodal activation, we monitored processing and signalling 

of mutant precursors lacking the CIR. Western blot analysis of transfected cells shows that 

deleting or mutating the CIR of the Nodal precursor barely affects Cripto-independent 

secretion or processing (Fig. 22B and data not shown). However, Cripto-mediated Nodal 

signalling was reduced more than 2.5-fold (Fig. 22B). Thus, the CIR is essential for Cripto-

mediated activation of the Nodal precursor.  

 

 

 
Figure 22. The Cripto interacting region (CIR) is required for efficient binding to Cripto and Smad2/3 
activity 
(A) Mutation of 4 conserved residues in the CIR (CIRmut, figure 21) reduces Cripto binding of a secreted CFP-

CIR fusion protein to background levels. 

(B) Western blot analyis of transfected 293T cells showing that both Ndl∆CIR and NdlCIRmut can be processed 

independently of Cripto similar to the wild-type. Activation of wild-type and CIR-deficient Nodal precursors in 

293T cells expressing Cripto together with the luciferase reporter ARE-lux. Data is representative of two 

separate experiments. Error bars indicate standard deviation of triplicate values. 
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6.6 Cripto binds the Nodal convertases Furin and PACE4 

 

Since Cripto associates with uncleaved Nodal precursor, we asked whether it also recruits 

Nodal convertases. To test this hypothesis, cells were cotransfected with Cripto and Flag-

tagged Furin or PACE4. Immunoprecipitation revealed that both Furin and PACE4 can pull 

down Cripto and vice versa (Fig. 23A, B).  

 

 

 

Figure 23. Binding of Cripto to Furin and PACE4 
(A) Upon cotransfection in COS1 cells, Cripto can be coprecipitated with Flag-tagged Furin or PACE4, but not 

by control beads. (This experiment was performed by J. Ann Le Good.) 

(B) Reverse pulldown of Furin and PACE4 by Cripto confirms the specificity of binding. (This experiment was 

performed by J. Ann Le Good.) 

 

 

Deletion of the cysteine-rich domain (CRD) and the cytoplasmic tail of Furin did not abolish 

binding (data not shown), suggesting that Cripto interacts with upstream sequences such as 

the P-domain or the catalytic domain, or both. Deletion mutants of SPCs lacking the P-

domain fail to undergo autocleavage and do no exit the ER (Gluschankof and Fuller, 1994; 

Takahashi et al., 1995). Therefore, to assess potential interactions with Cripto, the P-domain 

of Furin was separately expressed as a secreted CFP fusion protein, or only with a Flag tag 

inserted after an N-terminal hydrophobic leader. Cripto specifically immunoprecipitated the 

CFP fusion (Fig. 24A); conversely, Flag-tagged P-domain pulled down Cripto (Fig. 24B). 
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Together with data in figure 20, these results show that Cripto can independently bind the 

Nodal precursor and its convertases. 

 

 

 

Figure 24. Cripto binds SPCs through their P-domain 
(A) Coimmunoprecipitation of Cripto with the P-domain of Furin. The P-domain was fused to the C-terminus of 

secreted CFP (CFP-Pd).  

(B) Coimmunoprecipitation of Cripto with Furin P-domain provided with an N-terminal hydrophobic signal 

sequence followed by a Flag epitope (Flag-Pd). 

 

 

6.7 Activation of a preassembled complex of Cripto and uncleaved Nodal 

by convertases from neighbouring cells 

 

During embryogenesis, Cripto and Nodal are coexpressed in the epiblast ((Brennan et al., 

2001; Ding et al., 1998; Dono et al., 1993; Mesnard et al., 2006) and Fig. 25A, B), whereas 

Furin and PACE4 are produced in neighbouring extraembryonic cells (Beck et al., 2002; 

Mesnard et al., 2006). This spatial compartmentalisation requires that Furin and PACE4 

activate Nodal cell non-autonomously in neighbouring cells. To mimic this situation in 

culture, 293T cells were transfected with Furin or PACE4 and cocultured with cells 

expressing Nodal, Cripto and the luciferase reporter ARE-lux (Fig. 25C). As a positive 

control, all components were transfected together in one cell population (Fig. 25D). Furin or 
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PACE4 increased Nodal activity 2-2.5-fold above endogenous levels, regardless of whether 

they were transfected separately or together with Nodal and Cripto. No luciferase activity was 

induced in the absence of Nodal. These results show that Furin and PACE4 can activate 

Nodal protein that is expressed together with Cripto by neighbouring cells. 

 

 

Figure 25. Furin and PACE4 activate a preassembled complex of Cripto and Nodal at the surface of 

signal-receiving cells 
(A, B) Whole mount view (A, B) and frozen section (B’) of mouse embryos stained 6.25 days after fertilization 

first for Cripto (B, red) and subsequently for Nodal mRNA (B’, purple). Nodal and Cripto transcripts colocalise 

in the same cells (B’). Nodal transcripts are enriched near cell borders (stippled outline). (This experiment was 

performed by D. Mesnard.) 

(C) Human embryonic kidney 293T cells expressing Cripto and a luciferase reporter with or without Nodal (N) 

were co-cultured with cells expressing elevated levels of Furin or PACE4 or empty vector (v). SPCs increase 

luciferase activity in neighbouring cells which express Nodal in a complex with Cripto, but not in cells lacking 

Nodal, confirming that they can activate Nodal signalling in a cell non-autonomous manner. (This experiment 

was performed by J. Ann Le Good.) 

(D) As a positive control, SPCs, Nodal, Cripto and luciferase reporter were co-transfected into a single 

population of cells that were cultured together with an equal number of untransfected cells. (This experiment was 

performed by J. Ann Le Good.) 

 

 

6.8 Cripto assembles Nodal processosomes at the cell surface  

 

If Cripto presents the Nodal precursor for extracellular cleavage, the two proteins should 

colocalise at the plasma membrane. Immunostaining of unpermeabilised cells revealed an 

overlapping distribution of Cripto and cleavage-resistant Nr at the plasma membrane (Fig. 

26A, B).  
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By comparison, the steady state concentrations of constitutively mature Nodal (Nmat, Fig. 

26C, D) at the cell surface were undetectable or strongly reduced. However, in cells treated in 

parallel with the peptidic SPC inhibitor decanoyl-RVKR-CMK, expression of wild-type 

Nodal at the plasma membrane was significantly stabilized (Fig. 27A, B). These results 

together with our published data on the stability of mature Nodal (Le Good et al., 2005) 

support our model that Nodal matures in a complex with Cripto at the cell surface.  

 

 

 
 

Figure 26. Cripto presents Nodal precursor at the cell surface 
Immunofluorescence analysis of non-permeabilised COS1 cells expressing Flag-tagged cleavage-resistant Nodal 

(Nr) or constitutively mature form (Nmat) alone (A, C) or together with Cripto (B, D). Cell surface expression of 

Nodal (green) and Cripto (red) was visualised by indirect immunofluoresence using anti-Flag and anti-Cripto 

antibodies. Uncleaved Nodal is anchored by Cripto at the plasma membrane, but upon maturation is sequestred 

in intracellular compartments and rapidly metabolised (compare B and D)(Le Good et al., 2005, and Suppl. Fig. 

S3C). Scale bar: 10 µm. (This experiment was performed by J. Ann Le Good.) 

 

 

 

 

To test whether Cripto recruits Nodal convertases at the plasma membrane, separately 

transfected cells expressing Furin were co-cultured with cells producing Cripto with or 

without Nodal cleavage resistant (Nr). Coimmunoprecipitation analysis of chemically 

crosslinked cell surface proteins revealed that Furin is pulled down by Cripto together with 

Nodal precursor (Fig. 27C). These data suggest that Cripto can assemble a Nodal processing 

complex at the plasma membrane. 
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Figure 27. Inhibition of Nodal cleavage stabilises a Nodal/Furin/Cripto complex at the cell surface 
(A, B) Colocalisation of wild-type Nodal precursor (green) and Cripto (red) at the surface of cells treated without 

(A) or with decanoyl-RVKR-chloromethylketone (B), an inhibitor of endogenous Nodal convertases (Le Good et 

al., 2005). Scale bar: 10 µm. (This experiment was performed by J. Ann Le Good.) 

(C) Cos1 cells transfected with Flag-tagged Furin were co-cultured for 24 h with a separate cell population 

expressing Cripto with or without uncleaved Nodal precursor (Nr). The resulting complexes were chemically 

crosslinked with a membrane-impermeable crosslinker, and immunoprecipitated by anti-Cripto antibody. Anti-

Flag immunoblotting showed that significant amounts of Furin (arrow, 92 kDa) are specifically pulled down by a 

complex of Cripto and uncleaved Nodal precursor. (This experiment was performed by J. Ann Le Good.) 

 

 

6.9 Retrieval of Nodal from the cell surface involves multiple endocytic 

carriers 

 

Previous studies suggest that proteolytic maturation stimulates Nodal endocytosis (Le Good et 

al., 2005). To determine how Nodal is internalised, cells were cotransfected with Flag-tagged 

Nodal with or without Cripto, followed by incubation with anti-Flag antibody to monitor 

Nodal-mediated antibody uptake. Already after 5 min, numerous small foci were present in 

Nodal-transfected cells, but not in control cells. Irrespective of the presence or absence of 

Cripto, no significant overlap was detected between Nodal-positive carriers and early 

endosomes marked by GFP-Rab5 (Fig. 28A). Since Cripto increased the levels of Nodal in 

detergent-resistant membranes (Fig. 16), we monitored Nodal uptake in vesicles which 

expressed GFP-Caveolin (Fig. 28B) or GFP-Flotillin (Fig. 28C) to monitor clathrin-

independent endocytosis. Only a small amount (3.6 %) of internalised antibody colocalised 

with GFP-Caveolin, which moderately increased to 9.0 % in the presence of Cripto (Fig. 

28D). After 10 min uptake, the colocalisation with GFP-Caveolin was comparable in the 

absence (7.2 %) and presence of Cripto (8.9 %).  



 69 

 

 

 

 

Figure 28. Cripto recruits Nodal to non-clathrin, non-caveolar endocytic compartments marked by 

Flotillin-1 
(A) Antibody uptake by Flag-tagged Nodal (red) in early endosomes expressing Transferin receptor was 

undetectable after 5 minutes irrespective of the presence or absence of Cripto. Scale bars: 10µm on the image 

showing the whole cell, 2µm on the zoom. 

(B) Antibody uptake by Flag-tagged Nodal (red) on GFP-caveolin-1 positive domains was undetectable after 5 

minutes irrespective of the presence or absence of Cripto. Scale bars: 10µm on the image showing the whole cell, 

2µm on the zoom. 

(C) Antibody uptake by Flag-tagged Nodal (red) on GFP-Flotillin1 positive domains was undetectable after 5 

minutes irrespective of the presence or absence of Cripto. Scale bars: 10µm on the image showing the whole cell, 

2µm on the zoom. 

(D) The histogram shows the percentage of Nodal (red) colocalising with either Caveolin1 or Flotillin1 (green). 

Colocalisation was performed with Metamorph software (Universal Imaging Corporation). Uptake experiments 

were performed with different timing: 5 min or 10 min in absence or presence of Cripto. We calculate Costes’ 

approach and found that the random images were never showing better colocalisation that the original image. 

Manders’ coefficient was calculated to relate the percentage of colocalisation. The histograms represent at least 

three independent experiments, and the variations around the mean values are indicated. Student’s t test was 

performed to assess the significance of the results (*** p<0.001).  
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(E) Electron microscopy in Cos1 cells of Nodal immunoglod labelled. Nodal is internalised from the 

extracellular space (E) into vesicles at the plasma membrane (P). These vesicles are typically non-clathrin coated 

vesicles. (This experiment was performed by Viola Oorschot, Klumperman laboratory, Cell Microscopy Center, 

Utrecht.) 

 

 

In contrast, Cripto significantly increased the percentage of Nodal vesicles overlapping with 

GFP-Flotillin from 7.1 % to 20.5 % after 5 min, and from 6.6 % to 26.3 % after 10 min (Fig. 

28D). Consistent with these results, electron microscopy analysis showed that Cripto 

stimulates Nodal uptake in uncoated, rather than in clathrin-coated plasma membrane 

invaginations (Fig. 28E). These findings suggest that while Nodal enters cells via several 

clathrin-independent pathways, Cripto preferentially stimulates uptake in Flotillin carriers. 

 

Next, we wished to determine whether endocytosis via specific microdomains is necessary to 

activate Nodal. In order to associate with lipid rafts, Caveolin and Flotillin must be 

palmitoylated (Dietzen et al., 1995; Morrow et al., 2002). Thus, if Nodal relies on uptake in 

specific membrane microdomains for efficient proteolytic maturation, we predicted that 

activation should be sensitive to inhibitors of palmitoylation. Indeed, luciferase reporter 

assays and antibody uptake (10min) experiments revealed that 2-bromopalmitate (2BP) also 

inhibited Nodal endocytosis and signalling, while stimulating Nodal staining at the cell 

surface (Fig. 29A). Furthermore, treatment of transfected cells with 2BP drastically inhibited 

Nodal processing by endogenous convertases and by transfected Flag-tagged Furin and 

PACE4, even though the release of these proteases into conditioned medium was only 

marginally impaired (Fig. 29B). However in conditioned medium, the reduction in the levels 

of cleaved Nodal propeptide resulting from 2BP treatment was only partially matched by a 

corresponding increase in uncleaved precursor, suggesting a net decrease in Nodal secretion 

(Fig. 29B). 

 

This inhibition of Nodal secretion into the medium is reminiscent of the effect of inhibitors of 

endosomal acidification such as NH4Cl, even though the latter in addition also blocks the 

shedding of SPCs (Fig. 17). Overall, these results are consistent with a model that Nodal 

uptake in specific plasma membrane microdomains is necessary for proteolytic maturation 

and signalling and precedes the release of Nodal into culture medium. 
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Figure 29. 2-bromo-palmitate (2BP) inhibits Nodal processing and signalling 
(A) 2BP inhibits Nodal endocytosis and signalling. Control experiments show that 2BP does not block the 

secretion of Furin and PACE4. 

(B) Effect of 2-bromo-palmitate (2BP) on Nodal processing in 293T cells. Cells were transfected with Nodal and 

Cripto. In addition, either Furin or Pace4 was cotransfected. Cells were then incubated with or without 2-BP [8 

µg/ml] for 24 hours. Control experiments show that 2-BP does not block the secretion of Furin and PACE4. 

 

 

6.10 Cripto localises Nodal at the limiting membrane of endosomes 

competent for signalling 

 

To address how Cripto-mediated uptake might promote Smad2/3 signalling, we investigated 

its effects on the post-endocytic trafficking of Nodal. In order to activate Smad2/3 

transcription factors, Nodal/Activin- and TGF-β receptors must be targeted to early 

endosomes by the FYVE domain protein SARA (Di Guglielmo et al., 2003; Panopoulou et 

al., 2002; Penheiter et al., 2002; Tsukazaki et al., 1998). To visualize this compartment, we 

transfected COS1 cells with GFP fused to the small GTPases Rab5 or Rab4, which decorate 

and, at elevated expression levels, enlarge early endosomes (Bucci et al., 1992; van der Sluijs 

et al., 1992). Indirect immunofluorescence analysis revealed that early endosomes marked by 

GFP-Rab4 also harboured ALK4, Cripto, as well as endogenous Rab5 and SARA (Fig. 30A-

O).  
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Figure 30. GFP-Rab4 endosome harbour Alk4 and SARA  
 (A-I) Immunostaining of human HA-tagged ALK4 (blue) without (A-D) or with Cripto (red, E-I) at the limiting 

membrane of GFP-Rab4-expressing endosomes (green). A kinase-inactive mutant version (K/R) of ALK4 was 

used to reduce toxicity. Panels B-D and F-I show magnifications of panels A and E, respectively, for individual 

and merged colour channels). Scale bar: 10 µm. 

(J-O) GFP-Rab4-expressing vesicles are decorated on the cytoplasmic side by endogenous Rab5 (J-L) and 

SARA (M-O). Scale bar: 5 µm. 

 

 

 

 

To assess whether COS1 cells endogenously express Nodal signalling receptors, they were 

transfected with CAGA::GFP, a reporter of active Smad3 (Neptune et al., 2003). Incubation 

of COS1 cells with TGF-β (control) or recombinant Activin A significantly increased the 

expression of transfected CAGA::GFP above basal levels, whereas the compound SB-431542 

which blocks ALK4, 5, 7 signalling was inhibitory (Fig. 31). These results suggest that COS1 

cells endogenously express Nodal/Activin receptors.  
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Figure 31. Activin and TGF-β receptor signalling in COS1 cells 
(A) Western blot analysis of CAGA-GFP expression, a reporter of Nodal/Activin/TGF-β receptor signalling in 

COS1 cells stimulated for 24 hrs by recombinant Activin A or TGF-β (50 ng/ml) in the presence or absence of 

the ALK4, 5, 7 inhibitor SB431542 (10 µM). Western blot analysis of γ-tubulin served as a loading control.  

(B) Densitometric quantification of CAGA-GFP induction. 

 

 

To determine whether Nodal is internalised in early endosomes, we conducted indirect 

immunofluorescence and antibody uptake experiments. During the first 10 min of uptake, 

internalised antibody was detected in cells expressing Nodal, but not in control cells. 

However, at these early time points, irrespective of whether Nodal was transfected with or 

without Cripto, there was no significant overlap with early endosomes marked by GFP-Rab5, 

GFP-Rab4 or by Transferrin receptor (TfR) (Fig. 28, and data not shown). In cells 

cotransfected with Cripto and Nodal, antibody to detect Nodal was internalised after 40 min at 

the limiting membrane of early endosomes (Fig. 32A).  

 

 

 

Figure 32.  In presence of Cripto, Prolonged antibody uptake, localises Nodal at the limiting membrane of 

GFP-Rab5 and GFP-Rab4 endosomes 
(A) Prolonged antibody uptake (40 min) in cells transfected with Cripto reveals the presence of Nodal (red) in 

early endosomes. Scale bar: 10 µm (inset, scale bar 5 µm). 
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(B, C) After 5 min uptake, followed by a 35 min chase, antibody detecting Nodal localizes in early endosomes 

marked by GFP-Rab5 (B) and GFP-Rab4 (C). Non-specific background staining was below detection levels (not 

shown). Scale bar: 10 µm (inset, scale bar 5 µm). 

 

 

 

Likewise after 5 min uptake followed by a 35 min chase, internalised antibody was efficiently 

delivered to GFP-Rab5 and GFP-Rab4 endosomes (Fig. 32B, C). Staining of Cripto 

confirmed its colocalisation with internalised Nodal at the limiting membrane (Fig. 33A, B). 

We conclude that Nodal is delivered to early endosomes following initial uptake in smaller 

vesicles. 

 

 

 
 
Figure 33. Both Nodal and Cripto can be colocalised on GFP-Rab4 endosomes 
(A, B) Immunostaining of Cripto (red) showing colocalisation with internalised Nodal (blue) at the limiting 

membrane of early endosomes. Magnifications of panel A are shown in B. Scale bar: 10 µm. 

 

 

6.11 Nodal is target to the lumen of multivesicular endosomes in absence of 

Cripto 

 

To test whether Nodal transport to early endosomes is regulated, Nodal-mediated antibody 

uptake after 40 min was monitored in cells transfected in parallel with or without Cripto. 

There was no obvious difference between these two cell populations in the amounts of 

internalised antibody associated with early endosomes. However, Nodal only accumulated at 

the endosome-limiting membrane when cotransfected with Cripto, whereas the staining in 

cells transfected with Nodal alone was in the endosome lumen (Fig. 34A, B). Moreover, 

compared with control cells, the diameter of early endosomes in cells transfected with Cripto 

was increased. Potential artefacts of antibody uptake were excluded since identical results 

were obtained using immunofluorescence to directly stain internalised Nodal protein (Fig. 

34C, D). 
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Figure 34. Cripto is necessary to retain Nodal at the limiting membrane of early endosomes 
(A-D) Antibody uptake experiments (A, B) and immunostaining (C, D) show that early endosomes expressing 

GFP-Rab4 sequester Nodal (red) in the lumen (A, C). By contrast, in cells cotransfected with Cripto, early 

endosomes retain Nodal at the limiting membrane (B, D). Scale bars: 5 µm.  

(E, F) Quantification of Nodal in the lumen of early endosomes of cells transfected with (F) or without Cripto 

(E). The average vesicle diameter (d) and distance (r, blue lines) of the centre of Nodal staining (red) from the 

limiting membrane (green) were measured at a fluorescent intensity of 80 pixels (stippled line). To normalise for 

endosomal size and its increase by Cripto, distance was multiplied by 10/diameter. 

 

 

To quantify the effect of Cripto on Nodal localisation, the average distribution of internalised 

antibody was calculated by measuring the shortest possible distance from the centre of the 

lumenal staining to the nearest limiting membrane. On average, Cripto reduced the distance of 

Nodal from the limiting membrane 3.2-fold or, after normalising with respect to endosome 

size, by a factor of 4.2 (Fig. 34E, F). 

 

Sorting into intralumenal vesicles is a powerful strategy to sequester signalling molecules 

from cytoplasmic effectors (reviewed in van der Goot and Gruenberg, 2006). To determine 

whether Cripto binding simply prevents diffusion of Nodal into the endosome lumen, or 
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whether it inhibits sorting into intralumenal vesicles, we employed electron microscopy. 

Immunogold labelling of internalised antibodies revealed that Nodal is trapped on 

intralumenal vesicles (Fig. 35A, B). However, upon cotransfection with Cripto, Nodal 

remained at the limiting endosomal membrane, and intralumenal vesicle formation was 

diminished (Fig. 35B). Similar results were obtained in cells that did not overexpress GFP-

Rab4 (data not shown). To our knowledge, Nodal thus is the first TGF-β family member 

shown to partition to intraendosomal vesicles. Furthermore, these data reveal a novel function 

for Cripto in attenuating intraendosomal budding and sorting of associated cargo. 

 

 

 

Figure 35. Cripto in attenuating intraendosomal budding of endosomes 
(A, B) Electron microscopy analysis of immunogold labelled antibodies detecting Nodal-mediated anti-Flag 

antibody uptake in multivesicular endosomes (MVE) in cells cotransfected without (A) or with Cripto (B). When 

cotransfected with Cripto, Nodal localised at the limiting membrane of endosomes (E) devoid of intralumenal 

vesicles (arrowheads), whereas the signal in multivesicular endosomes was diminished (not shown). M: 

mitochondrium; P: plasma membrane. Scale bars: 200 nm. (This experiment was performed by Viola Oorschot, 

Klumperman laboratory, Cell Microscopy Center, Utrecht.) 

 

 

6.12 Cripto localisation at the limiting membrane of endosome is specific to 

Nodal activity 

 

The experiments described above were conducted using Flag-tagged Nodal precursor. Since 

the Flag epitope was in the propeptide, we asked whether the mature form is similarly 

localised. Similar to full-length wild-type Nodal, a constitutively mature mutant form (Nmat) 

lacking the propeptide strictly depended on Cripto to accumulate at the limiting membrane 

(Fig. 36A, B).  
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In contrast, immunofluorescent staining of Activin A, which does not rely on Cripto for 

signalling, was detected at the limiting membrane independently of Cripto (Fig. 37). These 

results suggest that Nodal, but not Activin, critically depends on Cripto to escape trapping in 

the lumen of early endosomes.  

 

 

 

 

6.13 The EGF domain of Cripto, although dispensable for Nodal binding, is 

essential for Smad-dependent Nodal signalling  

 

To further evaluate whether Cripto-mediated localisation of Nodal is functionally relevant, we 

tested whether it is blocked by specific loss-of-function mutations in the EGF or CFC 

domains. Upon deletion of the EGF motif or mutation of its conserved residues G71 or F78, 

Cripto is unable to stimulate Nodal signalling (Fig. 38A), apparently due to loss of Nodal 

binding at the cell surface (Yan et al., 2002; Yeo and Whitman, 2001b). However, cell surface 

Figure 36. Mature 

Nodal also depends 

on Cripto to 

accumulate at the 

limiting membrane of 

early endosomes 
(A, B) Antibody 

uptake into GFP-Rab4 

endosomes (green) by 

Flag-tagged 

constitutively mature 

Nodal (Nmat, red) 

transfected without (A) 

or with Cripto (B). 

Scale bars: 5 µm 

 

Figure 37. Activin does not 

depend on Cripto for 

signalling 
Immunostaining of Myc-tagged 

Activin A (red) showed that 

Activin A could localise even 

without Cripto at the limiting 

membrane of early endosomes 

(green). Scale bars: 5 µm. 
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staining and coimmunoprecipitation analysis revealed that deletion of the EGF domain only 

reduced cell surface expression levels while leaving specific interactions with Alk4 and 

intracellular Nodal intact (Fig. 38B and Fig. 40H).  

 

 

 

Figure 38. The EGF domain of Cripto is essential for Smad-dependent Nodal signalling 
(A) Deletion of the entire EGF motif (Cripto∆EGF) and specific point mutations (F78A, G71N) in this domain 

block induction of the Smad-dependent luciferase reporter ARE-lux by Nodal (A). This is not due to loss of 

Nodal binding, since GPI-anchored Cripto does not depend on the EGF domain to efficiently bind full length 

Nodal, its propeptide and the mature form (data not shown).  

(B) In coimmunoprecipitation assays, CriptoF78A also interacts normally with ALK4. (This experiment was 

performed by J. Ann Le Good.) 

(C, D) Localisation of CriptoF78A (red) to early endosomes marked by GFP-Rab4 (green) is not inhibited in 

cells transfected without (C) or with Nodal (D). Scale bars: 5 µm 

 

 

Similar to wild-type Cripto, the EGF domain mutant F78A also coimmunoprecipitated both 

Nodal and ALK4 (Fig. 38B) and reached early endosomes irrespective of the presence or 

absence of Nodal (Fig. 38C, D). Therefore, we performed antibody uptake experiments to test 

whether the EGF domain regulates Nodal trafficking. Mutant Cripto lacking residue F78 or 

the entire EGF domain failed to retain Nodal at the limiting membrane of early endosomes 
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(Fig. 39A , B, C). Similarly, mutating G71 in the EGF domain abolished Nodal localisation 

and signalling (Fig. 39D). Finally, also the inactivating mutations H104G and W107G in the 

CFC domain, which prevent docking of ALK4 (Yeo and Whitman, 2001b), inhibited as well 

accumulation of Nodal at the limiting endosomal membrane (Fig. 39E).  

 

 

 

Figure 39. The EGF domain of Cripto is required for Nodal localisation at the limiting membrane of to 

endosomes 
(A-E) EGF domain mutants (B-E) fail to localise Nodal at the limiting membrane of early endosomes. In A-E, 

selected areas are shown at higher magnification (right panels). In (C), analysis of the red channel alone (second 

panel from the left) clearly shows that Nodal localises to the early endosome lumen. Scale bars: 5 µm. 

 

 

To validate that wild-type and Cripto mutants reach the cell surface, unpermeabilised COS1 

cells were analysed by indirect immunofluorescent staining. Consistent with results obained 

in 293T cells (Minchiotti et al., 2000), wild-type Cripto was detected at the plasma membrane 

(Fig. 26 and 40A). Cell surface expression was not reduced, but rather increased upon 

cotransfection of Nodal, or if the ALK4 docking site in the CFC domain was mutated (Fig. 

40B, F) (Yeo and Whitman, 2001b).  
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Figure 40. The EGF domain is essential for Cripto cell surface expression 
(A-C) Immunostaining of Cripto (red) at the surface of unpermeabilised Cos1 cells (A). Cotransfection of Nodal 

does not inhibit transport of Cripto to the cell surface (B). Scale bars: 10 µm. (These experiments were 

performed by J. Ann Le Good.) 
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(D-F) Compared to the wild-type (A), mutant Cripto which cannot dock to ALK4 due to the amino acid 

substitutions H104G and W107G in the CFC domain (mCFC) (Yeo and Whitman, 2001a) was expressed at 

elevated levels at the cell surface in three independent experiments (F). (This experiment was performed by J. 

Ann Le Good.) 

(G) Compared to wild-type, the F78A and G71N mutations do not impair Cripto binding to full length Nodal 

precursor, its pro peptide (Npro) or constitutively mature form (Nmat) in coimmunoprecipitation assays. Nmat 

significantly reduced the levels of detergent-soluble Cripto in the input fraction.  

(H) Binding of Cripto ∆EGF to Nodal (lanes 3-8) is comparable to that of wild-type (lanes 1-2). 

 

 

Conversely, although the mutant with the deletion of the EGF-like domain was expressed in 

these cells, this mutation greatly diminished cell surface expression of Cripto (Fig. 40D, E). 

However, the point mutation F78A in the EGF domain had no detectable effect on cell surface 

expression levels (Fig. 40C). Besides confirming that Cripto is secreted, these results indicate 

that cell surface expression relies on the presence of the EGF domain. 

 

Previous analysis of chemically crosslinked cell surface complexes by co-

immunoprecipitation suggested that Cripto directly binds processed Nodal, and that this 

interaction relies on the EGF domain. However in a separate study, we observed that Cripto 

also specifically coprecipitates uncleaved Nodal precursor and its propeptide, and vice versa 

(J.A.L., unpublished observation). Moreover, neither the point mutations F78A or G71N, nor 

deletion of the entire EGF domain inhibited binding of Cripto to full length Nodal, its pro 

peptide or the mature form (Fig. 40G, H). In part, this discrepancy may reflect the fact that 

Cripto was not Flag-tagged at the C-terminus in our experiments, because we wished to 

preserve a functional GPI-signal. Furthermore, since deletion of the EGF domain reduces 

Cripto cell surface expression (Fig. 40D), complexes of Nodal with Cripto∆EGF may have 

escaped detection by chemical crosslinking under the conditions examined. In any case, our 

results do not support the view that the EGF domain is essential for Nodal binding. They are 

consistent, though, with a model that the EGF domain regulates trafficking of Cripto and 

associated cargo. 

 

 

These results strongly support the model that Cripto stimulates the Smad pathway by 

localising a complex of Nodal and signalling receptors at the limiting membrane of early 

endosomes. This observation is consistent with an essential role for Cripto in recruiting cargo 

to signalling-competent membrane domains. 
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7 DISCUSSION 
 

Nodal is a protein essential in early embryogenesis. The role of Nodal specifying the A/P axis 

and the L/R axis, as well as the induction of endoderm and mesoderm is well established. 

However, the properties of the protein and how its activity is potentiated by Cripto have still 

remained unclear. Here, I have characterised the exocytic and endocytic trafficking of Nodal 

and its regulation by Cripto. Previously, Cripto was proposed to increase Nodal binding to the 

receptors (Yeo and Whitman, 2001b). However, it has been shown that both Nodal precursor 

and the mature form can bind Nodal receptors even without Cripto (Ben-Haim et al., 2006; 

Chen and Shen, 2004). Therefore, the function of Cripto in Nodal signalling along the 

Smad2/3 pathways remained obscure. Our results suggest a new model whereby Cripto serves 

to assemble a Nodal processing complex and subsequently localises mature Nodal at the 

limiting membrane of early endosomes. 

 

 

7.1 Nodal and Cripto are secreted through an unconventional pathway 

 

Furin is an endoprotease (reviewed in Thomas, 2002) which cycles between the plasma 

membrane, endosomes and the TGN (Schapiro et al., 2004). The compartment-specific 

regulation of Furin determines its activation, and its access to specific substrates. Furin is a 

proprotein that is cut twice in order to be fully active (Anderson et al., 2002). Furin undergoes 

two autoproteolytic cleavages in its prodomain. The first one occurs already in the ER, 

whereas the second cleavage happens in the TGN/endosomal compartment. The first cleavage 

occurs during exocytosis and induces a conformational change of the protease. The second 

cleavage allows Furin activation by releasing the propeptide (Vey et al., 1994). Furin is 

internalised into endosomes from the plasma membrane. Its activation occurs in the acidified 

TGN/endosomal compartment and is calcium dependent. Processing compartments might be 

formed by the fusion of endocytic furin-containing compartments with vesicles that contain 

the substrate proteins (Band et al., 2001). Furin has a broad set of protein processing and a 

broad enzymatic activity (between pH 5 to 8). In addition, Furin can be shed into the 

extracellular space which suggests a possible activity at a distance of the producing cells. 

Consistent with published data (Molloy et al., 1994), we confirmed that Furin secretion was 

blocked by the fungal drug, BFA and by inhibitors of endosomal acidification, as expected if 



 83 

shedding relies on prior transport through the TGN/endosomal system. As Furin cleavage is 

required for Nodal activation along the Smad2/3 pathway, we have investigated the possible 

exocytic itinerary that Nodal could take in order to meet Furin and to be active.  

 

Nodal is a glycoprotein. The conventional pathway for glycoprotein secretion is the 

following: translation of the protein in the endoplasmic reticulum (ER), addition of 

carbohydrate cores to the side chain of an asparagine (NXT/S consensus sequence), 

modifications of these sugar units in the Golgi, and protein secretion in the extracellular space 

via vesicles. In the Cis and Medial Golgi, carbohydrates are mannosylated and finally acquire 

their terminal glycosylation in the TGN. To analyse Nodal processing, Ann Le Good (former 

postdoc in the lab) monitored the maturation of the carbohydrate modifications during 

exocytosis. When Nodal protein in whole cell lysates was treated with Endoglycosidase-H, 

Nodal size was shifted. This was not the case for the Nodal proteins present in the conditioned 

medium. These results show that the bulk of intracellular Nodal has not yet acquired terminal 

modifications characteristic of the TGN before secretion.  

 

To further characterise the exocytic route of Nodal, I assessed the effects of BFA. This drug 

inhibits the retrograde transport from the Golgi to the ER by breaking down the physical 

separation of the ER and the Cis Golgi. In addition, BFA treatment breaks the continuity 

between the Cis and the Trans Golgi. After treatment with BFA, Nodal could still be detected 

on the plasma membrane of cells. Similar results were observed for Cripto. We speculated 

that Cripto might TGN-independent transport of Nodal to the cell surface. However, Cripto 

was not essential for Nodal to reach the cell surface. This result suggests that both Nodal and 

Cripto are likely to access the plasma membrane via a TGN-independent route, but they can 

do so independently of each other. However, Nodal and Cripto secretion in the medium were 

blocked in presence of BFA. Thus while Nodal and Cripto do not require the Trans Golgi 

compartment for their location at the cell surface, the TGN is necessary for their shedding into 

the medium. As a control, we used His-tagged Cripto, lacking its GPI anchor, which passes 

through the TGN prior to secretion. This mutant form of Cripto was neither detected on the 

plasma membrane nor secreted in the medium after BFA treatment. 

 

Exactly how Nodal reaches the cell surface remains unknown. Nodal is secreted as a 

precursor comprising a prodomain of 27 kDa, whereas the mature part only accounts for 12 

kDa. Could Nodal prodomain deviate the precursor from the conventional ER-Golgi-plasma 
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membrane pathway? It seems unlikely that the prodomain plays such a role since on its own, 

it passes the TGN far more efficiently than the precursor. Thus, the unconventional exocytosis 

of Nodal is most likely to be determined by the mature domain.  

 

So far, the ER compartment was thought to be the first step for protein translation, protein 

modification and protein quality control before secretion. It has become more and more 

evident that the roles of the ER are more complex than what was previously thought 

(reviewed in Desjardins, 2003). The discovery by Desjardins and coworkers that phagocytosis 

by mouse macrophage cell line involves the donation of ER membrane to nascent 

phagosomes suggests a potential mechanism by which intracellular proteins could  be secreted 

in the extracellular space (Desjardins et al., 1994; Gagnon et al., 2002). This peripheral 

compartment in macrophages and dentritic cells serves as an organelle for major 

histocompatibility complex (MHC) class-I-restricted cross-presentation of exogenous antigens 

(reviewed in Ackerman and Cresswell, 2004). The role of ER in protein exocytosis has also 

been studied for CD45, a receptor protein-tyrosine phosphatase essential for T cell 

development and lymphocyte activation. CD45 is able to reach the plasma membrane via two 

distinct routes (Baldwin and Ostergaard, 2001). The first involves a slow Golgi-dependent 

pathway that allows fully processed CD45 to be expressed. The second is independent of the 

TGN, and allows more rapid delivery of CD45 with immature carbohydrate to the cell 

surface.  

 

TGN-independent secretion is not restricted to cells of the immune system. In the central 

nervous system, the paranodes separate Ranvier node from the internode which constitute 

myelinated axon between nodes (Marcus and Popko, 2002). The edges of these myelinated 

segments form the paranode structure. It has been shown that the paranodal complex contains 

GPI-linked F3/Contactin and Caspr/Paranodin (Bonnon et al., 2003). This complex is 

involved in cell adhesion and has a crucial role in the generation of functional junctions at 

paranodes. When associated, the paranodal complex of F3/Contactin and Caspr/Paranodin 

was recruited in lipid rafts and insensitive to BFA. This suggests that this complex reaches the 

cell surface via a TGN-independent pathway. 
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7.2 Cripto allows the formation of a Nodal ‘processosome’ located on 

specific domains competent for signalling 

 

The mature form of Nodal is hardly detected in conditioned medium or cell lysate. In order to 

have sufficient amount of Nodal protein, wild-type Nodal or a supercleaved mutant form of 

Nodal were expressed in cells expressing high levels of SPCs (Le Good et al., 2005). The 

switch of HHL to HLE after the SPC recognition motif (RQRR) renders Nodal super-sensitive 

to processing (Constam and Robertson, 1999). Using the conditioned medium, we analysed 

which domain of Nodal could bind to Cripto. It turned out that the precursor, the prodomain 

and the mature domain could assemble with Cripto. Further experiments showed that each 

domain can separately bind to Cripto.  

 

We further analysed the role of Cripto in the regulation of Nodal processing. Nodal is a 

relatively unstable protein (Le Good et al., 2005). Our laboratory recently demonstrated that 

after maturation, Nodal is rapidly internalised and degraded. This observation suggests a tight 

regulation of Nodal processing and activity. Using immuno-fluoresence staining on non-

permeabilised cells, both Nodal resistant to cleavage (Nr) and a constitutively mature mutant 

form (Nmat), could barely be detected on the plasma membrane. The addition of Cripto only 

marginally increased the amount of these Nodal forms at the cell surface. However, 

accumulation of a cleavage-resistant Nodal precursor was greatly increased by Cripto at the 

cell surface. These findings suggest that processing drastically reduces the residence time of 

Nodal at the cell surface.  

 

In addition, Cripto can bind to the SPCs. Pull-down assay allowed us to detect an interaction 

between Cripto and Nodal convertases. This interaction involves the P-domain which is 

highly conserved in Furin and Pace4. Furthermore, we tested whether the SPCs were able to 

activate the Nodal and Cripto complex after secretion. This experiment mimics what should 

happen in the embryo where Nodal and its convertases are not coexpressed in the same cells. 

Nodal and Cripto are expressed in the epiblast, whereas the proteases are provided by the 

extraembryonic ectoderm. Activity assays showed that a similar level of Nodal activation was 

induced if the convertases were present or not in the same cells. As SPCs are able to activate 

Nodal at a distance, this experiment suggests that the convertases may reach Nodal precursor 

after having moved to the epiblast. Whether the SPCs traffic through the epithelium or diffuse 
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in the cavity is currently under investigation. We propose that Cripto serves as a SPC receptor 

to assemble a Nodal processing complex in signal receiving cells. 

 

In order to produce a signal along the Smad2/3 pathway, Nodal upon cleavage by SPCs must 

activate the type receptor I Alk4. However, direct binding between Nodal, Cripto and SPC 

had never been conclusively demonstrated (Chen and Shen, 2004; Reissmann et al., 2001; 

Yeo and Whitman, 2001b). After crosslinking, Ann Le Good was able to detect a complex 

between Nodal, Cripto and Furin at the cell surface. Cripto might thus allow the formation 

and stabilisation of a complex between the substrate and the proteases. We propose the term 

‘processosome’ for this type of complex. It is important to mention that the formation of the 

complex might not directly imply Nodal activation. Indeed, as previously described, Furin is 

active under a certain pH depending on the substrate that it has to cleave. Whether, Furin 

cleave Nodal at the plasma membrane or in specific vesicles is still not known. Indeed, until 

now, Nodal intracellular localisation was not known. 

 

I next tested if Cripto could bring Nodal to a specific compartment competent in Nodal 

processing. To this end, I used several endocytic markers. It turned out that Nodal was 

enriched in Flotillin-1 rafts in presence of Cripto. Moreover, after treatment with 2BP, a drug 

that inhibits protein palmitoylation, the amount of processed Nodal was drastically reduced 

even if Furin or Pace4 were overexpressed. It thus seems that the environment in these 

domains is essential to produce or stabilise processed Nodal. Activity assays showed that also 

Nodal signalling was dramatically reduced in the presence of 2BP. These results provide the 

first indication that uptake via lipid rafts is essential for the production and/or survival of 

processed Nodal.  

 

It has been demonstrated that the localisation of EGFR is essential for signal induction. EGFR 

follows different internalisation routes, depending whether the concentration of the ligand is 

high or low (both doses were physiologically relevant) (Sigismund et al., 2005). When EGF 

was present at low concentration, the receptor was internalised through the clathrin pathway. 

In this condition, the receptor was phosphorylated and fully competent for Erk signal 

transduction. However, if EGF was more abundant, the receptors were endocytosed partly 

through the caveolar pathway for degradation. In addition, non-clathrin endocytosis correlates 

with the appearance of detectable ubiquitinated EGFR. Surprisingly, monoubiquitination of 

the receptor seems to be required for the CCV internalisation. Recently, diverse functions 
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have been attributed to monoubiquitination. Stability, protein–protein recognition, activity 

and intracellular localisation are regulated by monoubiquitination (at one or multiple lysine 

residues) of transmembrane proteins (reviewed in d'Azzo et al., 2005). 

 

 

7.3 Cripto prolongs Nodal signalling by localising Nodal at the limiting 

membrane of endosomes 

 

To address how Cripto-mediated uptake might promote Smad2/3 signalling, I investigated its 

effects on the post-endocytic trafficking of Nodal. Nodal could be detected after prolonged 

antibody uptake in the lumen of Rab5 and Rab4 sorting endosomes (Fig. 41). However, in 

presence of Cripto, Nodal was localised at the limiting membrane of endosomes. A pulse of 

antibody uptake followed by a chase gave the same result. In order, to understand the purpose 

of this localisation, we characterised in further details the nature of the sorting endosome. 

Alk4 and SARA were detected on the periphery of these endosomes. We further analysed 

Rab4 endosomes using electron microscopy. After antibody uptake and gold-labelling, we 

could see Nodal on intralumenal vesicles. But in presence of Cripto, Nodal accumulated at the 

periphery of the endosome. This localisation was independent of the Nodal propeptide since 

constitutively mature Nodal showed an identical distribution. 

 

Moreover, we tested the effect of several mutants of Cripto on Nodal localisation. All of these 

mutants were unable to induce Nodal activity in luciferase assay. Specifically, we examined a 

complete deletion of the EGF domain and the mutants G71N and F78A, two point mutations 

known to abolish Cripto activity in zebrafish injection assays (Minchiotti et al., 2001). None 

of these mutants were able to localise Nodal on the periphery of endosomes even though they 

bind Nodal similar to wild-type Cripto. We further focused our attention on the mutant F78A 

because a collaborator, G. Minchiotti, introduced this mutation in the mouse using a knock-in 

strategy. Similar to wild-type Cripto, the point mutation F78A also coimmunoprecipitated 

both Nodal and ALK4 and reached the plasma membrane and early endosomes irrespective of 

the presence or absence of Nodal. Thus, we conclude that Cripto potentiates Nodal activity by 

localising a signalling platform in proximity to the cytoplasmic Smad2/3. 
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Figure 41. Cripto couples Nodal processing and endosomal signalling 
Left: Proteolytic processing of the Nodal precursor (red: mature domain; blue: propeptide) in a complex with 

SPC (pink) and GPI-anchored Cripto (green) facilitates access to ALK4 (light purple), type II Activin receptors 

(dark purple) and SARA (orange) at the limiting membrane of early endosomes, apparently via uptake in 

Flotillin-rafts (red bar). Residue F78 in the EGF domain of Cripto, which promotes detergent solubility of a 

truncated 13 kDa form of Cripto, and residues H104 and W107 in the CFC domain which mediate binding to 

ALK4 are essential for correct Nodal localisation.  

Right: In the absence of Cripto, Nodal is sequestered by default on intraendosmal vesicles en route to lysosomes, 

possibly because the receptors are internalised via caveosomes and ubiquitinated similar to TGF-β receptors (Di 

Guglielmo et al. 2003). 

 

 

The strict requirement for Cripto to localise cargo seems to be specific for Nodal. Indeed, the 

scenario was different for ActivinA, a ligand of Alk4, that can signal without Cripto. Activin 

was able to localise on the limiting membrane even in the absence of Cripto. Cripto-mediated 
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trafficking thus may serve to specifically prolong the duration of Nodal signalling, a key 

determinant of cell fate (Ben-Haim et al., 2006; Hagos and Dougan, 2007).  

 

7.3.1 Cripto can inhibit intralumenal vesicle formation in multivesicular endosomes  

 

In the presence of Cripto, Nodal is located at the limiting membrane of endosomes, whereas 

in the absence of Cripto, it is trapped in intralumenal vesicles of multivesicular endosomes 

(MVE). Our results suggest that lumenal sequestration in early endosomes also inhibits Nodal 

signalling, and that this sorting step can be blocked by the pathway agonist Cripto. In 

correlation with this hypothesis, Cripto seems to enlarge the size of early endosomes. In 

addition, no intralumenal vesicles were detected when Nodal was retained at the limiting 

membrane. It thus seems that Cripto has an effect on shaping the endosomal membrane.  

 

How could Cripto inhibit vesicle formation of multivesicular endosome? Intraendosomal 

sorting is best known for its role in the EGF pathway to mediate signal termination and 

ligand-induced receptor downregulation (reviewed in van der Goot and Gruenberg, 2006). 

Ubiquitination of EGFR recruits Hrs and the ESCRT complex, thereby forcing the limiting 

membrane to bud into the endosomal lumen, where associated cargo is sequestered from 

cytoplasmic signal transduction molecules and delivered to lysosomes (reviewed in Raiborg et 

al., 2003; reviewed in van der Goot and Gruenberg, 2006). Also, TGF-β receptor II enters 

lysosomes via multivesicular endosomes (Shim et al., 2006). TGF-β receptor I and BMP 

receptor II are targeted for degradation after polyubiquitination in caveolae (Di Guglielmo et 

al., 2003; Satow et al., 2006). Receptor degradation can be blocked by proteasome inhibitors. 

Since proteasome inhibitors also interfere with intraendosomal vesicle formation, they may 

stabilize TGF-β receptors indirectly by blocking transport to lysosomes (reviewed in Raiborg 

et al., 2003). Thus, it is tempting to speculate that Cripto-mediated Nodal uptake helps to 

evade ubiquitin ligases and ligand-induced receptor degradation. It will be interesting to 

characterise in future studies how the trafficking of Nodal receptors is regulated, and whether 

Cripto-mediated Nodal uptake serves to evade ubiquitin ligases and ligand-induced receptor 

degradation.  

Cripto may also alter membrane properties such as rigidity to directly inhibit membrane 

curvature. Some molecules are able to act on the membrane property allowing vesicles 

formation. Membrane coats define specific membrane domains required for 
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compartmentalisation. The best known coat is composed of clathrin (reviewed in 

Kirchhausen, 2000). Clathrin has a 3-fold symmetric structure called triskelion. These 

triskelons are able to assemble together. Their organisation results in the formation of a cage-

shaped vesicle that pinches off and becomes a CCV in the cytosol (reviewed in Pearse et al., 

2000). However, other types of molecules are able to define certain domains and are also 

taking part in the formation of vesicles. These scaffold proteins have a hairpin-like 

hydrophobic topology that gets integrated into the cytosolic leaflet of the membrane. Three 

proteins of this type have been identified so far: Caveolin, Reticulon and Reggie/Flotillin 

(Bauer and Pelkmans, 2006). The mechanism of organisation is less clear than the one for 

Clathrin. However, it seems that an assembly in polymeric coat stabilised by the presence of 

cholesterol is the most plausible model. Indeed, caveolar coat appears to have a higher affinity 

for cholesterol than the oligomeric and monomeric Caveolin. This assembly involves proteins 

and lipids suggesting that caveolin coat formation relies on a cooperative effect. How 

Reticulon and Flotillin induce membrane curvature is even less clear. Could Cripto increase 

the rigidity of membrane domains by inhibiting the function of Flotillin? Whether the GPI-

anchor Cripto and the hairpin-like protein Flotillin can directly interact remains to be 

determined.  

 

7.3.2 Implications for Nodal signalling in gradient models 

 

Cripto is required to potentiate Nodal signalling along the Smad2/3 pathway. My work 

suggests a new mechanism, namely that Cripto is required to stabilise Nodal at the limiting 

membrane of early endosomes. Cripto could thus be involved in maintaining Nodal signal 

over a certain time. This result is in accordance with the finding that internalised Nodal 

receptors remain active for several hours (Dyson and Gurdon, 1998). This recent study 

proposes a new view for cellular determination after receptor activation (reviewed in Gurdon 

and Bourillot, 2001). According to this model, a cell recognises the number of activated 

receptors that are internalised over time, and their lasting activity in the cell. Cells sense a 

ligand concentration by the absolute number of occupied receptor per cell. The amount of 

receptors activated thus generates a cellular memory which translates into the choice of target 

gene expression based on the total signal duration. In other words, a memory of the ligand 

concentration may be linked to a relatively long-lasting pool of activated receptors. The 
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memory ensures that the cell will make a specific response to a given concentration to achieve 

one particular outcome.  

 

In addition, it was shown that SARA endosomes store signalling molecules including the Dpp 

receptor Thickvein (Tkv). During the cell division, SARA-positive endosomes congregate at 

the cleavage plane and are equally distributed in daughter cells during mitosis (Bokel et al., 

2006). These endosomes contain transmembrane receptor Thickvein (Tkv). When SARA was 

mutated, Tkv failed to localise to the central spindle. SARA is thus involved in targeting 

signalling cargo to endosomes associated with the spindle machinery. This ensures the 

maintenance of the Dpp readout within a gradient across mitosis. Indeed, the presence of 

SARA is required for the recruitment of Smad2/3 to the receptor complex for phosphorylation 

and thus further signal transduction (Tsukazaki et al., 1998). 

  

Consistent with a role for SARA in regulating the duration of Smad2/3 signalling, Dougan 

and coworkers were able to show by conditionally inactivating Nodal receptors that cell fate 

specification in zebrafish embryo at gastrulation stage depends on Nodal signal duration 

(Hagos and Dougan, 2007). Nodal signals were able to specify mesodermal tissues at any 

time within a three-hour period. In other words, cells do not respond to Nodal signals at a 

particular time but instead generate a response corresponding to the highest total dose to 

which they are exposed over time. This spatio-temporal gradient model proposes that the 

cellular response is determined by both the length of time a cell is exposed to the Nodal signal 

and the distance a cell is from the Nodal source. 

 

How do moving cells remember their position in a gradient? In the mid nineties, a model 

termed the ‘ratchet-like process’ was proposed (Gurdon et al., 1995). That study showed that 

cells start to respond to Activin continuously over a certain period. Moreover, cells expressed 

genes characteristic of the highest concentration of morphogen to which they have been 

exposed during their period of competence. Therefore, it seems that cells are able to identify 

their position in a gradient and can directly respond to the morphogen induction. Our data is 

in accordance with this model. Nodal signalling would depend on the amount of Nodal 

activated and maintained over a certain period at the limiting membrane of endosome 

allowing the expression of particular genes. However, it remains to be determined how long 

Nodal/Cripto complex can persist on endosomes, and how that time frame correlates with 

cellular decision taking in the mammalian embryo.  
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7.3.3 The GPI-AP Dally and Dally-like are involved in morphogen trafficking 

 

In addition to the EGF-CFC family, heparin sulphate proteoglycans (HSPGs) may also 

influence Nodal signalling (Oki et al., 2007). Due to their strong charge, glypicans can bind 

secreted growth factors and ECM components (reviewed in Bernfield et al., 1999). HSPGs are 

implicated in many cellular aspects such as adhesion, proliferation, differentiation, 

morphogenesis, and protein motility. More precisely, biochemical studies and cell culture 

assays have implicated HSPGs as coreceptors for specific extracellular ligands and their 

signal-transducing receptors (reviewed in Lin, 2004). Indeed, studies have shown that sugar-

modified HSPGs can sequester cargo proteins within secretory vesicles (Tooze and Huttner, 

1990). HSPGs have shown to have a role in other growth factor signalling such as Wingless 

(Wg) and Decapentaplegic (Dpp) in Drosophila Melanogaster (reviewed in Lin and 

Perrimon, 2002; reviewed in Nybakken and Perrimon, 2002). 

 

Direct evidence linking proteoglycans to pattern formation and growth factor signalling came 

first from the studies of two glypicans: Division abnormally delayed (Dally) and Dally-like 

(Dly) in Drosophila (Nakato et al., 1995). Like vertebrate glypicans, Dally is linked to GPI 

and modified by heparin sulphate (Tsuda et al., 1999). Dally might serve as a co-receptor for 

Dpp. Compromising Dally reduces the expression of genes activated by Dpp, without 

appreciably affecting the levels of dpp expression (Jackson et al., 1997). Conversely, ectopic 

expression of Dally results in enhanced Dpp signalling in the fly wing disc (Fujise et al., 

2003). So far, Dally has been found to act on Dpp signalling only in imaginal discs. However, 

it is not clear how Dally increases signalling.  

 

The trafficking of one of several Nodal homologs has recently been studied in Xenopus 

(Williams et al., 2004). These studies suggest that Xnr2 may establish a gradient by diffusion 

through the extracellular space. However, Xenopus has many Nodal homologs. Like other 

morphogens, mouse Nodal could require the presence of HSPGs to traffic from one cell to the 

other (Han et al., 2004; Tsuda et al., 1999). Indeed, recently it has been shown that sulphated 

glycosaminoglycans (GAG) are necessary for Nodal signalling during L/R axis formation 

(Oki et al., 2007). Inhibition of GAG biosynthesis prevents Nodal expression in the lateral 

plate mesoderm (LMP). Sulfated GAGs seem thus required for Nodal tramsmission from the 

node to the left lateral plate in the mouse embryo. This model does not exclude the possibility 

that Nodal trafficking is regulated in a tissue-specific manner.  
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7.3.4 Different mechanisms allow a gradient formation patterning 

 

Lander and coworkers have proposed on theoretical grounds that Dpp diffusive mechanisms 

are more likely than non-diffusive mechanisms (Lander et al., 2002). However, an alternative 

model proposes that a Dpp gradient is established through repeated cycles of secretion and 

cellular internalisation (reviewed in Gonzalez-Gaitan, 2003). Accordingly, a signalling 

gradient is formed via intracellular trafficking of ligand, and is mediated by receptor-

dependent endocytosis in receiving cells (reviewed in Entchev and Gonzalez-Gaitan, 2002; 

Entchev et al., 2000). This ‘planar transcytosis’ model proposes that recycling endosomes can 

release Dpp, thereby propagating its spreading from cell to cell. Signal propagation in this 

model is restricted by its endosomal degradation. The gradient slope is controlled by Dpp fate 

after endocytosis: recycling versus degradation. Using a GFP-Dpp fusion, Dpp trafficking was 

monitored throughout the target tissue (Entchev et al., 2000). Evidence showed that long-

range Dpp movement involves Dpp receptor, Thickveins and Dynamin functions (Kruse et al., 

2004).   

 

Dynamin-dependent endocytosis is required for Dpp movement. Gonzalez-Gaitan and 

coworkers further defined four key parameters that characterise a morphogen gradient: the 

production rate, the effective diffusion coefficient, the degradation rate and the immobile 

fraction (Kicheva et al., 2007). The way signalling molecules shape their gradient differs from 

one morphogen to another. Their results showed that Dpp forms a long-range gradient 

whereas Wg makes a shorter one. In addition, Wg transport was independent of Dynamin 

endocytosis. By contrast, Dynamin-mediated endocytosis is required for Dpp signalling 

(Belenkaya et al., 2004). However, whether or not Dynamin is also required for Dpp 

movement from cell to cell is controversial (Belenkaya et al., 2004; Entchev et al., 2000). 

According to the Lin laboratory, Dpp moves from cell to cell along the wing epithelium 

through restricted extracellular diffusion involving Dally and Dly. However, it is possible that 

Dynamin was not completely eliminated in their heat shock experiments.  

A major difference between Dpp and Wg is that Wg is itself modified by lipid (Micchelli et 

al., 2002; Willert et al., 2003). Thus, similar to the lipid-linked morphogen Hedgehog (Hh), 

Wg seems to be secreted and to establish a signalling gradient through lipoprotein particles 

(Panakova et al., 2005) termed argosomes (Greco et al., 2001). Dally and Dlp are also 

involved in Wg and Hh signalling (Baeg et al., 2001; Khare and Baumgartner, 2000; Tsuda et 

al., 1999). HSPGs must be present in the producing cells in order for Wg to accumulate 
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normally in vesicular structures. HSPGs might thus be required for the incorporation of Wg in 

argosomes. Moreover, after heparinase treatment, Wg level in punctuate structures was 

strongly reduced in the surrounding tissue. HSPGs are also required in receiving tissues for 

the Wg gradient establishment. The amount of HSPG seems to be tightly regulated by Wg 

itself. Wg contributes to shaping its own gradient by regulating the expression of Notum, a 

member of the α/β-hydrolase superfamily. Notum downregulates Wg signalling by modifying 

Dally and Dlp cleavage (Giraldez et al., 2002; Han et al., 2005). Since Dally and Dlp are GPI-

APs, an interesting question for future studies is whether Cripto might also play a role in 

Nodal transport from cell to cell.   

 

It has been postulated that the zebrafish Nodal homolog, Squint, is a morphogen (Chen and 

Schier, 2001). In order to avoid a relay mechanism created by a Nodal autoinduction, the 

Schier laboratory monitored Squint signalling across a field of cell deficient in Oep, the 

Cripto homolog. Indeed, when squint RNA was injected in a single cell of MZoep mutants, 

Squint could induce the expression of notail in grafted wild-type cells at a distance. However, 

in our model, Cripto traps Nodal in the producing cells to potentiate autocrine signalling 

whenever Nodal is cleaved. Furthermore, the presence of Cripto in cell mixing assay seems to 

correlate with a marked inhibition of paracrine signalling (unpublished observation, Constam 

lab). However, we do not exclude the possibility that Cripto assists in the transport of 

uncleaved Nodal, if the amount of SPCs are rate-limiting for cleavage. Unfortunately, 

technical issues related to the monitoring of intracellular trafficking in the mouse embryo are 

still making analyses difficult.  
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8 SIGNIFICANCE 
 

Ectopic activation of embryonic signalling networks contributes to tumorigenesis. 

The activities of TGF-β family members are very pleiotropic (reviewed in Derynck et al., 

2001; reviewed in Massague et al., 2000). In normal cellular conditions, TGF-βs are tightly 

linked to the control of cell cycle and the maintenance of genetic information. Indeed, TGF-β 

ligands have tumor suppressor activities when they are well regulated. The secretion of a 

latent complex may represent an important safeguard against inadvertent activation of the 

TGF-β complex (Constam et al., 1992), because excessive activation of TGF-βs during tumor 

progression elicits pro-oncogenic effects. Possibly, TGF-β has a dual role as tumor suppressor 

and oncogene because it can induce distinct cellular responses depending on its concentration 

(reviewed in Wakefield and Roberts, 2002). At low levels, TGF-β may act in an autocrine 

fashion to inhibit cell proliferation. However, when overexpressed, TGF-β may act on 

different target cells in stromal compartments and/or induce distinct target genes to promote 

uncontrolled cell divisions and invasive behaviors. The fact that TGF-β production and 

maturation is highly upregulated in a majority of malignant tumors is consistent with such a 

model. Paradoxically, however, a decrease in TβRII expression levels leads to selective loss 

of growth inhibitory responses while oncogenic effects are retained (Chen et al., 1993). At 

first glance, this would suggest that tumor suppressor activity is mediated by peak levels of 

TGF-β signalling. Alternatively, and perhaps more likely, downregulation of TGF-β RII may 

causally contribute to excess accumulation and hence spreading of ligand to the stromal 

environment  

 

My work has focused on the function of Cripto in Nodal signalling. Elevated levels of 

Cripto expression have been detected in more than 80% of human breast cancers, and in many 

other epithelial tumors e.g. in the ovary, cervix, pancreas or lung (reviewed in Persico et al., 

2001). Recently it has been shown that ectopic induction of NODAL correlates with increased 

aggressiveness of human melanoma (Topczewska et al., 2006). The same study also has 

shown that endogenous Nodal is responsible for inducing an undifferentiated and invasive 

phenotype in cultured human melanoma cell lines. It will be important, therefore, to 

determine how Nodal trafficking is regulated in human metastatic melanoma, and whether the 

new role for Cripto in the trafficking of specific cargo proteins may offer a therapeutic 

opportunity to block oncogenic effects.  
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9 Materials and methods  
 

Expression Vectors 

Full length murine Cripto (Genbank NM 007685) and C-terminally Flag-tagged mutant forms 

carrying the H104G and W107G point mutations in the CFC domain (mCFC-Cripto-3F) or 

lacking the EGF domain (∆EGF-Cripto-3F), HA-tagged kinase inactive ALK4 receptor and 

myc-tagged murine FoxH1 have been described (Minchiotti et al., 2000; Yeo and Whitman, 

2001a). To remove the Flag epitopes and restore the function of the GPI signal sequence, 

HindIII-Nhe1 cDNA fragments of mCFC- and ∆EGF-Cripto-3F were used to replace the 

corresponding region of wild-type Cripto. Furthermore, to delete the GPI signal sequence and 

generate a soluble form of wild-type Cripto, coding sequence was amplified using the primers 

GTGAATTCCACCATGGGGTACTTCTCATCCAGT and 

AGTGCGGCCGCCGTCACAGACGGCGTTTGAC and fused to six C-terminal His residues 

followed by a myc epitope. Expression vectors for full-length murine Nodal, its pro (Npro) 

and mature domain (Nmat) were as previously described (Constam and Robertson, 1999 ; Le 

Good et al., 2005). Likewise, mutations of the Nodal precursor to generate either an SPC-

resistant Nodal (Nr) or a form which is more susceptible to cleavage have been described 

(Constam and Robertson, 1999). 

 

To generate the Npro-GFP fusion protein, an EcoR I – PshA I cDNA fragment encoding M1-

Q230 of the Nodal propeptide was ligated into EcoR I – Sma I of pEGFP-N2 (Invitrogen). 

The Ndl∆CIR precursor lacking the CIR was constructed from two PCR fragments. The 5’ 

fragment encoding residues M1-S202 of the Flag-tagged Nodal propeptide (Constam and 

Robertson, 1999; Le Good et al., 2005) was amplified using primers R1fug1 

GGAATTCCACCATGAGTGCCCACAG and DelDistPro 

CCTACGCGTATCGCCTCCTCGTTCGACAGAGAGTTGACTGTACAACATGAGCACA

TTGGTGCTG. The 3’ fragment encompassing R240 to L354 was amplified using primers 

MluNmatFw AAGTGGCTTAAGCCCACGCGTAGGCAACGCCGACATCATTT and 

Nmat3Xho TTGTCGAGTCAGAGGCA CCCACACTCC. The resulting fragments were 

ligated to each other via Mlu1 into the EcoR1-Xba1 sites of CS2+. To derive Flag-

Npro∆CIR-GFP, an EcoR I – BsrG I fragment of  Ndl∆CIR comprising M1 to Y201 of the 

prodomain was ligated into EcoR I and Asp718 sites of pEGFP-N2.   
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The expression vector Ndl-CIRmut was cloned in CS2+ by amplifying two mutant PCR 

fragments of Nodal cDNA that were fused by overlap extension PCR: Primers R1fug1 and 

CIRmut1Rev (GGCCCCAGCTTCCCAAAGCCCAGTGGCG) were used to amplify the 5’ 

fragment, whereas the 3’ fragment was obtained using primers CIRmut1Fw 

GCTTTGGGAAGCTGGGGCCCATTGGCGG and Nmat3Xho. ssCFP was generated in 

pcDNA3.1 (Invitrogen) by ligating the lactase phlorizin hydrolase signal sequence to CFP via 

a PCR-derived BamH1 site. 

 

To generate ssCFP-Pbox and ssCFP-CIR, the P-domain (Q394-T573) of mouse Furin and the 

CIR of Nodal were amplified using the primer pairs 

GGAATTCCTGCAGCACCTGGTAGTGCAGA and 

CGTCTAGATTATGTGCCATACAGAACGAGAG, or 

AGAATTCCAGCCCTACACCCCACC and CGTTCTAGATTATACAGAC 

AGCTGTCCCTCC, respectively, and the resulting fragments were ligated to the 3’end of 

ssCFP cDNA via EcoR1 in pcDNA3.1. To generate Flag-Pd expression vector, a PCR 

fragment amplified by primers GGAATTCCTGCAGCACCTGGTAGTGCAGA and  

CGTCTAGATTATGTGCCATACAGAACGAGAG was ligated at the 5’ end via Pst I to a 

Flag epitope fused to the signal sequence of influenza hemagglutinin in the pCR3 vector 

(Invitrogen).  

 

To express Myc-tagged human Activin A (kind gift of T. Jessell), a cDNA fragment 

comprising nucleotides 224-1609 of refseq NM_002192.2 carrying the insertion 

CAGAAGCTGATATCCGAGGAGGACCTG between the codons for E313 and C314 was 

cloned between the EcoRI and XhoI sites of pMT21 (Basler et al., 1993). Expression vectors 

for Flag-tagged full-length mouse Nodal precursor, its propeptide (Npro),  and constitutively 

mature Nodal (Nmat) have been described (Constam and Robertson, 1999 ; Le Good et al., 

2005).  

 

Enzymatic removal of carbohydrates 

Immunoprecipitated Cripto was incubated with N-glycosidase F or Endoglycosidase-H 

(Roche) for 1 h at 37 
0
C in 50 mM sodium phosphate buffer pH 5.5. Deglycosylated proteins 

were dissolved in SDS sample buffer and analysed by immunoblotting. 
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Immunofluorescent staining of permeabilised and non-permeabilised cells 

To visualise the localisation of Nodal and Cripto, cells transfected on coverslips were fixed in 

4% paraformaldehyde for 15 min. Where indicated, cells were permeabilised with 0.02% 

Triton X-100 followed by indirect immunofluorescence analysis using fluorescein- or Cy3-

coupled secondary anti-mouse or anti-rabbit antibodies at the recommended concentrations 

(Molecular Probes). Cell surface expression of Nodal and Cripto on non-permeabilised cells 

was detected using anti-Flag M2 (Sigma) or anti-Cripto C-terminus antibody (dilution 1 : 400) 

(Minchiotti et al., 2001). For antibody uptake, transfected cells were incubated at 37 
o
C for the 

indicated time in culture medium containing 9 µg/ml anti-Flag M2 antibody. After washing 

with PBS, cells were fixed, permeabilised and stained as described above using Cy3-anti-

mouse antibody. Stained coverslips were mounted in DABCO mounting medium and 

analysed by confocal microscopy (Zeiss LSM 510). 

 

Tunicamycin treatment 

Tunicamycin inhibits N-glycosylation. The day after transfection, Tunicamycin  (2.5 µl/ml, 

Sigma) was added for 8 or 24 hours  

 

NH4Cl treatment 

The day after transfection, cells were incubated for 20h in Optimem containing ammonium 

chloride (20 or 50mM) to inhibit endosomal acidification. 

 

Brefeldin A treatment 

BFA fuses the ER with the Cis Golgi and inhibit retrograde transport in the Golgi. The day 

after transfection, BFA (5 µg/ml, Sigma) was added for 12 or 18 hours to culture medium 

(Optimem). 

 

Decanoyl-Arg-Val-Lys-Arg-chloromethylketone (CMK) treatment 

To inhibit Furin activity, CMK (75 µM, Biomol) was added for 20 hours on cells a day after 

transfection. 

 

Density fractionation gradients 

All of the following steps were performed in the cold room. 48 hours after transfecting 6x10
5
 

COS1 cells, cells were incubated for 30 min on ice in 200 µl TNE buffer (25mM Tris HCl 

pH7.4, 150mM NaCl, 5mM EDTA) containing protease inhibitors (Complete Mini, Roche) 
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and 1% TritonX-100. The resulting cell suspensions were passed 10 times through a 26G 

needle, and protein concentrations were mesured (Bradford assay, Biorad) and adjusted to 1.2 

µg/ml. Of the resulting homogenates, 90 µl was thoroughly mixed with 120 µl of 60% 

Optiprep (stock solution, Axon Lab) and then overlaid without mixing by 2 ml of 30% 

Optiprep (diluted in TNE) and 190 µl of TNE buffer. After centrifugation for 2 h (55000 rpm, 

259000 x g at 4°C), six 400 µl fractions were precipitated by adding sodium deoxycholate 

(125 µg/ml) and trichloroacetic acid (4.8 mg/µl). After resuspension in SDS sample buffer, 

proteins of interest were visualized in each fraction by Western blot analysis.  

 

Nodal and Cripto expression and immunoprecipitation in transiently transfected cells 

All constructs were transiently transfected into COS1 or 293T cells in the presence of 0.4 

mg/ml DEAE dextran (Constam and Robertson, 1999). After 48 h, cells were either directly 

lysed in SDS sample buffer for Western blot analysis, or extracted in RIPA buffer containing 

1% v/v Triton X-100 and protease inhibitors (Roche Diagnostics GmBH), followed by 

immunprecipitation. Briefly, cells were homogenized in lysis buffer at 4
o
C for 30 min, 

followed by incubation at 4
o
C for 1-2 h with antibodies bound to protein G sepharose. Upon 

centrifugation, precipitated proteins were washed with lysis buffer and dissolved in SDS 

sample buffer for Western blot analysis. Proteins were visualized by Western blot analysis 

using rabbit anti-Nodal peptide (Constam and Robertson, 1999), anti-FLAG M2 (Sigma) or 

monoclonal anti-HA (Sigma) antibodies. Anti-Cripto antibodies have been described 

previously (Minchiotti et al., 2000). 

 

In vitro immunoprecipitation assay 

Soluble Cripto was coprecipitated in cell-free assays with a stabilized mutant form of Nodal 

(N-g) containing an engineered N-glycosylation site at position 292 (Le Good et al., 2005). 

Briefly, 20-fold concentrated conditioned medium from HEK 293T cell lines stably 

expressing stabilized Nodal was incubated with 6xHis-tagged soluble Cripto which was pre-

bound to metal agarose Talon beads (BD Biosciences) in the presence of 150 mM imidazole. 

After 2 hours incubation at room temperature, complexes were precipitated, washed three 

times in RIPA buffer containing 150 mM imidazole, and eluted into SDS sample buffer for 

Western blot analysis. 
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Detection of Nodal signalling 

Nodal acitivity was monitored using a luciferase assay in 293T cells (Yan et al., 2002). 

Briefly, 48 h after cotransfection with Nodal, Cripto and FoxH1, induction of the luciferase 

reporter ARE-lux was measured and normalised relative to the expression of transfected β-

galactosidase. To mimic the situation in the embryo where Nodal and its convertases are 

expressed in separate cell populations, cells expressing Furin, PACE4 or empty vector were 

mixed 24 h after transfection with separate cells expressing Cripto, FoxH1 and the ARE-lux 

reporter with or without Nodal. Co-cultures were lysed after 24 h to measure the induction of 

luciferase activity. 

 

Double whole mount in situ hybridisation 

Embryos were dissected 6.5 days post coitum and fixed overnight at 4 
0
C in PBS containing 

4% paraformaldehyde and 0.1% v/v Tween-20. DIG-labelled Nodal and fluorescein-labelled 

Cripto antisense mRNA probes were hybridized to whole mount embryos and sequentially 

revealed using BM purple and INT/BCIP to detect alkaline phosphatase conjugated to anti-

DIG and anti-FLUO antibodies (Roche), respectively. Frozen sections (8 µm) were obtained 

after embedding stained embryos in glycerol containing 30 % (w/v) sucrose. 

 

2 Bromo-palmitate (2BP) treatment 

The day after transfection, cells were incubated for 24h in Optimem containing 8 µg/ml 2BP 

(ACROSCOM) was added for 24 hours on cells. Stock solution of 2BP was prepared in 

methanol. 

 

Detection of ALK4, 5, 7 signalling 

Effects of wild-type and mutant Cripto on Nodal activity were analysed using a luciferase 

assay in 293T cells (Yan et al., 2002). Briefly, 48 h after cotransfection with Nodal, Cripto 

and FoxH1, induction of the luciferase reporter ARE-lux was measured and normalised 

relative to the expression of transfected β-galactosidase. To monitor ALK4, 5, 7 signalling in 

COS1 cells, CAGA-GFP (Neptune et al., 2003) was transfected using Lipofectamine 2000 

(Invitrogen). After 24 h, transfected cells were stimulated for 24 h by recombinant Activin A 

or TGF-β (50 ng/ml, R&D Systems) in the presence or absence of the ALK4, 5, 7 inhibitor 

SB431542 (10 µM, Sigma). After taking pictures on a Leica DC200 microscope, cells were 

lysed in 100 µl of SDS sample buffer and analysed by Western blotting using polyclonal 
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rabbit anti-GFP antibody (1:2000 dilution) and anti γ-tubulin, 1:5000 (Sigma). Signals were 

quantified using ImageJ software. 

 

Colocalisation 

Images were taken using a confocal microscope from Zeiss LSM510 Axiovert laser-scanning 

microscope (Carl Zeiss Inc using a 63x/NA 1.4 oil objective. Colocalisation analyses and 

statistics after FlagM2 labelling were generated using the Metamorph Offline software 

(version 7.1; Universal Imaging Corporation, West Chester, Pa.). The colocalisation of the 

amount red (Nodal) overlapping the amount of green (marker) was assessed after distance 

calibration. Colocalisation events were calculated based on the integrated density defined in 

the Metamorph software. Costes’ approach and Manders’ coefficient were used to assess the 

results given by Metamorph (Costes et al., 2004; Manders et al., 1992). Both methods were 

calculated with ImageJ. For Costes approach, a randomised image was created by shuffling 

pixel blocks with the dimension defined by the point spread function (PSF) for the image of 

the green channel. This process is done 200 times for a single image and the Pearson’s 

coefficient is calculated each time between the random images of the green channel and the 

original image of the red channel. Manders’ coefficient calculated using the JACoP tool 

(Bolte and Crodelières, 2006). Manders’ coefficient varies from 0 to 1, corresponding to non-

overlapping images and 100% colocalisation between the two images respectively. Statistical 

probabilities were determined by Student's t test. Relevance is shown by asterix (*** 

p<0.001).  

 

Transmission electron microscopy 

For electron microscopy, subconfluent COS1 cells were fixed by adding 4% freshly prepared 

formaldehyde and 0.4% glutaraldehyde in 0.1 M phosphate buffer pH 7.4 to an equal volume 

of culture medium for 10 min, followed by post-fixation in 2% formaldehyde and 0.2% 

glutaraldehyde in 0.1 M phosphate buffer pH 7.4 without medium overnight at 4°C. Cells 

were stored until further processing in 1% formaldehyde at 4ºC. Processing of cells for 

ultrathin cryosectioning and immuno-labeling according to the protein A-gold method was 

done as described (Slot and Geuze, 2007). In brief, fixed cells were washed with 0.05 M 

glycine in PBS, scraped gently from the dish in PBS containing 1% gelatin, resuspended and 

pelleted in 12% gelatin in PBS, 37°C. The cell pellet was solidified on ice and cut into small 

blocks. For cryoprotection, blocks were infiltrated overnight with 2.3 M sucrose at 4°C and 

afterwards mounted on aluminum pins and frozen in liquid nitrogen. To pick up ultrathin 
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cryosections (60 nm), a 1:1 mixture of 2.3 M sucrose and 1.8% methylcellulose was used. 

Thin cryosections were labeled with rabbit anti-mouse Ig (Dako Z0412) antibodies and 

protein-A-gold 10 nm (CMC–UMC, Utrecht). 
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