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Abstract (in French) 

 

 

INTRODUCTION 

 

Pendant des années le cancer a été considéré comme une maladie initiée uniquement 

par des mutations aux sein des futures cellules tumorales (Sonnenschein and Soto, 2000). 

Cependant si l’initiation de la tumeur est caractérisée par une prolifération anarchique des 

cellules cancéreuses, le développement du cancer nécessite la mise en place d'un 

microenvironnement tumoral (MET). Le point de départ d’un cancer est devenu non plus 

seulement une cellule "renégate", mais plutôt un ensemble de cellules mutées dans un 

microenvironnement dynamique et permissif en remodelage constant. Ainsi le travail de ces 

dernières années sur le MET a montré qu’il assure un rôle prépondérant dans la progression 

tumorale et la formation de métastases (Bissell and Hines, 2011). En effet, la première 

hypothèse sur le rôle de MET a d'abord été énoncée par Paget, qui en 1889 a proposé son 

hypothèse du « seed and soil » pour expliquer la sélectivité des métastases au sein d’organes 

spécifiques lors d’un cancer. Paget a suggéré que le développement de métastases n’est pas 

une question de « chance », mais est plutôt associé à une affinité spécifique des cellules 

tumorales (« seed ») pour un organe (« soil ») qui peut alors fournir un environnement de 

croissance favorable. Depuis, plusieurs modèles expérimentaux soutiennent cette hypothèse. 

Le rôle clé du microenvironnement dans la régulation de la progression du cancer a été 

démontré pare exemple, dans des expériences où le phénotype néoplasique de cellules 

tumorales est réprimé lorsque ces cellules sont gréffées dans un micro-environnement 

"normal" (McCullough et al., 1998; Sonnenschein and Soto, 2000). En effet, McCullough et 

ses collègues ont montré que des cellules épithéliales tumorigéniques de foie de rat génèrent 

une tumeur uniquement lorsqu’elles sont dans leur propre micro-environnement, le foie, mais 

pas lorsqu’elles sont greffées dans un autre organe comme la rate (McCullough et al., 1998). 

De façon convaincante, le travail de Illmensee et Mintz a montré que greffer des cellules de 

tératocarcinome murin dans un blastocyste d’embryon de souris ne conduit pas à la formation 

d’une tumeur, mais plutôt au développement d'une souris normale, présentant une 

incorporation de cellules tumorales dans les différents tissus, y compris au sein de la lignée 

germinale (Illmensee, 1978; Stewart and Mintz, 1981). Le travail de Bissell et Dolberg a aussi 

montré que le potentiel oncogénique des cellules transformées par le virus du sarcome de 
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Rous est inhibé lorsque les cellules sont injectées dans un embryon de poulet. Ce résultat 

indique que les propriétés de ces cellules tumorales peuvent être réprimées par un micro-

environnement non permissif (Dolberg and Bissell, 1984). En outre l’injection de fibroblastes 

activés avec des cellules non-cancéreuses est suffisante pour déclencher la formation d’une 

tumeur tandis que ces cellules seules sont incapables de le faire par elles-mêmes (Camps et 

al., 1990; Olumi et al., 1998, 1999). 

 

         Si le micro-environnement "normal" peut réprimer la tumorigenèse, alors un 

microenvironnement anormal pourrait être, à l’opposé, capable de promouvoir ou même de 

déclencher l'initiation de la tumeur. Il existe des résultats soutenant cette hypothèse. Le travail 

de Maffini et ses collègues a montré que l'exposition du stroma à un agent cancérogène tel 

que la N-nitrosométhylurée (NMU) permet le développement de tumeurs. Cependant, le 

traitement in vitro de cellules épithéliales mammaires par ce carcinogène conduit à la 

formation d’une tumeur uniquement si leur greffe se fait dans un tissu préalablement exposé à 

ce même agent cancérigène (Maffini et al., 2004). Des conclusions similaires ont été tirées des 

expériences  effectuées avec un autre agent cancérigène, un 4-nitroquinoléine N-oxyde (4-

NQO) qui est utilisé pour induire expérimentalement par voie orale un carcinome des cellules 

squameuses chez la souris (Hawkins et al., 1994; Schoop et al., 2009). De même, la greffe de 

cellules épithéliales prénéoplasiques dans un micro-environnement mammaire préalablement 

irradié (facteur connu pour induire des mutations dans les cellules affectées) donne lieu à la 

formation de tumeurs mammaires (Barcellos-Hoff, 1998). Ces études soutiennent fortement 

que le microenvironnement est un puissant régulateur capable d’initier la formation de 

tumeurs à partir de cellules présentant des mutations oncogéniques.  

 

Schématiquement, le MET comprend une composante cellulaire avec des cellules 

tumorales, des fibroblastes associés au cancer (CAF) ou des cellules vasculaires, ainsi que des 

composants moléculaires comme les protéines de la matrice extracellulaire (MEC) (Bissell 

and Hines, 2011; Lorusso and Rüegg, 2008). Initialement considérées pour leur rôle structural 

et passif, les molécules de la MEC sont maintenant bien connues pour réguler l’homéostasie 

tissulaire et d’autres phénomènes physiopathologiques (Frantz et al., 2010). Les protéines de 

la MEC jouent un rôle actif en modulant le comportement cellulaire. Elles agissent en activant 

des récepteurs d'adhésion et des cascades de signalisation, en régulant les contraintes 

biomécaniques du tissu ou en jouant un rôle potentiel de réservoir de facteurs de croissance 

(Erler and Weaver, 2009; Hynes, 2009). Dans le MET, certaines molécules sont surexprimées 
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par rapport au tissu normal. A titre d’exemple, des membre de la famille des collagènes (Chen 

et al., 2013), des laminines (Simon-Assmann et al., 2011) et des ténascines (Midwood et al., 

2011) sont des protéines fortement surexprimées dans la plupart des tumeurs solides, en 

particulier dans le stroma tumoral. Les molécules de la MEC et les facteurs de croissance 

coopèrent dans le MET pour fournir des signaux biochimiques (par exemple, cytokines, 

chimiokines, matrikines) et les contraintes structurelles (molécules d'adhésion, forces 

biomécaniques) qui dictent leur comportement aux cellules afin de favoriser le développement 

du cancer (Schmeichel et al., 1998). En effet, les molécules de la MEC ne sont plus 

considérées comme de simples fibres d'ancrage pour les cellules (Frantz et al., 2010). Comme 

Richard Hynes l’a souligné dans l’une de ses revues, les molécules de la MEC ne sont pas « 

seulement des jolies fibres ». La MEC peut stimuler directement des signalisations cellulaires 

par l'activation de récepteurs d'adhésion cellulaire telles que les intégrines et moduler l'accès 

aux facteurs de croissance présents dans le micro-environnement (Hynes, 2009). 

 

         Toutes les cellules dans un tissu donné interagissent avec la MEC de façon dynamique. 

Les molécules de la MEC sont des agonistes puissants de multiples voies de signalisation qui 

modulent le comportement des cellules. Les intégrines sont un exemple de famille de 

récepteurs qui interagissent avec de nombreuses protéines de la MEC et qui sont impliqués 

dans la régulation du comportement cellulaire (Harburger and Calderwood, 2009). Les 

intégrines sont des hétérodimères composés de deux sous-unités β et α. Ils constituent une 

superfamille de récepteurs d'adhésion à la surface des cellules (comprenant trente membres 

fonctionnels connus). Les intégrines sont liées à la régulation du cytosquelette et jouent un 

rôle essentiel dans la régulation du comportement des cellules tel que leur ancrage, leur 

forme, leur polarité, leur prolifération, leur migration, leur survie ou leur différenciation. Les 

intégrines régulent plusieurs processus physiologiques tels que la cicatrisation ou 

l'organogenèse, mais sont également impliquées dans des pathologies telles que le cancer 

(Giancotti and Ruoslahti, 1999; Harburger and Calderwood, 2009). Les protéines de la MEC 

sont généralement de longues molécules possédant différents domaines. Ces domaines 

présentent des motifs qui ont le potentiel de se lier directement aux récepteurs d'adhésion. 

Cette interaction directe induit des réponses cellulaires à travers les voies de signalisation 

comme c’est le cas par exemple avec la fibronectine (FN). La FN est une glycoprotéine 

impliquée dans l'adhérence cellulaire et est retrouvée dans une grande variété de tissus (Hynes 

and Yamada, 1982). La FN se lie directement aux intégrines comme la α5β1, α4β1 or ανβ3 à 

travers son motif Arg-Gly-Asp (RGD), et détermine la polarité et la morphologie des cellules 
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ce qui affecte, par exemple, leur survie (Astrof and Hynes, 2009). Un rôle important des 

protéines de la MEC est aussi de servir de supports de signalisation pour les vaisseaux 

sanguins (Dejana and Orsenigo, 2013; Simon-Assmann et al., 2011). En effet, l’interaction 

entre les cellules qui composent les vaisseaux sanguins et les récepteurs aux intégrines comme 

ανβ3 and ανβ5 par l’intermédiaire des molécules de la MEC, a montré un rôle essentiel dans 

le développement et la stabilisation de ces vaisseaux (Oliveira-Ferrer et al., 2008). En outre, 

les intégrines sont des modulateurs indispensables de la polymérisation de l'actine et donc de 

l’organisation du cytosquelette. L'actine est l'une des protéines intracellulaires les plus 

abondantes dans les cellules eucaryotes. La propriété fondamentale de l'actine est sa capacité 

à polymériser et donc de passer de manière réversible d’une forme monomérique, l’actine 

globulaire appelée G-actine, en une actine polymérisée filamenteuse ou F-actine. Les 

monomères de G-actine sont capables de s’associer dans un agencement hélicoïdal pour 

former des filaments ou des structures de F-actine capables elles-mêmes de former des fibres 

de stress dans les cellules. Cette réorganisation du cytosquelette couplée à des protéines 

contractiles joue un rôle prépondérant dans la survie et la mobilité cellulaire. En effet la 

liaison des myosines et d'autres molécules avec ces fibres de stress ou câbles d'actine forme 

des prolongements cellulaires de type lamellipodes ou filopodes, qui régulent directement des 

processus tels que l'adhésion cellulaire, la migration et la morphogenèse (Ridley et al., 2003). 

La polymérisation de l'actine est régie essentiellement par trois membres de la famille des 

Rho GTPases, Rho, Rac et Cdc42, par le biais de facteurs spécifiques, les guanine-nucleotide-

exchange factors (GEF) et les GTPase-activating proteins (GAP) (Allen et al., 1997). 

 

Les cellules détectent les stimuli extracellulaires comme par exemple ceux de la MEC. 

Une question importante est de savoir comment est intégré ce signal et comment il est traduit 

et transduit menant à une voie de signalisation intracellulaire. La liaison des protéines de la 

MEC aux intégrines et la réorganisation induite du cytosquelette d'actine jouent un rôle 

crucial dans ce phénomène (Schwartz, 2004). En effet, l’activation des intégrines génère des 

complexes focaux qui modulent et orientent la polymérisation d’actine dans la cellule. Cela 

conduit à une activation de voie de transcription qui induit à partir du cytoplasme la 

translocation de facteurs de transcription vers le noyau. Grâce à la liaison de ces facteurs à des 

motifs spécifiques sur l'ADN, la polymérisation de l’actine a un impact sur l'expression de 

nombreux gènes (Allen et al., 1997; Ridley et al., 2003; Schwartz, 2004). Récemment à titre 

d'exemple, la polymérisation de l'actine cellulaire a montré qu’elle modulait deux effecteurs 

importants dans le développement, l'homéostasie mais aussi dans le cancer, YAP (Yes 
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associated protein) et un son co-activateur transcriptionnel TAZ (Tafazzin) (Halder et al., 

2012). Des études récentes indiquent que YAP et TAZ sont des facteurs cruciaux pour relayer 

les signaux mécaniques provenant du micro-environnement (Halder et al., 2012; 

Tschumperlin, 2015; Tschumperlin et al., 2014). La signalisation YAP et TAZ influe sur la 

prolifération cellulaire, la migration ou la différenciation et est sensible aux molécules de la 

MEC et à l'état du cytosquelette (Calvo et al., 2013a; Dupont et al., 2011). En effet, YAP et 

TAZ sont régulés par la polymérisation de l’actine en F-actine qui permet ainsi leur 

translocation dans le noyau. Le complexe YAP/TAZ interagit alors dans le noyau avec les 

membres de la famille des TEAD 1 à 4 et active l'expression de gènes cibles pouvant par 

exemple moduler l’angiogenèse. En l'absence d’actine polymérisée, YAP subit une 

phosphorylation et est soit séquestré dans le cytoplasme, soit dégradé par le protéasome 

inhibant cette voie de signalisation (Halder et al, 2012;. Lapi et al., 2008). 

 

Ensemble, ces données mettent en évidence l'importance d’étudier l’impact des 

molécules de la MEC dans l'homéostasie et la physiopathologie. Dans le laboratoire, nous 

nous intéressons principalement à un des membres de la famille des ténascines, la ténascine-C 

(TNC). La TNC est une glycoprotéine importante de la MEC qui est fortement induite lors de 

la cicatrisation, de l'inflammation ou dans le MET. Successivement nommée glial-

mesenchymal extracellular matrix antigen, hexabrachion, cytotactin, J1 220/200, neuronectin 

et tenascin, la TNC appartient à une famille contenant quatre membres connus, les ténascines 

C, R, X et W (Midwood et al., 2011; Chiquet-Erishman et al., 2014). La TNC forme un 

hexamère résultant de la liaison de six monomères par des ponts disulfure dans la partie N-

terminale de chaque protéine (Jones et Jones, 2000). Les monomères de TNC ont un poids 

moléculaire qui fluctue entre 180 et 320 kDa chez l'homme avec des rôles potentiellement 

indépendants (Jones et Jones, 2000). La TNC peut se lier à d'autres protéines telles que des 

facteurs de croissance, des récepteurs de surface cellulaire ou d'autres protéines de la MEC 

(Martino et al., 2014; Midwood et al., 2011; Saupe et al., 2013). La TNC est une molécule 

virtuellement absente ou très faiblement exprimée dans le tissu normal, mais est fortement 

surexprimée en conditions pathologiques comme dans le cancer. De plus, son expression est 

corrélée avec un mauvais pronostic pour la survie des patients (Herold-Mende et al., 2002; 

Ishihara et al., 1995; Midwood et al., 2011; Mitselou et al., 2012; Ohtsuka et al., 2013). La 

TNC favorise la progression du cancer en soutenant l'invasion des cellules tumorales et la 

formation de métastases (Hirata et al., 2009, Saupe et al., 2013). En effet la TNC jouerait un 
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rôle de niche pro-métastatique assurant un MET permissif au développement de la tumeur 

secondaire ou métastase (Lowy and Oskarsson, 2015). 

De façon intéressante, l'expression de la TNC n’est pas limitée aux cellules 

cancéreuses mais est fortement présente dans le stroma (Castellani et al., 1995; Herold-Mende 

et al., 2002; Martina et al., 2010). En effet, malgré son absence au niveau des vaisseaux 

sanguins normaux, la TNC peut être fortement exprimée autour des vaisseaux sanguins 

tumoraux, en particulier dans les hauts stades de gliomes (Herold-Mende et al., 2002; Martina 

et al., 2010; Mustafa et al., 2012). L'expression périvasculaire de la TNC augmente avec le 

grade tumoral et est corrélée avec la malignité du cancer (Herold-Mende et al., 2002). Ces 

données et d'autres mentionnées dans différents types de tumeurs (Galler et al., 2011; 

Renkonen et al., 2013) indiquent que la TNC modulerait à l'angiogenèse tumorale. 

 

L'angiogenèse correspond à la formation de nouveaux vaisseaux sanguins à partir de 

vaisseaux pré-existants (Folkman et al., 1989). La vascularisation de la tumeur est 

indispensable pour fournir les nutriments et l'oxygène requis à la progression tumorale. 

L'angiogenèse est contrôlée par un déséquilibre entre les facteurs pro- et anti-angiogéniques 

qui régulent la prolifération, la migration et l’organisation des cellules endothéliales (CE) et 

périvasculaires ainsi que le remodelage de la MEC et plus spécifiquement de la membrane 

basale vasculaire (Carmeliet and Jain, 2000). L'angiogenèse normale est un processus très 

structuré qui maintient l'homéostasie tissulaire, à contrario de l'angiogenèse pathologique qui 

est peu efficace et conduit à la progression de la maladie. L'angiogenèse tumorale est une 

caractéristique essentielle du développement des cancers (Hanahan and Weinberg, 2000, 

2011). La formation du système vasculaire assure la progression de la tumeur, l'entretien et 

favorise la dissémination des cellules tumorales (Carmeliet and Jain, 2000). Grâce au travail 

de Judah Folkman nous savons qu’en l'absence d’une vascularisation suffisante la plupart des 

tumeurs ne peut pas dépasser 2 mm3 et reste cliniquement inactive (Folkman, 1996; Hanahan 

and Folkman, 1996). En effet beaucoup de lésions cancéreuses ne progressent jamais à un 

stade invasif, probablement en raison d’une répression par le micro-environnement, ce 

phénomène est appelé « cancer sans maladie » (Folkman and Kalluri, 2004) ou dormance 

tumorale (Aguirre-Ghiso et al., 2007; Ghajar et al., 2013). De ce point de vue, les cellules 

tumorales ont besoin pour quitter leur état de dormance d’initier la formation de nouveaux 

vaisseaux pour ainsi proliférer, migrer et reprogrammer le microenvironnement. 

L'angiogenèse tumorale commence tôt au cours de la progression tumorale. L'initiation de 

l'angiogenèse tumorale résulte du déséquilibre entre facteurs pro- et anti-angiogéniques et est 
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appelée le « switch angiogénique » (Folkman et al., 1989). Ce déséquilibre de la balance vers 

une accumulation de facteurs pro-angiogéniques est responsable de la formation de néo-

vaisseaux (Bergers and Benjamin, 2003). Ceci représente une série d'événements tels que la 

sécrétion de facteurs pro-angiogéniques, la survie accrue, l'activation, la migration des CE et 

la sécrétion d'enzymes protéolytiques (suivie par le remodelage de la membrane basale et la 

MEC alentour). Tout ceci qui conduit finalement à la formation d’un nouveau réseau 

vasculaire anarchique dans les tumeurs. Dans les cancers, l'angiogenèse est aberrante et 

conduit souvent à la formation de réseaux vasculaires désorganisés, chaotiques et peu 

fonctionnels (Carmeliet and Jain, 2011). Ceci conduit, en association avec une faible 

couverture péricytaire, à la déstabilisation des vaisseaux sanguins augmentant la perméabilité 

et l’hypoxie tumorale. Ainsi une angiogenèse incontrôlée dans les tumeurs solides entraîne un 

réseau vasculaire peu fonctionnel favorisant la formation de métastases (McDonald and 

Choyke, 2003).  

 

Malgré son absence au niveau des artères ou des veines normales non endommagées 

ou en condition angiogénique physiologique comme dans l'endomètre ou le placenta (Martina 

et al., 2010; Mustafa et al., 2012; Trescher et al., 2013; Wallner et al., 1999; Zagzag et al., 

1996), la TNC est exprimée autour des vaisseaux sanguins dans le MET (Brösicke et al., 

2013; Galler et al., 2011; Herold-Mende et al., 2002; Martina et al., 2010; Renkonen et al., 

2013). Ces informations suggèrent un rôle de la TNC dans l'angiogenèse tumorale. 

Cependant, les mécanismes sous-jacents du rôle de la TNC dans l'angiogenèse tumorale sont 

encore très mal compris voire contradictoires (Alves et al., 2011; Ballard et al., 2006; Besser 

et al., 2012; Castellon et al., 2002; Chung et al., 1996; Martina et al., 2010; Pezzolo et al., 

2011; Saito et al., 2008; Schenk et al., 1999; Sumioka et al., 2011; Tanaka et al., 2003; 

Zagzag and Capo, 2002; Zagzag et al., 1995, 1996). 

Notre hypothèse est que la TNC peut moduler l'angiogenèse de différentes manières 

dans le MET en agissant sur différents types de cellules. En effet, la TNC pourrait favoriser 

un microenvironnement pro-angiogénique et dans le même temps altérer l’endothélium qui 

pourrait conduire à une vascularisation importante mais inefficace et donc promouvoir 

l'agressivité de la maladie, comme il est classiquement décrit (Hanahan and Weinberg, 2011),. 

Dès lors, le but de ce travail de thèse a été de déterminer comment la TNC affecte 

l'angiogenèse tumorale en établissant différents modèles d’étude de l’angiogenèse. 
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RÉSULTATS 

 

La TNC joue de multiples rôles dans l'angiogenèse tumorale avec des effets opposés 

encore mal compris. Dans ma thèse, j’ai abordé ses rôles aux niveaux cellulaire et moléculaire 

utilisant des modèles in vitro, ex vivo et in vivo.  

 

But 1 & 2 : Établir des modèles in vivo, ex vivo et in vitro pour élucider les rôles de la 

TNC dans l'angiogenèse normale et tumorale & Identifier les mécanismes moléculaires 

en aval de la TNC pertinents pour l'angiogenèse tumorale  

 

Nous avons voulu tout d’abord caractériser la distribution spatiale de la TNC in vivo. 

Pour ce faire nous nous sommes focalisés sur un modèle de tumeur cérébrale, les gliomes, 

décrits comme présentant chez l’homme une expression importante et hétérogène de TNC 

mais aussi une forte expression au niveau périvasculaire (Hirata et al., 2009; Martina et al., 

2010). Nous avons alors vérifié que la TNC était exprimée dans un modèle de xénogreffes de 

biopsie humaine de glioblastome (GBM). Ainsi nous avons montré que la TNC présente dans 

le tissu provenait des cellules tumorales et des cellules du stroma (en utilisant respectivement 

des anticorps espèce spécifique pour la TNC humaine et de souris). De plus la TNC se 

retrouve fortement exprimée autour des vaisseaux sanguins et est co-localisée avec des 

cellules stromales périvasculaires et des cellules tumorales. Ces cellules tumorales 

participeraient donc à l’organisation des vaisseaux tumoraux probablement par un processus 

de « vasculogenic mimicry », déjà décrit dans d’autres travaux (Pezzolo et al., 2011). De plus 

nous avons observé in vitro que, contrairement aux péricytes et fibroblastes, les CE 

n’exprimaient pas la TNC. Ces éléments suggèrent que l’expression de la TNC autour des 

vaisseaux tumoraux proviendrait des cellules périvasculaires comme les péricytes ou les 

fibroblastes ainsi que des cellules cancéreuses. 

 

Afin de comprendre comment la TNC agit sur l’angiogenèse, nous avons analysé 

l’impact direct de la TNC sur les CE. Nous avons dans un premier temps établi et utilisé un 

modèle de formation de protrusions endothéliales multicellulaires appelé « aortic ring assay ». 

Nous avons utilisé des anneaux d’aortes thoraciques de souris invalidées pour la TNC (knock 

out, KO) ou non (wt). Ces anneaux ont alors été incorporés dans une matrice 3D afin de 

quantifier les structures endothéliales formées. Nous avons pu mettre en évidence que la TNC 
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exprimée dans les anneaux de souris wt réduisait le nombre et la longueur des 

protrusions angiogéniques par rapport aux anneaux de souris invalidées pour la TNC. 

Afin de se rapprocher du contexte du MET, nous avons établi un modèle de co-culture 

microvasculaire qui utilise des CAF exprimant différents niveaux de TNC ensemencés avec 

des CE ; modèle qui permet la formation d’un réseau de type vasculaire in vitro (Ghajar et al., 

2013). Grâce à ce système nous avons montré que le réseau angiogénique formé par les CE 

était réduit en présence d’un fort niveau d’expression de la TNC. Enfin en analysant la 

tubulogenèse des CE induite par du matrigel, nous avons démontré que la capacité des CE à 

former des pseudo-tubes était réduite de façon dose dépendante par l’ajout de TNC purifiée. 

Ces différents résultats nous ont montré que la TNC réprime les protrusions angiogéniques 

et la tubulogenèse.  

 

Afin de comprendre par quels mécanismes cellulaires la TNC module le 

comportement des cellules vasculaires, nous avons tout d’abord analysé l’effet de la TNC sur 

la survie et la migration des CE et des péricytes (qui stabilisent les vaisseaux sanguin). Pour 

ce faire nous avons établi un modèle de MEC sécrétées par des fibroblastes exprimant 

différents niveaux de TNC et appelé matrices dérivées de cellules (MDC). Ce modèle 

présente l’avantage de fournir un feuillet 3D complexe de protéines contenant un assemblage 

de molécules de la MEC organisées de façon comparable à un tissu normal in vivo (Goetz et 

al., 2011). Grâce à ce système nous avons montré que la TNC réduisait la croissance d’une 

population de CE en augmentant l’apoptose cellulaire. En utilisant des molécules purifiées 

pour produire un substrat contrôlé de MEC, nous avons pu aussi montrer que la prolifération 

des CE était diminuée sur un substrat réalisé avec de la TNC purifiée et que celui-ci 

augmentait aussi l’apoptose cellulaire. Cependant à la différence des CE, la croissance d’une 

population de péricytes sur une MDC exprimant ou non la TNC ou un substrat de TNC 

purifiée n’était pas affectée. 

 

Pour analyser l’impact de la TNC sur la migration cellulaire nous avons utilisé le 

modèle de blessure sur feuillet confluant avec des CE et péricytes. Nous avons montré que la 

TNC réduisait la migration des différents modèles de CE mais aussi des péricytes. De 

plus en utilisant une méthode de traçage des CE sur substrat de protéine purifiée nous avons 

montré que la directionalité et la mobilité des CE étaient diminuées sur TNC. Nous avons 

aussi pu constater que la TNC réduisait fortement l’adhésion des CE et des péricytes. Tous 

ces résultats combinés nous ont indiqué qu'un réseau matriciel contenant de la TNC en 
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contact avec les cellules vasculaires réprimait plusieurs caractéristiques de l'angiogenèse 

que sont la tubulogenèse, la migration et la survie des cellules du compartiment vasculaire.  

 

D’un point de vue moléculaire, la voie de signalisation YAP/TAZ a été récemment 

décrite comme facteur clé de la mécano-transduction dans le contexte tumoral. YAP et TAZ 

sont des facteurs de transcription capables de réagir et d’intégrer des signaux extracellulaires 

émanant de la MEC qui aboutissent à l’expression de gènes dont la plupart sont reliés à 

l’angiogenèse. YAP est régulé par la polymérisation de l’actine et la morphologie des cellules 

qui permettent sa translocation dans le noyau et donc l’activation de la voie de signalisation et 

l’expression de gènes cibles (Halder et al., 2012). Dans un test de contraction de collagène par 

des fibroblastes nous avons démontré que des fibroblastes exprimant un niveau élevé de TNC 

augmentaient la contraction du gel. Ces éléments indiquent que la TNC pourrait modifier 

les propriétés mécaniques d’un tissu et donc réguler la signalisation YAP. Nous avons 

montré qu’un substrat contenant de la TNC réduisait drastiquement l’étalement des CE et la 

formation de fibres de stress, deux éléments régulant YAP. De plus nous avons observé que la 

TNC réprimait la translocation de YAP dans le noyau et l’expression de gènes cibles 

spécifiques comme les protéines CTGF et Cyr61. Ces éléments proposent que la TNC 

réprime l’activité de YAP qui participerait à l’effet direct anti-angiogénique de la TNC 

sur les cellules vasculaires. 

 

Enfin nous avons étudié l’effet indirect ou paracrine de la TNC sur l’angiogenèse 

lorsqu’elle interagit avec des cellules tumorales. Pour cela nous avons utilisé une MDC 

exprimant ou non la TNC afin d’étudier son impact sur le sécrétome de cellules de 

glioblastome mais aussi des CAF. Nous avons ainsi pu montrer qu’une matrice de TNC 

favorisait de manière paracrine la survie des CE et la tubulogenèse in vitro. De façon 

intéressante, en développant des cellules de glioblastome sous-exprimant la TNC par stratégie 

knock down, nous avons observé de façon similaire que le sécrétome des cellules exprimant 

fortement la TNC favorisait l’angiogenèse in vitro. Au final, ces résultats suggèrent qu’un 

MET riche en TNC promeut une modification de sécrétome des cellules de glioblastome 

et des CAF en faveur d'un sécrétome pro-angiogénique. Enfin, d’un point de vue 

moléculaire, nous avons pu identifier par spectrométrie de masse différentes molécules 

candidates du sécrétome, soit réprimées par la TNC, comme la lipocaline-1 (LCN1) décrite 

comme répresseur potentiel de la migration cellulaire (Zhang et al., 2006) et dont nous avons 

montré la capacité de réprimer l’angiogenèse des CE dans une expérience de tubulogenèse sur 
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matrigel ; soit induites par la TNC, comme la cytokine pro-angiogénique CXCL12 (ou 

SDF1) (Ho et al., 2010), participant au phénotype pro-angiogénique du sécrétome induit par 

la TNC, confirmer par l’utilisation d’un inhibiteur pharmacologique. Ainsi la modulation du 

sécrétome par la TNC favoriserait indirectement l’angiogenèse tumorale.  

 

But 3 : Description du rôle de la TNC dans l'angiogenèse tumorale en utilisant un 

modèle de tumorigenèse spontanée chez la souris. 

 

Mes expériences ont aussi contribué à deux publications où nous avons pu montré que 

la TNC promeut le switch angiogénique et l’angiogenèse tumorale dans un modèle 

stochastique de tumeur pancréatique chez la souris (Langlois et al., 2014; Saupe et al., 2013). 

Nous avons utilisé le modèle Rip1-Tag2 (RT2) dans lequel sont induites de façon spontanée 

des tumeurs neuroendocrines du pancréas (PNET) et qui nous a permit de disséquer les 

mécanismes de la progression tumorale et de l'angiogenèse (Hanahan, 1985). En effet dans ce 

modèle les cellules pancréatiques β des îlots de Langerhans expriment de façon ectopique 

l'antigène T de l’oncogène SV40 (Tag) sous le contrôle du promoteur de l'insuline du rat 

(Rip). Ceci entraîne la transformation séquentielle d'une fraction des îlots normaux en 

tumeurs hyperplasiques, suivies de tumeurs angiogéniques et finalement pour une fraction 

d’entre elles de tumeurs macroscopiques. Le modèle RT2 présente plusieurs avantages par 

rapport à des modèles de xénogreffe de souris car il reproduit une tumorigenèse spontanée en 

plusieurs étapes successives dans un environnement immunitaire intact, comme c’est le cas 

dans un cancer humain. Le modèle RT2 a été fortement utilisé pour étudier le switch 

angiogénique qui se produit entre 5 et 10 semaines dans ce modèle (Hanahan and Folkman, 

1996).  

 

Ainsi nous avons pu analyser le rôle de la TNC dans la progression et l’angiogenèse 

tumorale in vivo dans le modèle RT2. Nous avons d’abord utilisé une analyse 

transcriptomique afin d’analyser les gènes impliqués dans le switch angiogénique. En 

comparant des tumeurs non-angiogéniques versus des tumeurs angiogéniques sur des souris 

âgées de 8 semaines nous avons démontré que le profil d'expression des gènes révélait 

l'expression différentielle de 298 gènes lors du switch angiogénique avec une part importante 

de ceux-ci appartenant au matrisome (Naba et al., 2012). De façon intéressante, la TNC a été 

identifiée comme l'une des molécules de la MEC les plus fortement surexprimées lors du 

switch angiogénique. Ces données de transcriptomique ont ensuite été validées par RT-qPCR 
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et immunohistochimie et ont montré une forte expression de la TNC dans les tumeurs 

angiogéniques, absente des tumeurs non-angiogéniques (Langlois et al., 2014).  

 

Afin  d’analyser en détail le rôle de la TNC dans l’angiogenèse tumorale, nous avons 

développé deux modèles de gain et de perte de fonction pour la TNC dans le modèle RT2 en 

croisant des souris RT2 avec des souris TNC knock out (KO) ou RipTNC (expression 

ectopique de TNC dans cellules pancréatiques β sous la répression du Rip). Tout d'abord, 

nous avons montré que l'expression de la TNC était associée à la progression tumorale et 

favorisait la formation des métastases. Nous avons aussi prouvé que la TNC promeut le 

switch angiogénique avec une diminution des tumeurs angiogéniques dans le modèle TNC 

KO (RT2/TNCKO) et une augmentation dans le modèle RT2 surexprimant la TNC 

(RT2/TNC) par rapport à leur contrôle respectif. Ainsi ces résultats ont montré que la TNC 

n’est pas nécessaire pour induire le switch angiogénique, mais joue un rôle important 

dans sa promotion. 

Dans une analyse détaillée de l’impact de la TNC sur l’angiogenèse tumorale, nous 

avons observé que la TNC favorise la formation de vaisseaux sanguins peu-fonctionnels dans 

les tumeurs RT2 (Saupe et al., 2013). En effet, nous avons analysé l’ultrastructure de la 

vascularisation tumorale dans nos modèles par une méthode de « vascular cast corrosion » 

suivant d’une analyse par microscopie électronique à balayage. Ainsi nous avons pu observer 

avec le modèle RT2/TNC que lorsque la TNC est surexprimée l'anatomie des vaisseaux 

semble fortement aberrante avec des vaisseaux de forme irrégulière, très ramifiés et 

agglomérés. Lorsque la TNC n’est pas exprimée (RT2/TNCKO), les vaisseaux sont 

également différents avec des diamètres très hétérogènes qui suggèrent que le flux sanguin est 

perturbé. En outre, nous avons montré par immunofluorescence que la densité des vaisseaux 

sanguins dans la tumeur est plus importante dans le modèle RT2/TNC et diminuée dans 

le modèle RT2/TNCKO. Nous avons également évalué l'impact de la surexpression de la 

TNC sur le recouvrement des vaisseaux par les péricytes, et nous avons montré que celui-ci 

était réduit, indiquant un défaut dans la maturation/stabilisation des vaisseaux sanguins. 

Nous avons également déterminé qu’en absence de TNC la perfusion de la tumeur était 

réduite et aussi que la perméabilité des vaisseaux était inversement corrélée avec le niveau 

d’expression de la TNC. En conclusion, nous avons pu montrer en utilisant le modèle RT2 

que la TNC régule l'angiogenèse tumorale en favorisant une forte vascularisation peu 

fonctionnelle, qui est corrélée avec la formation de métastases (Saupe et al., 2013).  
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DISCUSSION 

 

Dans ce travail, j’ai analysé le rôle de TNC dans l'angiogenèse physiologique et 

tumorale. La TNC est une molécule de la MEC virtuellement absente du tissu normal et 

fortement exprimée dans des situations pathologiques, et en particulier dans les tumeurs 

solides (Abdou et al., 2012; Adams et al., 2002; Arican Ozluk et al., 2015; Midwood and 

Orend, 2009; Mitamura et al., 2002; Mustafa et al., 2012; Oskarsson et al., 2011; Trescher et 

al., 2013). La TNC a été clairement impliquée dans l'invasion tumorale et la formation de 

métastases (Hirata et al., 2009; O’Connell et al., 2011; Oskarsson et al., 2011; Saupe et al., 

2013; Tang et al., 2015). Elle est également corrélée au pronostic des patients dans plusieurs 

types de tumeurs (Emoto et al., 2001; Herold-Mende et al., 2002; Leins et al., 2003; Mitselou 

et al., 2012; Nong et al., 2015; Ohtsuka et al., 2013; Tang et al., 2015). Il est intéressant 

d’observer que la TNC est exprimée uniquement autour des vaisseaux sanguins en condition 

pathologique comme c’est le cas dans le cancer, suggérant un rôle dans l'angiogenèse 

tumorale, mais que sa fonction n'a pas été correctement caractérisée (Alves et al., 2011; 

Chung et al., 1996; Galler et al., 2011; Herold-Mende et al., 2002; Martina et al., 2010; 

Pezzolo et al., 2011; Saito et al., 2008; Tanaka et al., 2003; Zagzag and Capo, 2002; Zagzag et 

al., 1995, 1996). 

 

Nous avons montré que la TNC favorise la progression tumorale in vivo en utilisant le 

modèle de tumorigenèse spontané RT2. J’ai contribué dans cette étude à révéler que la TNC 

joue de multiples rôles en améliorant la survie, la prolifération et l'invasion des cellules 

tumorales. La TNC améliore également l'angiogenèse tumorale et la formation de métastases 

pulmonaires dans ce modèle (Saupe et al., 2013). Alors que la TNC promeut le switch 

angiogénique et augmente la densité des vaisseaux sanguins, le niveau d’expression de la 

TNC semble également favoriser une vascularisation altérée avec une faible couverture 

péricytaire et une forte perméabilité des vaisseaux sanguins (Langlois et al., 2014; Saupe et 

al., 2013). Au total, ces résultats suggèrent que la TNC peut avoir des fonctions multiples et 

potentiellement opposées dans l'angiogenèse tumorale. 

 

Au cours de ma thèse, j’ai utilisé plusieurs méthodes afin d'analyser l'angiogenèse en 

laboratoire. J’ai utilisé de façon complémentaire des méthodes in vivo, ex vivo et in vitro qui 

m'ont permis de caractériser les rôles de la TNC dans le MET pendant l'angiogenèse 
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physiopathologique et tumorale ainsi que d’apporter un nouvel aperçu sur les mécanismes 

sous-jacents de la TNC. Les résultats de mon travail de doctorat ont montré qu'une interaction 

directe des cellules vasculaires (CE ou péricytes) avec la TNC altérait les critères de 

l'angiogenèse tels que la survie, la migration et la tubulogenèse. Inversement, l’utilisation de 

milieux conditionnés provenant des cellules tumorales de glioblastome ou de CAF cultivées 

sur une matrice contenant de la TNC promeut l'angiogenèse. Ainsi mes résultats suggèrent 

que TNC régule de façon différentielle l'angiogenèse par deux effets, anti-angiogénique direct 

par contact de la TNC avec des cellules endothéliales et péricytaires, et par un effet paracrine 

pro-angiogénique du à la capacité de la TNC de favoriser un sécrétome pro-angiogénique. J’ai 

également identifié des mécanismes moléculaires intervenant dans les rôles pro- et anti-

angiogéniques de la TNC (Rupp et al., en préparation). 

 

 

1. La TNC est un marqueur des vaisseaux sanguins pathologiques y compris dans le 

cancer 

 

La TNC est très abondante dans le MET, des cellules tumorales ainsi que des cellules 

stromales interagissent avec elle. Dans ce travail nous avons analysé l'expression et la 

localisation de la TNC dans un modèle de xénogreffe de cellules de glioblastome humaines 

par immunofluorescence. Nous avons montré que la TNC est exprimée par les cellules 

tumorales par un marquage spécifique de la TNC humaine. Nous avons également observé 

l’expression de la TNC au niveau du compartiment périvasculaire provenant des cellules 

stromales (cellules périvasculaires de type péricytaires ou fibroblastiques) et tumorales. En 

effet, les cellules tumorales peuvent se transdifférencier en CE, comme déjà décrit dans la 

littérature, par exemple, par les observations de Pezzolo et ses collègues qui ont montré que 

les cellules tumorales pouvaient exprimer des marqueurs endothéliaux et participaient 

fortement à l’expression de la TNC au niveau de l’endothélium dans un modèle de 

médulloblastome (Pezzolo et al., 2011). De plus nous avons montré en utilisant quatre 

modèles de CE in vitro dans différentes conditions que la TNC n’était pas exprimée par ces 

cellules. Cette observation est cohérente avec celle de Alves et collaborateurs qui n’ont pas 

détecté de TNC provenant d’HUVEC (Alves et al., 2011). En outre nous n’avons pas observé 

d’expression de la TNC dans notre modèle physiologique d’angiogenèse rétinienne. 

Différentes autres équipes ont également noté l'absence d’expression de la TNC au niveau de 

structures vasculaires normales telles qu’autour de vaisseaux cardiaques, pulmonaires, 
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hépatiques, mammaires, dans les néo-vaisseaux du placenta ou dans le cerveau en condition 

physiologique (Ballard et al., 2006; Kimura et al., 2014; Kuriyama et al., 2011; Martina et al., 

2010; Mustafa et al., 2012; Natali et al., 1991; Shimojo et al., 2015; Zagzag et al., 1996). 

Cependant la TNC absente au niveau de l’aorte ou d’artères de la glande mammaire, se 

retrouve ré-exprimée dans les tissus de patients présentant une dissection aortique ou des 

plaques d'athérome (Trescher et al., 2013; Wallner et al., 1999). Au total, ces travaux et 

d’autres suggèrent fortement que la TNC est probablement absente de vaisseaux sanguins 

normaux et pendant l'angiogenèse normale. Toutefois, dans un contexte pathologique comme 

dans les tumeurs la TNC est ré-exprimée principalement par les cellules tumorales et 

périvasculaires mais non par les CE. Ainsi l’expression de la TNC autour des vaisseaux 

sanguins pourrait être classée comme un marqueur de stress vasculaire qui participerait à 

déstabiliser les vaisseaux sanguins favorisant l’avancée de la maladie, puisque notre étude et 

la littérature suggèrent que la TNC est associée à une vascularisation aberrante. 

 

 

2. Le contact direct de la TNC avec les CE altère l'angiogenèse et implique la répression 

de la voie de signalisation YAP 

 

Nous avons démontré que l'interaction de la TNC avec les CE perturbait 

l’angiogenèse. Grâce à nos modèles in vivo d’angiogenèse physiologique rétinienne et ex vivo 

de sprouting angiogénique à partir d’anneaux d’aorte thoracique, nous avons montré que 

l’expression de la TNC réduisait la capacité des CE à former de nouveaux vaisseaux. Nous 

avons observé des résultats similaires en utilisant un modèle de co-culture 3D avec des CAF 

ou en utilisant de la TNC purifiée dans un modèle de tubulogenèse sur matrigel. Enfin en 

utilisant des modèles 2D et 3D de substrat matriciel nous avons montré que la TNC réprimait 

la prolifération, la survie, l’adhésion et la migration des CE. Nous avons également observé 

que la TNC réduisait l’adhésion et la migration des péricytes. Ainsi l’expression de la TNC 

pourrait altérer l’organisation des vaisseaux sanguins à l’intérieur de la tumeur. Cette 

hypothèse est appuyée par nos résultats dans notre modèle d’insulinome spontané RT2 où les 

souris exprimant fortement la TNC présentent une perméabilité vasculaire plus forte (Saupe et 

al., 2013). De plus plusieurs équipes ont pu montrer que la TNC affectait négativement 

l’angiogenèse dans d’autres modèles physiopathologiques ou in vitro. Alves et collaborateurs 

ont décrit une réduction de la tubulogenèse d’HUVEC pré-éduqués par un substrat contenant 

de la TNC dans un essai de tubulogenèse sur matrigel (Alves et al., 2011). Ballard et ses 
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collègues ont utilisé un modèle où les CE sont étalées sur un substrat de TNC qui est 

recouvert par un gel de collagène I. Ils ont montré que les CE s’échappent d’avantage du 

substrat de TNC et envahissent le gel de collagène, ce qui suggère que la TNC pourrait agir en 

molécule répulsive pour les CE (Ballard et al., 2006) et donc orienter un guidage des cellules. 

Cette idée se retrouve dans le travail d'Andreas Faissner qui a montré des effets répulsifs 

similaires de la TNC sur les neurones et les cellules gliales (Faissner and Kruse, 1990; 

Scholze et al., 1996). D’autres travaux montrent que l'expression de la TNC perturbe la 

stabilité des vaisseaux sanguins dans un contexte de pathologie vasculaire comme dans la 

dissection aortique (Trescher et al., 2013). Il est intéressant de voir que la TNC a été 

également décrite pour augmenter la perméabilité des vaisseaux du tronc céphalique lors de la 

régénération des tissus après lésions chez la souris (Peter et al., 2012). En outre Bicer et ses 

collègues ont suggéré que la TNC serait associée à un défaut de la maturation des vaisseaux 

sanguins en analysant une forte expression de la TNC au niveau des malformations artério-

veineuses cérébrales (Bicer et al., 2010). Kuriyama et ses collègues ont aussi montré que la 

TNC non détectée dans le foie normal se retrouve ré-exprimée après une ischémie induite, en 

particulier autour des vaisseaux sanguins ce qui conduit à une faible re-vascularisation et plus 

de nécrose (Kuriyama et al., 2011). Ces résultats et les notre suggèrent fortement que la TNC 

altère l'angiogenèse. Ainsi la TNC participerait à une vascularisation inefficace dans les 

tumeurs augmentant l’hypoxie, facteur crucial relié à l'agressivité de la tumeur (Jain, 2005).  

 

J’ai pu montrer que la TNC réduisait fortement l'adhésion, l’étalement et 

polymérisation de l'actine en fibres de stress dans les CE, résultats déjà connus dans d’autres 

modèles cellulaires (Huang et al., 2001b; Saupe et al., 2013). Cependant l’impact en termes de 

signalisation est peu connu. Récemment, la voie Hippo comprenant YAP/TAZ a été liée à la 

régulation de la survie et la prolifération en réponse à l'adhésion cellulaire (Halder et al., 

2012). Cette voie de signalisation est régulée par la polymérisation de l’actine et mène à 

l’expression de gènes impliqués dans l’angiogenèse. En effet la voie de signalisation 

YAP/TAZ est importante pour la survie et la migration des CE et est régulée par la géométrie 

de la cellule (Dupont et al., 2011). Dans ce travail, j’ai montré qu’un substrat de TNC était 

capable de réprimer l’activité de YAP/TAZ dans les CE ce qui abouti à la régulation négative 

de gènes cibles tels que CTGF et Cyr61. Ces gènes sont connus pour favoriser l’angiogenèse 

physiologique et tumorale in vitro et in vivo (Brigstock, 2002; Leu et al., 2002; Maity et al., 

2014) et donc participeraient aux effets délétères de la TNC sur les CE. L’inhibition de RhoA 

(induisant la polymérisation de l’actine) (Lange et al., 200; Wenk et al., 2000) ou la 
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surexpression par la TNC de l’inhibiteur de la voie YAP/TAZ, la protéine 14-3-3 Tau (Lapi et 

al., 2008 ; Martin et al., 2003) pourraient aussi participer à expliquer comment la TNC 

réprime cette voie. 

 

 

3. La TNC favorise de façon paracrine l'angiogenèse tumorale en orientant le sécrétome 

des cellules tumorales et des CAF vers un sécrétome pro-angiogénique 

 

Nous avons montré que le contact direct entre la TNC et les CE induisait une 

répression des mécanismes de l’angiogenèse. Cependant ces résultats n’expliquent pas les 

observations in vivo montrant que la TNC favorise la formation de vaisseaux sanguins dans 

les tumeurs (Saupe et al., 2013). De façon intéressante, le niveau d’expression de la TNC est 

corrélé avec le grade tumoral (Herold-Mende et al., 2002; Orend et al., 2005; Saupe et al., 

2013). En effet plus la tumeur est agressive plus l’expression de la TNC est importante. De 

façon intéressante on retrouve ce pattern d’expression au niveau périvasculaire avec dans les 

premiers stades de développement de la tumeur une absence d’expression, suivie dans les 

hauts grades d’une forte expression. Cette caractéristique est particulièrement évidente dans 

les gliomes ce qui est corrélé avec un pronostic de survie aggravé pour les patients (Herold-

Mende et al., 2002; Midwood et al., 2011). Ainsi notre hypothèse est que la TNC, qui pour 

induire un phénotype d’une cellule doit directement interagir avec elle, ne peut affecter 

négativement les vaisseaux que dans les stades les plus agressifs, c'est-à-dire quand la TNC 

est exprimée et peut interférer avec les cellules périvasculaires et les CE. Cependant nous 

avons montré que la TNC influençait l’angiogenèse dès les premiers stades du développement 

tumoral par interaction avec de nombreuses autres types cellulaires comme les cellules 

tumorales ou les CAF (Hanahan and Weinberg, 2011; Kalluri and Zeisberg, 2006). Ici, nous 

avons mis l'accent sur les cellules de GBM puisque celles-ci expriment de façon importante la 

TNC et dont on retrouve sa forte expression dans ce type de tumeurs, en particulier autour des 

vaisseaux sanguins (Herold-Mende et al., 2002; Midwood et al., 2011). Nous avons observé 

que trois différentes lignées de cellules de glioblastome humain peuvent être « éduquées » par 

contact avec la TNC et déclencher la sécrétion de facteurs qui favorisent la survie, la 

prolifération et la tubulogenèse des CE. En effet nous avons montré que la TNC induit chez 

des cellules de GBM un sécrétome qui stimule l’angiogenèse, ceci a été observé en utilisant 

une stratégie knock down pour la TNC dans ces mêmes cellules ou en les mettant en contact 

avec une matrice exprimant fortement la TNC. Les fibroblastes sont aussi connus pour être 
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une source importante de TNC dans les cancers (Kalluri et Zeisberg., 2006; O'Connell et al, 

2011) et donc pourraient également être « éduqués » par la TNC. Ainsi nous avons observé 

que tout comme pour les cellules de GBM, le contact de fibroblastes avec de la TNC 

conduisait un sécrétome pro-angiogénique. 

 

Ainsi au contraire de son effet par contact direct avec les CE, la TNC induit de 

manière indirecte/paracrine un effet pro-angiogénique à travers la modulation du sécrétome 

des cellules tumorales et des CAF. Un effet indirect potentiel de la TNC sur l'angiogenèse 

avait également été suggéré mais jamais caractérisé. En effet, Martina et ses collaborateurs 

ont montré une augmentation des prolongements endothéliaux provenant de sphéroïdes 

formées à partir d’HUVEC cultivées dans un gel de collagène, lorsqu’elles étaient en co-

culture avec des cellules sur-exprimant la TNC ensemencées au dessus du gel (Martina et al., 

2010). Sumioka et collaborateurs ont utilisé le test de néo-vascularisation cornéenne après 

blessure avec des souris TNC KO ou sauvages afin d’analyser l’effet de la TNC sur la 

régénération vasculaire et tissulaire. Ils ont montré que l’absence de TNC chez les souris 

déficientes réduisait la formation de vaisseaux sanguins vers le site de la cicatrice. En effet, ils 

ont démontré que la TNC favoriserait l'expression de cytokines pro-angiogéniques telles que 

le VEGFA et le TGFβ1 par les fibroblastes présents au-dessous de l'épithélium cornéen mais 

non en contact avec les vaisseaux sanguins (Sumioka et al., 2011). Ces résultats suggèrent que 

les fibroblastes ou plus généralement d’autres types cellulaires peuvent être éduqués par la 

TNC afin qu’ils sécrètent des facteurs pro-angiogéniques et puissent promouvoir 

l’angiogenèse. Tanaka et ses collègues ont utilisé un modèle de xénogreffe de mélanome où 

les cellules tumorales ont été greffées en sous-cutané dans des souris sauvages ou KO pour la 

TNC. Ils ont pu montrer que l’expression de la TNC par le stroma tumoral augmentait la 

croissance tumorale et ont suggéré que la densité et la perfusion des vaisseaux sanguins 

tumoraux étaient plus importantes (Tanaka et al., 2003). Cette observation est en accord avec 

nos résultats montrant, pour la première fois et de façon significative, que la perfusion des 

vaisseaux tumoraux est réduite chez les souris RT2 n’exprimant pas la TNC tout comme leur 

densité (Saupe et al., 2013; ce travail). Ces résultats suggèrent que les cellules du stroma 

peuvent, sous l’influence de la TNC, promouvoir l’angiogenèse physiologique dans le cas 

d’un phénomène de cicatrisation, de régénération tissulaire ou lors de l’angiogenèse tumorale. 

L’expression de la TNC par des cellules cancéreuses peut également jouer un rôle important 

lors de la progression tumorale. Dans un modèle de xénogreffe de neuroblastome, Pezzolo et 

collaborateurs ont observé une augmentation de la densité vasculaire et de la croissance 
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tumorale lorsque les cellules tumorales exprimaient la TNC en comparaison à des cellules 

knock down pour la TNC (Pezzolo et al., 2011). Ces expériences et les notres démontrent que 

la TNC qui dérive du stroma ou des cellules tumorales (au moins dans contexte de 

neuroblastome, de gliome, de mélanome ou d’insulinome) régule l'angiogenèse tumorale. 

 

Dans ce travail, nous avons utilisé de nombreux de modèles afin d’aborder les 

différents versants qui caractérisent l'angiogenèse. Au final, nous avons apporté de nouveaux 

éléments démontrant que le rôle de la TNC dans l’angiogenèse esr multiples voire 

contradictoires. La TNC par contact direct avec les cellules composant les vaisseaux sanguins 

affecteraient négativement leur organisation et leur survie alors que l’interaction de la TNC 

avec d’autres types cellulaires dans la tumeur comme les cellules tumorales et les fibroblastes 

induirait un sécrétome pro-angiogénique qui favoriserait l’angiogenèse. C’est pourquoi, nous 

avons cherché à déterminer la composition moléculaire de ce sécrétome induit par la TNC et à 

caractériser les effecteurs moléculaires. Pour ce faire, nous avons utilisé une approche de 

protéomique qui nous a révélé une forte abondance de molécules angio-modulatrices dans ce 

sécrétome. En effet, par une technique de spectrométrie de masse (LC-MS/MS), nous avons 

identifié près de 685 molécules sécrétées significativement dérégulées en présence de TNC ou 

non. Plus important encore, nous avons observé que les molécules ayant une fonction anti-

angiogénique étaient principalement retrouvées dans le sécrétome des cellules de GBM 

cultivées dans un environnent pauvre en TNC. En effet nous avons identifié plusieurs 

puissants inhibiteurs de l’angiogenèse dont l'angiotensinogène (Corvol et al., 2003; Vincent et 

al., 2009), l’activateur tissulaire du plasminogène (Shim et al., 2005), la cytokine CXCL14 

(Shellenberger et al., 2004) ou la molécule de la MEC, thrombospondine-1 (Lawler, 2002). 

En outre, nous avons identifié une autre protéine LCN1 qui de façon intéressante, est 

complètement réprimée par la TNC. De plus nous avons montré, pour la première fois, que 

cette molécule était capable de réduire l’angiogenèse in vitro. La LNC1 est surexprimée dans 

certaines pathologies comme la rétinopathie diabétique (Cs�sz et al., 2012), la dégénérescence 

maculaire liée à l'âge (Yao et al., 2013), la fibrose kystique (Redl et al., 1998) ou dans la 

maladie pulmonaire obstructive chronique (Wang et al., 2014). Néanmoins la LCN1 jouerait 

un rôle anti-inflammatoire en particulier dans certaines pathologies pulmonaires (Nicolas et 

al., 2010; Wang et al., 2014). Ainsi la TNC, connue pour promouvoir l’inflammation 

(Chockalingam et al., 2013; Mancuso et al., 2006; Midwood et al., 2009;. Page et al, 2012; 

Patel et al., 2011), pourrait réprimer l’expression de molécules anti-inflammatoires comme la 
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LCN1 afin de favoriser la maintien d’un micro-environnement pro-inflammatoire propice au 

développement du cancer. 

 A contrario les molécules ayant une fonction pro-angiogénique ont été principalement 

retrouvées dans les sécrétome des cellules « éduquées » par un environnement riche en TNC. 

Ces résultats suggèrent que la TNC est un puissant inducteur d’une signature pro-

angiogénique en particulier dans les cellules de GBM. Parmi les molécules présentes dans 

cette signature, nous avons identifié la transglutaminase-2 (Haroon et al., 1999; Wang et al., 

2013b), la pléiotrophine (Papadimitriou et al., 2009;. Perez-Pinera et al., 2008) ou les 

agonistes de la voie Wnt, Wnt7b (Mongiat et al., 2010) et Wnt5a/b (Masckauchán et al., 

2006), tous décrits comme inducteurs de l’angiogenèse. De façon intéressante, nous avons 

également montré qu'un autre membre de la famille des lipocalines, la lipocaline-7 (LCN7 ou 

tubulointerstitial nephritis antigen-like 1, TINAGL1) était la protéine la plus surexprimée par 

la TNC et que celle-ci était une protéine récemment décrite comme nouveau angio-

modulateur. En effet, la LCN7 est exprimée dans les vaisseaux sanguins (Li et al., 2007) et le 

groupe de Allan Albig a montré que sa surexpression promeut la tubulogenèse, le sprouting 

angiogénique, l'invasion et la survie des CE. Ils ont aussi démontré que la LCN7 favorisait 

l’angiogenèse physiologique in vivo dans le modèle zebrafish (Brown et al., 2010). Ces 

données et les nôtres concernant en particulier la LCN1 soulignent un rôle intéressant des 

membres de la famille des lipocalines dans l'angiogenèse avec des propriétés pro-

angiogéniques pour la LCN7 et potentiellement anti-angiogéniques pour LCN1, toutes les 

deux régulées par la TNC.  

 

Enfin, nous avons identifié un autre puissant facteur pro-angiogénique CXCL12 (Ho et 

al., 2010; Kryczek et al., 2005; Orimo et al., 2005) qui est surexprimé par la TNC. Par 

inhibition pharmacologique de son récepteur CXCR4 (AMD3100 ou Plerixafor de Sanofi 

Aventis) nous avons validé que la TNC favorise de manière paracrine l'angiogenèse par cette 

voie de signalisation. Dans l'avenir, il serait intéressant de déterminer si le ciblage de CXCR4 

(ou d’une autre voie pro-angiogénique modulée par la TNC) et donc la neutralisation partielle 

de l’effet pro-angiogénique de la TNC se confirme dans une étude pré-clinique chez la souris. 

Ceci pourrait donc ouvrir la voie à une thérapie ciblant les effets délétères de la TNC. De 

façon intéressante une étude clinique en cours pour les gliomes de haut grade (numéro de 

l'étude : NCT01339039) associe à la fois, le ciblage de la voie CXCL12/CXCR4 avec 

l’inhibiteur que nous avons utilisé l’AMD3100 (approuvé par la FDA, Lanza et al., 2015) et le 

bloqueur de la voie du VEGFA, le  bevacizumab (Vredenburgh et al., 2007) en plus des 
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premières lignes de traitement. Cette approche, après analyse rétrospective, pourrait nous 

apporter des éléments probant quant à l’effet de la TNC dans ces tumeurs et s’avérer 

supérieure au seul ciblage du VEGF, en particulier dans les MET riches en TNC. 

 

 

CONCLUSION 

 

Les résultats que j’ai pu obtenir lors de mon doctorat montrent que l'interaction directe 

des cellules vasculaires avec la TNC altère l'angiogenèse par une répression de la 

signalisation YAP. A l'inverse, le sécrétome des cellules tumorales cultivées sur une matrice 

contenant de la TNC favorise l'angiogenèse faisant intervenir des acteurs comme certaines 

lipocalines ou la cytokine CXCL12. Ce travail propose donc que la TNC régule de façon 

différentielle l'angiogenèse à la fois par un effet anti-angiogénique direct par contact de la 

TNC avec le compartiment vasculaire et par un effet pro-angiogénique indirect en modulant le 

sécrétome de cellules tumorales et de fibroblastes associés au cancer. La TNC favoriserait dès 

lors deux mécanismes indépendants pro- et anti-angiogéniques en fonction du type cellulaire 

avec lequel elle interagirait. Ces effets sembleraient donc coexister au cours de la progression 

tumorale afin de contribuer à la formation d’un réseau vasculaire dense mais peu fonctionnel 

favorisant l’agressivité du cancer. Ainsi cibler des molécules du sécrétome identifiées dans ce 

travail dans les tumeurs présentant un MET riche en TNC se révélerait potentiellement 

intéressant du point de vue d’une thérapie personnalisée mêlant anti-angiogénique et 

médicament(s) ciblé(s) contre le micro-environnement induit par la TNC, tout ceci afin 

d’améliorer la prise en charge des patients. 
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A. INTRODUCTION  

 

1. Importance of the tumor microenvironment in cancer initiation and progression 

 

For many decades understanding of cancer was focused on the tumor cells. Cancer was 

considered as a merely genetic disease (Sonnenschein and Soto, 2000). Indeed, re-expression 

of oncogenes or repression of tumor suppressors, due to accumulation of mutations or 

epigenetic phenomena, is associated with the intrinsic properties of cancer initiation and 

progression (Balmain, 2001). However the concept of cancer as a disease of tissue 

homeostasis has emerged that is not only based on mutated epithelial cells. Cancer 

development is characterized by anarchic cancer cell proliferation, yet manifestation of cancer 

requires more than that, in particular a permissive microenvironment that allows tumor cells 

to thrive and form metastasis (Bissell and Hines, 2011). The starting point of cancer becomes 

no longer only a "renegade" cell but is considered as a complex interplay of tumor cells with 

tumor stroma which has been coined by the term "tumor microenvironment" (TME) (Bissell 

and Hines, 2011; Lorusso and Rüegg, 2008) (Fig. 1).  
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Figure 1. Cancer initiation in a “permissive” microenvironment 

Transformed cell(s) in an “adapted” microenvironment switches to an aggressive phenotype and starts 

to proliferate uncontrolled. This dynamic change modulates the tissue in terms of stromal cells and 

matrix content which leads to cancer initiation.  

 

Cancer is not a singular disease but cancer turned out to be multiple highly complex diseases 

and their underlying mechanisms are still not yet fully understood. This lack of knowledge 
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largely contributes to recurrent failures of antitumor treatment (Hanahan and Weinberg, 

2000). 

 

1.1. Role of the TME in cancer 

 

The role of the TME was first recognized by Paget, who in 1889 proposed the “seed and soil” 

hypothesis to explain the selectivity of breast cancer metastasis to specific distant organs. 

Paget suggested that metastasis development is not a matter of “luck” but rather due to a 

specific affinity of tumor cells (“seed”) for an organ (“soil”) that can provide an advantageous 

growth environment. Meanwhile multiple experimental evidences support this hypothesis. 

The key role of the microenvironment in regulating cancer progression has been nicely 

demonstrated. The neoplastic phenotype could be repressed when tumor cells were placed in a 

“normal” tissue microenvironment (McCullough et al., 1998; Sonnenschein and Soto, 2000). 

McCullough and colleagues showed that tumorigenic rat liver epithelial cells did not raise  

tumor formation when grafted into the spleen but did when implanted into the liver. Even 

more convincing was the work of Illmensee and Mintz who had grafted tumorigenic murine 

teratocarcinoma cells into the blastocyst of a mouse embryo. This grafting did not lead to 

tumor formation but rather to the development of a normal mouse, exhibiting incorporation of 

tumor cells into the various tissues including the germ line (Illmensee, 1978; Stewart and 

Mintz, 1981). The work of Dolberg and Bissell showed that the oncogenic potential of cells 

transformed by the Rous sarcoma virus is inhibited when cells were injected into a chicken 

embryo. This result indicate that tumorigenic properties of these cells could be repressed by a 

non-permissive microenvironment (Dolberg and Bissell, 1984). Moreover activated 

fibroblasts co-injected with non-tumorigenic cancer cells triggered cells to form a tumor 

whereas cancer cells were unable to trigger tumor formation on their own (Camps et al., 1990; 

Olumi et al., 1998). 

 

If the “normal” microenvironment can repress tumorigenesis, one wonders if an abnormal 

microenvironment would promote or even trigger tumor initiation. There is supporting 

evidence for this hypothesis. The work of Maffini and colleagues showed that the exposure of 

the stroma to a carcinogen such as N-nitrosomethylurea (NMU) allowed the development of 

tumors. However in vitro carcinogen-induced mammary epithelial cells did not lead to tumor 

formation after re-implantation into tissue that had not been exposed to the carcinogen prior to 

cell grafting (Maffini et al., 2004). Similar conclusions were drawn from experiments that had 
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been done with another carcinogen, 4-Nitroquinoline N-oxide (4-NQO) that is used to induce 

experimentally oral squamous cell carcinoma in mice (Hawkins et al., 1994; Schoop et al., 

2009). The authors observed tumor formation only in the presence of the carcinogen. 

Similarly, irradiating the stroma of the mammary gland resulted in a microenvironment that 

initiated tumor formation from engrafted pre-neoplastic mammary epithelial cells (Barcellos-

Hoff, 1998). 

These studies strongly argue that the microenvironment is a powerful regulator of initiating 

tumor formation of cells with oncogenic mutations.  

 

1.2 The composition of the TME  

  

In normal tissues, the microenvironment plays instrumental roles to regulate tissue 

homeostasis. Similarly in cancer, the TME is critical all along tumor initiation and 

progression (Bissell and LaBarge, 2005). Tumor cells are not simply single cell islets residing 

in a particular organ but rather a complex structure embedded in a specific TME. 

Schematically, the TME comprises cellular and molecular components. Stromal cells include 

in particular, carcinoma associated fibroblasts (CAF), immune cells such as tumor-associated 

macrophages (TAM), endothelial cells (EC), pericytes and others (Fig. 2).  
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Figure 2. The composition of the TME 

The TME is a complex tissue that is composed of tumor and stromal cells such as immune cells, TAM, 

CAF and vascular cells (EC and pericytes), embedded into a network of ECM molecules.  
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1.3. Role of ECM molecules  

 

Cells of the TME promote tumor development by secreting cytokines, growth factors and 

extracellular matrix (ECM) proteins (Lorusso and Rüegg, 2008). ECM molecules and growth 

factors cooperate in the TME to provide biochemical signals (e.g. cytokines, chemokines, 

matrikines) and structural constraints (adhesion molecules, biomechanical forces) that dictate 

cell behavior in order to promote cancer (Schmeichel et al., 1998). Initially considered as 

passive scaffold that serves as architectural support for organs, ECM molecules are not 

considered any longer as anchoring fibrils for cells (Frantz et al., 2010). As Richard Hynes 

pointed out ECM molecules are “not just pretty fibrils” (Hynes, 2009). It is now well 

acknowledged that ECM proteins play an active role in regulating tissue homeostasis. ECM 

can trigger cell signaling through activation of specific cell adhesion receptors such as 

integrins and modulate the access to soluble signaling molecules by binding these factors 

(Hynes, 2009) thus altogether determining cell behavior. 

 

 

1.3.1. Integrin adhesion receptors are crucial for ECM-inducing cell signaling  

 

All cells in a given tissue interact with their ECM in a dynamic process. ECM molecules are 

localized and potent activators of multiple signaling pathways that modulate cell behavior. 

Integrins are one of the important receptors involved in homeostasis and disease (Harburger 

and Calderwood, 2009). Integrins are heterodimers composed of two subunits, α and β. They 

constitute a superfamily of cell surface adhesion receptors (including thirty functional 

members known) for various ECM molecules. Integrins are linked to the cytoskeleton and 

integrin mediated signaling is one of the major pathways that transduce signals from the ECM 

into the cell. Integrins play an essential role in regulating cell behavior such as cell anchorage, 

shape, polarity, proliferation, migration, survival or differentiation. Integrins regulate several 

physiological processes such as wound healing or organogenesis but are also involved in 

pathologies such as cancer (Giancotti and Ruoslahti, 1999; Harburger and Calderwood, 2009).  

 

Several domains and motifs in ECM proteins have the potential to bind directly to cell surface 

expressed adhesion receptors. This direct interaction induces cell responses through signaling 

pathways as is here exemplified for fibronectin (FN) (Fig. 3). FN is a glycoprotein involved in 

cell adhesion and found in a variety of tissues (Hynes and Yamada, 1982), binds directly to 
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α5β1, α4β1 or ανβ3 integrin through its Arg-Gly-Asp (RGD) motifs and by that determines 

polarity and morphology of cells affecting on cell survival (Astrof and Hynes, 2009). 

As an example of their role, the ECM serves as a scaffold and signaling device for blood 

vessels (Dejana and Orsenigo, 2013; Simon-Assmann et al., 2011). In particular, adhesion to 

ECM through integrins such as ανβ3 and ανβ5 had been demonstrated to be important in 

tumor angiogenesis. Drug targeting integrin signaling has been designed such as cilengitide 

(Merck). Cilengitide showed inhibitory effects in preclinical and clinical studies. Despite anti-

tumoral and anti-angiogenic effects in vitro (Oliveira-Ferrer et al., 2008) and in vivo (Burke et 

al., 2002; Yamada et al., 2006), cilengitide has been discarded due to its poor clinical efficacy 

(Stupp et al., European Organisation for Research and Treatment of Cancer (EORTC) et al., 

2014).  

 

One of the crucial effects of ECM and integrin interaction is the modulation of the 

cytoskeleton organization in the cells. Integrins are important modulators of actin 

polymerization. Actin is one of the most abundant intracellular proteins in all eukaryotic cells. 

The fundamental property of actin is its ability to polymerize and thus to transform in 

reversible manner, a monomeric form, that is termed globular actin (G-actin), into a 

polymerized filamentous actin (F-actin) form. G-actin monomers are able to associate in a 

helical arrangement to form filaments or F actin structures. F-actin then polymerizes further to 

form actin cables. Upon binding of myosins and other contractility providing molecules these 

actin cables form actin stress fibers, lamellipodia or filopodia that regulate processes such as 

cell adhesion, migration and morphogenesis (Ridley et al., 2003). 

 

Actin polymerization is regulated basically by three Rho GTPase members, Rho, Rac and 

Cdc42, through specific guanine-nucleotide-exchange factors (GEF) and GTPase-activating 

proteins (GAP) (Allen et al., 1997). When small GTPases are activated, they bind to variety of 

effectors to stimulate downstream signaling pathways affecting cell behavior. Rho activation 

for example stimulates Rho kinase 1 (also known as ROCK1) and ROCK2 and downstream 

cofilin or myosin light chain (MLC) proteins. Rac and CDC42 are involved in PAK, 

Raf/MEK/ERK or PI3K activation. Integration of these events leads to the regulation of actin 

polymerization thus modulating cell adhesion and migration. 
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Figure 3. Multidomain interactions of ECM proteins with cells as exemplified for 

fibronectin (Adapted from Hynes, 2009). 

Cells bind to FN through integrin receptors and to FN-bound growth factors through the respective 

receptors. This model suggests that FN and its associated ECM proteins orchestrate signaling in cells. 

  

 

1.3.2. ECM modulates biomechanical properties of the tissue and influences cancer 

progression 

 

The influence of the ECM is not restricted to ligand activity and thus receptor modulation. 

ECM molecules are flexible and extendable and can modulate the biomechanical properties of 

a tissue. The deformability of the ECM also affects the responses of cells (Discher et al., 

2009; Engler et al., 2006). ECM-induced mechanical tension can modulate directly cell 

behavior and aggressiveness of diseases such as cancer (Erler and Weaver, 2009; Frantz et al., 

2010). It is well exemplified that during tumor progression rigidity of the tissue increases 

from the premalignant into the malignant state of the cancer disease. Indeed stiffness induced 

by the transformation of the microenvironment is a classical example of how breast cancer is 

first diagnosed by palpation. This phenomenon is generally correlated to collagen crosslinking 

involving LOX proteins (Baker et al., 2013) and tissue fibrosis (Kalluri and Zeisberg, 2006). 

Valerie Weaver and colleagues showed that the matrix rigidity or stiffness increases 

mammary epithelial cell growth and alters their polarity and morphology. They demonstrated 

that stiff tissue increases cell tensions, cytoskeleton reorganization and focal adhesion points 

through β1 integrins. Thus β1 integrin activation enhanced activation of PI3K, ERK and Rho 

signaling that altogether promoted the tumor phenotype of mammary epithelial cells 

(Levental et al., 2009; Paszek et al., 2005). Fibroblasts, as a major producer of ECM, also 

react to changes in mechanical properties of the ECM (Kalluri and Zeisberg, 2006). Matrix 

stiffening appears to have a positive feedback on ECM deposition in these cells thus 
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enhancing tissue stiffening (Frantz et al., 2010; Tschumperlin, 2015; Tschumperlin et al., 

2014). Interestingly the analysis of adjacent tissue close to the tumor showed an increase in 

tissue stiffness related to paracrine mechanisms inducing ECM secretion (Levental et al., 

2009). 

 

 

1.3.3. ECM-generated extracellular stimuli influence cell cytoskeleton organization and 

signaling activity 

 

Cell senses extracellular stimuli as e.g. a rigid matrix or ECM content through activation of 

integrins that initiate cellular signaling. This involves modification of the cell cytoskeleton. 

An important question is how is an integrin mediated signal transduced and translated into 

intracellular signaling. For this signal conversion from outside-the-cell into inside-the-cell, the 

integrin link to the actin cytoskeleton is pivotal (Schwartz, 2004). Upon integrin ligation focal 

complexes are formed, which represent signaling "organelles" where actin polymerization is 

initiated. Here monomeric G-actin is polymerized into fibrillar F-actin that then forms actin 

stress fibers. This leads to signaling pathway activation through translocation of 

transcriptional coactivators from the cytoplasm into the nucleus. Through binding to 

transcription factors that themselves bind to specific DNA motifs, polymerized actin has an 

impact on genes expression (Allen et al., 1997; Ridley et al., 2003; Schwartz, 2004). As an 

example, recently, the actin polymerization state has been shown to modulate two important 

effectors in development, homeostasis and disease, YAP (yes-associated protein) and one of 

its co-transcriptional activators TAZ (Tafazzin) (Halder et al., 2012).  

Recent studies indicate that YAP and TAZ are crucial factors in relaying mechano-

responsiveness to cells (Halder et al., 2012; Tschumperlin, 2015; Tschumperlin et al., 2014). 

YAP and TAZ support a central role in matrix stiffness-dependent activation of cells. They 

influence cell proliferation, migration or differentiation and are sensible to matrix deposition 

and to the cytoskeleton status (Calvo et al., 2013a; Dupont et al., 2011). Importantly, YAP 

and TAZ are regulated by F-actin formation that leads to repression of their inhibitor, the 

large tumor suppressor kinase (LATS) 1 and 2, and thus allows their translocation into the 

nucleus. In the nucleus YAP/TAZ complexes interact with the TEA domain family member 

(TEAD) 1 to 4 and activate target gene expression. In the absence of polymerized actin LATS 

1/2 inhibit YAP/TAZ translocation by phosphorylation, YAP/TAZ are sequestered in the 

cytoplasm or are degraded by the proteasome (Halder et al., 2012; Lapi et al., 2008). 
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 1.3.4 ECM molecules serve as a reservoir for growth factors 

 

Matrix remodeling is dynamic and involves progressive modulation of ECM content and 

fibrillar organization in a tissue. Matrix remodeling appears in a physiological context to 

maintain tissue homeostasis. In a pathological context matrix remodeling either promotes or 

represses disease progression (Mueller and Fusenig, 2004). Remodeling of the interstitial 

ECM and of the basement membrane by enzymes such as matrix metalloproteases (MMP) is 

more than just remodeling. Indeed, MMP-dependent cleavage of ECM within the basement 

membrane challenges its function as barrier such as to physically separating epithelial cells 

from other components around them. ECM degradation may generate signals by the release of 

sequestered molecules thus affecting cell behavior (Hynes, 2009; Kalluri, 2003; Martino et 

al., 2014). A variety of soluble factors are bound to the ECM such as collagen and FN (Fig. 3) 

and are potentially released during matrix remodeling (Hynes, 2009). These factors include 

vascular endothelial growth factor (VEGF) (Wijelath et al., 2002, 2006), transforming growth 

factor β (TGFβ) (Martino et al., 2013), Wnt (Martino et al., 2014), epidermal growth factor 

(EGF) and fibroblast growth factor (FGF) (Simian et al., 2001) amongst others. As example 

Martino and colleagues showed that fibrinogen binds through its heparin-binding site several 

growth factors such as platelet-derived growth factor-BB (PDGF-BB), placenta growth factor 

2 (PlGF2), VEGF-B or FGF2. These fibrinogen bound-growth factors promoted wound healing 

through a better re-vascularization in murine models (Martino et al., 2013). 

 

 

1.3.5. Importance of ECM molecules in cancer progression 

 

In the TME, ECM molecules surround tumor and stromal cells where they exert both 

scaffolding and signaling roles. A characteristic of the TME is the high expression of ECM 

such as collagens (Chen et al., 2013; Öhlund et al., 2009), laminins (Simon-Assmann et al., 

2011), FN (Galler et al., 2011) and tenascins (Midwood et al., 2011). There is evidence that 

some of these ECM molecules promote tumor progression. Often their high expression 

correlates with worsened clinical outcome and resistance to therapy. As example, Aguilera 

and colleagues demonstrated that myofibroblasts contributed to decreased sensitivity of 

tumors to anti-angiogenic agents by secretion of type I collagen (Col I) (Aguilera et al., 2014). 

Moreover the importance of ECM expression in a tumor context suggests that these molecules 

could be targeted and thus improve disease outcome. This knowledge has recently been 
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exploited by the group of Anna-Karin Olsson. Indeed they showed that immunization of mice 

with the ED-A domain of FN repressed metastasis formation in a spontaneous breast cancer 

model and thus extend life expectancy of the treated mice (Femel et al., 2014). 

  

Altogether these data highlight the importance of ECM molecules in normal tissue 

homeostasis as well as in pathological conditions. It is clear that we need more knowledge 

about the dynamics of ECM expression and remodeling in normal and diseased tissues to 

develop strategies to improve cancer diagnosis and therapy. 

 

 

1.4. Structure and role of tenascin-C 

 

1.4.1. Structure of tenascin-C 

 

The ECM molecule tenascin-C (TNC) is one important glycoprotein that is recurrently 

strongly induced during wound healing, inflammation of many tissues and in the TME. 

Successively named glial-mesenchymal extracellular matrix antigen, hexabrachion, 

cytotactin, J1 220/200, neuronectin and tenascin, TNC belongs to a family of oligomeric 

glycoproteins containing four known members, the tenascins C, R, X and W (Midwood et al., 

2011, Choquet-Erishman et al. 2014). TNC is a glycoprotein that forms a hexamer resulting 

from the binding of six monomers by disulfide bridges through the N-terminal part of each 

protein (Jones and Jones, 2000). Each monomer of TNC is composed of 14.5 EGF-like 

repeats, 8 constants and 9 variables fibronectin type III repeats and a fibrinogen globe. TNC is 

thus composed of a minimum of nine modules of fibronectin type III repeats which can be 

added between the fifth and sixth repeats of alternatively spliced modules. The presence or 

absence of alternatively spliced in modules is largely tissue specific (Lowy and Oskarsson, 

2015) (Fig. 4).  
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Figure 4. Tissue specific expression of TNC spliced variants. (Adapted from Lowy and 

Oskarsson, 2015)  

Alternatively spliced variant of TNC revealed specific cancer type expression with mainly TNC A1 

isoform. 
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Figure 5. Domain structure of tenascin-C and potential binding partners. (Adapted from 

Midwood et al., 2011 & Van Obberghen-Schilling et al., 2011)  

Monomeric TNC structure presents an assembly domain in the N-term part allowing hexamer 

formation of TNC. TNC is formed by three other domains containing an EGF-like repeats, fibronectin 

type II repast and a fibrinogen globe. Each domain is encoded by specific exons. TNC interacts with 

several ECM molecules and receptors through defined modules. 

 

 

TNC presenting fibronectin type III repeat A1 is for example one isoform highly expressed in 

solid tumors or atherosclerotic plaques (Berndt et al., 2010; Brack et al., 2006; Pedretti et al., 

1 
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2010a). Adding to the complexity of these isoforms, a great heterogeneity of glycosylation 

exists. TNC monomers have a molecular weight that fluctuates between 180 and 320 kDa in 

humans with potential independent roles (Jones and Jones, 2000). TNC can be cleaved by 

MMP at different sites and cleaved TNC molecules may have distinct functions involving 

release of growth factors (Jones and Jones, 2000). Moreover TNC was shown to bind others 

proteins such as growth factors, cell surface receptors or others ECM proteins (Martino et al., 

2014; Midwood et al., 2011; Saupe et al., 2013) (Fig. 5).  

 

 

1.4.2. TNC-dependent described molecular signaling 

 

From a molecular point of view, TNC was shown to interact with multiple receptors and 

extracellular molecules (Midwood et al., 2011; Orend and Chiquet-Ehrismann, 2006). TGFβ1, 

Bone morphogenetic protein 4 (BMP4), FGF2, angiotensin II, TNFα, Notch-2 or PDGF-BB 

have been described to promote TNC expression in neural stem cells, fibroblasts and tumor 

cells (Hau et al., 2006; Mackie et al., 1992; Nong et al., 2015; Sailer et al., 2013; 

Sivasankaran et al., 2009). TNC is a target and is regulated by Notch signaling (Oskarsson et 

al., 2011; Sivasankaran et al., 2009). Interestingly TNC was shown to be overexpressed in 

hypoxic regions of GBM and might be induced by Hypoxia Inducible Factors-1α (HIF-1α) 

(Lal et al., 2001)  

TNC can also inhibit the activity of focal adhesion kinase (FAK) and RhoA, two molecules 

able to influence the actin organization of the cytoskeleton (Huang et al., 2001a; Midwood et 

al., 2011; Ruiz, 2004). In tumor cells, TNC regulates Wnt signaling, through the repression of 

the Wnt inhibitor Dicckopf-1, and enhances Leucine-rich repeat-containing G-protein coupled 

receptor 5 (LGR5) expression and Notch signaling that promote tumor progression 

(Oskarsson et al., 2011; Saupe et al., 2013). Moreover TNC has the ability to upregulate and 

activate indirectly c-met in mammary epithelial cells that promotes tumor phenotype 

(Taraseviciute et al., 2010). Interestingly TNC has been described to be a activator of EGF 

receptors through the direct interaction by its EGF-like repeat domain (Grahovac et al., 2013; 

Swindle et al., 2001). 
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1.4.3. Role of tenascin-C in embryogenesis and tissue homeostasis 

 

Present during gastrulation and during somite formation, TNC is expressed very early in 

embryonic development (Chiquet-Ehrismann et al., 2014; Van Obberghen-Schilling et al., 

2011). TNC is present in different organs of the embryo as thymus, brain, heart and lung 

(Saga et al., 1992). TNC is for example transiently expressed in the heart between E7.5 to 13 

and afterwards is repressed (Imanaka-Yoshida et al., 2003). The spatiotemporal distribution of 

TNC is restricted and its expression is especially associated with particular structures as 

cortex or striatum during brain ontogenesis (Crossin et al., 1986; Faissner and Kruse, 1990). 

Nevertheless TNC knock out (KO) mice develop normally and are fertile suggesting 

compensatory mechanisms, making TNC a dispensable molecule during embryogenesis 

(Forsberg et al., 1996; Saga et al., 1992). Only minor differences in the behavior of adult TNC 

KO mice were observed with lowered anxiety, poor swimming ability and increased 

locomotor activity, but normal coordination and cognitive skills (Fukamauchi et al., 1996; 

Kiernan et al., 1999; Morellini and Schachner, 2006). In adult tissue TNC distribution is 

restricted to specific compartments associated with stemness niche in the thymus, spleen, 

brain or bone marrow (Chiquet-Ehrismann et al., 2014).  

 

 

1.4.4. Role of TNC in disease progression 

 

Conversely in pathological conditions TNC is re-expressed at the site of inflammation, close 

to damaged blood vessels or within many types tumors (Berndt et al., 2010; Brack et al., 

2006; Herold-Mende et al., 2002; Midwood et al., 2011; Stegemann et al., 2013).  

 

1.4.4.1. Role of TNC in cardiovascular diseases 

 

TNC is absent from non the normal vasculature (Mustafa et al., 2012; Trescher et al., 2013; 

Wallner et al., 1999; Zagzag et al., 1996), but is expressed in cardiovascular diseases 

(Golledge et al., 2011) such as atherosclerosis (Schaff et al., 2011; Wang et al., 2012, 2013a), 

hypertension (Mackie et al., 1992), acute myocardial infarction (Arican Ozluk et al., 2015) or 

aortic acute dissection (Kimura et al., 2014; Trescher et al., 2013).  

Although not detectable in the normal adult heart, TNC is expressed at very early stages of 

embryonic development as potential inducer of cardiomyocyte differentiation (Imanaka-
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Yoshida et al., 2003) and TNC is re-expressed in cardiomyopathy such as myocardial 

infarction (Tamaoki et al., 2005). TNC is accumulated in atherosclerotic plaques and 

participate in their destabilization (Pedretti et al., 2010a; Wallner et al., 1999). TNC 

modulates arterial stiffness and thus mechanotransduction and flow in blood vessels, this 

promotes hypertension and other vascular diseases (Fujimoto et al., 2013; Imanaka-Yoshida 

and Aoki, 2014). In patient with high TNC levels myocardial reperfusion was hampered and 

TNC is thus a potential prognosis marker of left ventricular deficiency (Arican Ozluk et al., 

2015). TNC expression is increased in proliferative diabetic retinopathy and participate to 

disease progression (Mitamura et al., 2002).  

 

1.4.4.2. Role of TNC in inflammation, tissue regeneration and central nervous system 

associated diseases 

 

TNC has been implicated in tissue regeneration (Kuriyama et al., 2011) since its inhibition 

impairs locomotor recovery, axon regrowth or synapse activity in a model of spinal cord 

regeneration in zebrafish (Yu et al., 2011). TNC deficiency in mice impairs recovery after 

nerve lesion (Guntinas-Lichius et al., 2005). Lack of TNC delayed brain regeneration after 

lesion (Ikeshima-Kataoka et al., 2008).  

Moreover TNC expression is increased and promotes inflammation and fibrosis (Brissett et 

al., 2012; Carey et al., 2010; El-Karef et al., 2007; Islam et al., 2014). Other evidence 

implicates an immunosuppressive role of TNC on T cells (Hauzenberger et al., 1999; Jachetti 

et al., 2015; Rüegg et al., 1989). 

TNC seems to contribute to central nervous system (CNS) diseases such as multiple sclerosis 

progression through modulation of inflammation, lymphocyte circulation, astrocyte-derived 

myelination or CNS repair (Harada et al., 2015; Jakovcevski et al., 2013; Kwok et al., 2011; 

Nash et al., 2011). Moreover TNC deposition is increased in the CNS upon injury and is 

expressed by astrocytes or glial cells and modulates their behavior (Nishio et al., 2005; Wiese 

et al., 2012). In vitro studies also suggested specific actions of TNC in the CNS, notably in 

neural precursor cell migration as well as in neuron guidance and outgrowth (Faissner and 

Reinhard, 2015; Van Obberghen-Schilling et al., 2011).  

 

1.4.4.3. Role of TNC in tumor progression 

 

TNC is highly expressed in most solid tumors where its high expression correlates with bad 
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prognosis for patients including lung, colorectal, brain, breast, hepatocellular carcinoma or 

head and neck tumor (Emoto et al., 2001; Herold-Mende et al., 2002; Ishihara et al., 1995; 

Leins et al., 2003; Midwood et al., 2011; Mitselou et al., 2012; Nong et al., 2015; Ohtsuka et 

al., 2013; Orend and Chiquet-Ehrismann, 2006; Renkonen et al., 2013; Rolle et al., 2010; 

Tang et al., 2015). TNC has been described to be highly expressed into tumor-specific fibrillar 

networks or tracks (Spenlé et al., 2015) (Fig. 6).  

 

Human insulinoma Human colon cancer 

 

Figure 6. Spatial organization of the TNC microenvironment in human cancer. (Pictures 

taken from Spenlé et al., 2015)  

TNC distribution and organization as tracks in particular in stromal compartment of human insulinoma 

and colon cancer. 

 

TNC promotes cancer progression by supporting tumor cell invasion and metastasis 

formation. TNC protein expression increases with tumor grading in mouse models (Saupe et 

al., 2013) and in human breast cancer, brain cancers, insulinoma and pheochromocytomas 

(Goepel et al., 2000; Herold-Mende et al., 2002; Salmenkivi et al., 2001; Saupe et al., 2013). 

TNC promotes migration/invasion of glioblastoma (GBM), melanoma and pancreatic cancer 

cell lines (Grahovac et al., 2013; Herold-Mende et al., 2002; Hirata et al., 2009; Li, 2009; 

Tanaka et al., 2003), tumor growth of melanoma and a highly invasive phenotype in GBM, 

and metastasis formation of breast, lung and pancreatic cancer (Li, 2009; O’Connell et al., 

2011a; Oskarsson et al., 2011; Tang et al., 2015). TNC has distinct effects on tumor cells, 

CAF, TAM and EC within the TME which are as yet not fully understood. The strong 

expression of TNC in cancer tissue suggests that TNC is involved in providing a permissive 

“tumor-bed” together with other ECM molecules that are coexpressed in the TNC rich niches. 

This TNC-derived tumor bed promotes the survival and expansion of tumor and tumor-



� ���

associated cells and thus may support tumor progression (Gilbertson and Rich, 2007; Orend et 

al., 2014). 

 

The origin of TNC in tumor tissue is still not fully elucidated. Nevertheless different cell 

types have been shown to express TNC. A well characterized TNC provider are 

myofibroblasts, CAF and the cancer cells themselves that secrete and deposit TNC in a 

fibrillar matrix together with other ECM molecules (Chou et al., 2013; Gravina et al., 2013; 

Kharaishvili et al., 2014; Tamaoki et al., 2005). In vitro and in xenograft mouse models it was 

shown that TNC can be expressed by both the tumor and the stromal cells (Brack et al., 2006; 

Herold-Mende et al., 2002; Hicke et al., 2006; Hirata et al., 2009; Huang et al., 2010). In vitro 

fibroblasts and epithelial tumor cells (derived form brain colon and breast cancer) were shown 

to secrete TNC (Dandachi et al., 2001; Degen et al., 2007, 2008; Spenlé et al., 2015; De 

Wever et al., 2004). In addition some factors as TGF� could stimulate TNC secretion in 

specific cell types as myofibroblasts by inducing �SMA and thus TNC expression (Islam et 

al., 2014; Untergasser et al., 2005). In human cancers such as melanoma or GBM, mainly 

tumor cells appear to abundantly secrete TNC (Carnemolla et al., 1999; Castellani et al., 

1995; Herlyn et al., 1991; Herold-Mende et al., 2002; Mahesparan et al., 2003; Martina et al., 

2010; Natali et al., 1990).  

Thus tumor cells and activated fibroblasts express TNC, but several studies suggested or 

demonstrated that TNC is also secreted by other stromal cells. Immunohistological analysis in 

particular in high grade glioma revealed that TNC is present around blood vessels (Herold-

Mende et al., 2002; Mustafa et al., 2012). Interestingly Martina and colleagues observed a 

perivascular localization of TNC in human GBM biopsies. They showed that desmin positive 

perivascular cells, a classical marker of vascular smooth muscle cells and activated fibroblasts 

(Beamish et al., 2010; Kalluri and Zeisberg, 2006), are surrounded by TNC which suggest 

vascular smooth muscle cells as one of the providers of TNC around tumor vessels (Martina 

et al., 2010). Immune cells might also express TNC in cancer. Indeed, monocytes or TAM 

could potentially be a source of TNC in tumor and damaged tissue (Chanmee et al., 2014; 

Kulla et al., 2000; Wallner et al., 1999). Finally, also astrocytes express TNC which is 

triggered by TGFβ1 together with basic fibroblast growth factor (bFGF) (Smith and Hale, 

1997). 

 

Altogether these data highlight the role of TNC in multiple processes of disease progression 

that may deliver a particular signaling to the cells through direct and indirect mechanisms. 
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1.5. TNC and CAF as close partners in the TME  

  

Fibroblasts are highly abundant in the TME and play an active role in tumor angiogenesis and 

progression. During wound healing, fibroblasts change their phenotype to become active. 

Activated fibroblasts or myofibroblasts share properties with both fibroblasts and smooth 

muscle cells. Activated fibroblasts are found in tumors and are called CAF (Haviv et al., 

2009; Kalluri and Zeisberg, 2006). CAF alter cancer cell behavior and promote tumor 

progression (Jia et al., 2013; Tyan et al., 2011). An important early role of CAF in promoting 

tumorigenesis had been shown by several laboratories (Camps et al., 1990; Hwang et al., 

2008; Olumi et al., 1998, 1999). In further support a high expression of CAF markers such as 

�SMA and fibroblast activation protein (FAP) are associated with bad clinical prognosis 

(Cohen et al., 2008; Henry et al., 2007; Tsujino et al., 2007). It is now well accepted that the 

tumor stroma contains a heterogeneous population of CAF that express various markers such 

as αSMA, FAP, fibroblast specific protein 1 (FSP1), desmin or vimentin which are not 

exclusive for this cell type (Kalluri and Zeisberg, 2006; Kharaishvili et al., 2014). CAF may 

originate from resident fibroblasts but appear also to derive from pericytes, adipocytes, stem 

cells or bone marrow derived cells (Haviv et al., 2009). In addition to expressing multiple 

soluble factors such as cytokines and growth factors CAF are significant providers of ECM 

proteins (Kalluri and Zeisberg, 2006) amongst them TNC, collagens, FN and others (Adams 

et al., 2002; Mertens et al., 2013; O’Connell et al., 2011; Yoshimura et al., 2011). Moreover it 

was shown that CAF-derived TNC has a particular impact on breast cancer cells by promoting 

their invasiveness (Hancox et al., 2009) and by contributing to a metastasis permissive “soil” 

in the lung (O’Connell et al., 2011; Oskarsson et al., 2011). Thus these data suggest that 

fibroblast-derived TNC in cancer is a strong actor of disease severity. 

 

 

2. Crucial role of tumor angiogenesis in the TME 

 

The vascular network in the body is a hierarchical and highly organized system of blood and 

lymphatic vessels. Whereas lymphatic vessels play a role in body fluid homeostasis and 

immunity, blood vessels ensure an optimal supply of oxygen and nutrients to cells within 

tissues, export toxic metabolites to the liver and eliminate waste through the kidneys. The 

vessels are also used as a highway by immune cells, which monitor pathogens in order to 

protect the body (Pugsley and Tabrizchi, 2000). The vascular wall is composed of endothelial 
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cells, vascular smooth muscle cells and fibroblasts which are surrounded by a vascular 

basement membrane composed of a complex structured network of ECM proteins such as 

laminins, collagens or perlecan (Simon-Assmann et al., 2011). The mutual interactions 

between the ECM and the cells are necessary for growth, development and remodeling. 

However, various pathological situations disturb these homeostatic interactions and lead to 

various diseases.  

 

 

2.1. Mechanisms of blood vessel formation  

 

The formation of new blood vessels is a highly regulated mechanism implicating different 

independent processes such as vasculogenesis, arteriogenesis and angiogenesis. These 

processes initiate, maintain and recycle the vascular network and are described in the 

following cartoon (Fig. 7). 

 

�

Figure 7. Different mechanisms of blood vessel formation. (Adapted from Carmeliet, 

2000). Vasculogenesis starts in non-irrigated tissue by homing of bone marrow-derived cells that 

form a capillary plexus. Then a mature network is constructed by growth of new capillary from the 
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preexisting plexus (angiogenesis) which are stabilized by smooth muscle cells (SMC). These SMC as 

perivascular cells allow the maturation of the vessels that could differentiate into veins or arteries. In 

addition the arteriogenesis process allows the formation of bigger contractile vessels through signals 

such as mechanical shear stress, cytokine, matrix remodeling or SMC recruitment. 

 

Vasculogenesis  

Vasculogenesis involves the formation of a vascular network resulting from the differentiation 

and proliferation of endothelial progenitor cells (EPC) or angioblasts. This process is essential 

for the formation of a primitive vascular network. Angioblasts migrate extensively before in 

situ differentiation and plexus formation (Hur et al., 2004). Vasculogenesis is regulated by 

VEGF, VEGF receptor 2 (VEGFR2) and bFGF that influence EPC differentiation. 

Vasculogenesis only leads to immature vessels and needs to be consolidated by a vascular 

wall through the recruitment of mural cell progenitors which involves PDGF amongst other 

factors. Then vessels are stabilized by mural cell, generating a vascular basement membrane 

with EC where TGFβ signaling and ECM deposition are instrumental (Carmeliet, 2000) (Fig. 

8). It is now established that EPC contribute to revascularization in adults in the context of 

ischemia or inflammation. The use of EPC represents a considerable hope for treating 

ischemic pathologies (Silvestre, 2012). 

 

Arteriogenesis  

Arteriogenesis is a mechanism contributing to vessel remodeling by maturation of preexisting 

vessels into larger ones giving rise to arterioles with up to 50 nm in diameter. Under 

physiological conditions arteriogenesis occurs during embryonic development. In 

pathological contexts such as ischemia arteriogenesis is induced by changes in blood flow or 

inflammation (Carmeliet, 2000). During arteriogenesis vascular myogenesis occurs where 

pericytes and smooth muscle cells are recruited. These mural cells proliferate and thus 

participate in the formation of the arterial vessel. The proliferative mural cells induce matrix 

and tissue remodeling leading to arterial vessel enlargement and formed different layers, the 

media and the adventitia that participate to vessel contractibility. These vessels are highly 

contractile due to differentiation of mural cells into pericytes. FGF,� monocyte chemotactic 

protein 1, renin-angiotensin system or shear stress are described factors that regulate 

arteriogenesis (Carmeliet, 2000; Deindl et al., 2003; Murakami et al., 2008; Pipp et al., 2004; 

Schirmer et al., 2009). 
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Figure 8. Mechanism of vasculogenesis and vessel maturation. (Adapted from Carmeliet, 

2000) Vasculogenesis involves endothelial progenitor cells (red cells) or angioblasts that contribute to 

blood vessel assembly through VEGF/VEGFR signaling. Then perivascular cells are recruited (grey 

cells) through PDGF-BB/PDGFRβ signaling. The perivascular cells secrete angiopoietin 1 (Ang1) and 

TGFβ which interact with their respective receptors Tie-2 and TGFβR which stabilizes the nascent 

vessel by ECM deposition and cell differentiation. 

  

Angiogenesis  

The term angiogenesis describes the formation of new blood vessels from already existing 

vessels (Folkman et al., 1989). Vascularization is indispensable to provide nutrients and 

oxygen to tissues. Angiogenesis is controlled by a balance between pro and anti-angiogenic 

factors that regulate proliferation and migration of EC and contribute to ECM remodeling 

(Carmeliet, 2000; Carmeliet and Jain, 2000). Angiogenesis co-exists with other processes of 

vascular remodeling such as vasculogenesis and arteriogenesis (Fig. 7).  

 

 

2.2. Angiogenesis related mechanisms 

 

In physiological conditions angiogenesis takes places not only during embryonic development 

but also in the adult organism. Angiogenesis is a key process of pregnancy as well as in the 
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body's protective response to ensure wound healing, tissue regeneration and inflammatory 

responses. Angiogenesis is a highly regulated process leading to structured, hierarchically 

organized and well-functioning vascular networks (Carmeliet and Jain, 2000). Different types 

of angiogenic processes have been described and contribute to the development of a new 

vascular network (Adams and Alitalo, 2007a; Carmeliet, 2003). These include sprouting and 

intussusceptive angiogenesis, attraction of endothelial precursor and circulating endothelial 

cells or vascular co-option. 

  

Sprouting angiogenesis 

Sprouting angiogenesis starts with a change in EC polarity, the induction of a motile and 

invasive phenotype, modulation of cell–cell contacts and local matrix degradation. The 

growing EC sprouts are guided by cytokine gradients including attractive or repulsive cues 

that guide cells in the tissue environment under the influence of blood flow (Carmeliet and 

Jain, 2000; Herwig et al., 2011). This process involves several successive stages that mimic 

developmental events of angiogenesis. Activation of endothelial cells by various growth 

factors is followed by dilation of the pre-existing vessels. In this process an EC at the front 

(the so called "tip cell") is selected to guide the formation of the new vessel involving Notch 

and VEGFR signaling (Adams and Alitalo, 2007a) (Fig. 9).  

In consequence, the ECM and the basal membrane surrounding the EC are degraded by 

locally activated proteases, such as MMPs. This allows EC to invade the surrounding matrix 

and stimulates their proliferation. The migrating cells polarize and form an immature blood 

vessel composed of the tip cell at the front and stalk cells that altogether build the new vessel 

(Geudens and Gerhardt, 2011) (Fig. 9). In normal angiogenesis, junctions between EC need to 

be maintained after lumen formation to prevent leakage. In order to stabilize the vessel, EC 

release growth factors such as PDGF-BB that promote the recruitment of perivascular cells 

and in particular pericytes to new sprouts. Pericytes, which adhere to the vascular basement 

membrane, surround the new vessels. Perfusion promotes maturation processes such as the 

stabilization of cell junctions, matrix deposition and tight pericyte attachment. Blood flow 

improves oxygen delivery and thereby reduces pro-angiogenic signals that are hypoxia-

induced (Adams and Alitalo, 2007a; Carmeliet, 2000, 2003). 
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Figure 9. Mechanisms of sprouting angiogenesis. (Adapted from Adams and Alitalo, 2007) 

Activation of pro-angiogenic signaling favors EC activation by flipping of apical–basal polarity, the 

induction of motile and invasive activity, the modulation of cell–cell contacts and local matrix 

degradation. b. The growing EC initiates sprouting guided by pro-angiogenic gradients or repulsive 

molecule. Release of PDGFB by the tip cells promotes the recruitment of perivascular cells to nascent 

sprouts. c. EC–EC junctions lead the fusion of adjacent sprouts and vessels and are maintained after 

lumen formation to allow vessel functionality and perfusion. Lumen formation induces differentiation 

of EC in stalk or tip cells. Stalk cells proliferate to elongate the vessels. Fusion processes at the EC–

EC interfaces establish a continuous lumen. Blood flow finishes to functionalize the vessels which 

lead to stabilization of EC-EC adhesions, perivascular coverage and inhibition of EC proliferation. 

Oxygen delivery reduces pro-angiogenic signals that are hypoxia-induced which induces also 

quiescent signaling. 

 

Intussusception  

Intussusceptive angiogenesis describes a mechanism whereby the splitting of a vessel occurs 

through the insertion of tissue pillars. This leads to the formation of two or more new blood 

vessels from a single existing one (Adams and Alitalo, 2007a). Despite strong morphological 

evidence that supports a role for intussusceptive processes in physiological and pathological 

angiogenesis, little is known about physiological functions or molecular regulation of 

intussusception. Nevertheless the process should involve EC proliferation, migration, 

basement membrane degradation, ECM deposition and perivascular cell recruitment (De 
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Spiegelaere et al., 2012). This mechanism of new blood vessel formation could be highly 

important in embryonic development to create a rich microvascular network from an existing 

vessel network (Fig. 10). 

 

 

Figure 10. Intussusceptive angiogenesis model. (Adapted from Adams and Alitalo, 2007) 

Intussusceptive angiogenesis comprises vessel splitting through an insertion of a tissue pillar. 
Observations suggest that this process involves EC proliferation and ECM remodeling. 

 

Attraction of endothelial precursor and circulating endothelial cells  

In addition to sprouting and intussusceptive angiogenesis other mechanisms contribute to the 

formation of new vessels and vessel growth which involve circulating endothelial cells (CEC) 

and EPC. Both cell types have been described to play a role in vasculogenesis and 

angiogenesis. Circulating cells are described to incorporate into the vessels and thus 

contribute to angiogenesis (Fig. 11). Both cell types are circulating cells that have been found 

in blood and that have a distinct origin. CEC are differentiated and mature EC that detach 

from an endothelial lining of a blood vessel. Whereas very rare in healthy patients, CEC are 

found in a relative high abundance in patients with vessel damage (Blann et al., 2005) or 

various cancers (Bertolini et al., 2006). EPC derive from bone marrow and are mobilized 

during repair of damaged vessel walls or during angiogenesis (Asahara et al., 2011; Bertolini 

et al., 2006). Given their importance in vascular pathologies, these cells have been approached 

as interesting candidate biomarkers in vascular diseases and cancers. In vivo analysis in 

mouse models it was shown that EPC contribute to a relative degree in the tumor vasculature 

(Rafii and Lyden, 2008; Sieveking et al., 2008). More recently, data also suggest a role of 

EPC in resistance to anti-angiogenic treatment and possibly in resistance to cytotoxic agents 

which could promote metastasis through re-vascularization (Rafii and Lyden, 2008; Rafii et 

al., 2002). However, in humans, the importance of EPC in these processes remains unclear. 

Several studies suggest that the role of EPC might be less important in humans than in mice 

(Hilbe et al., 2004; Peters et al., 2005). These endothelial cell populations likely contribute at 
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certain stages of the angiogenesis process and having structural and paracrine functions in 

some cancer types to ensure an efficient tumor vasculature. 

  

 

Figure 11. Role of CEC and EPC in angiogenesis. (Adapted from Adams and Alitalo, 

2007)  

Circulating cells in blood through chemotactic signals could adhere to the endothelium and could be 

incorporate in vessels. Thus these cells may be activated and generates vascular sprouts or may 

indirectly stimulate EC sprout from a perivascular location. 

 

Vascular co-option  

In vascular co-option seen in cancer, tumor cells can integrate into existing vessels or cancer 

cells mimicking endothelial cells and by that forming vessels. This phenomenon, that involves 

transdifferentiation of tumor cells, also called vascular mimicry, was reported for the first 

time in melanomas and thereafter also in others cancers such as GBM (El Hallani et al., 2010; 

Maniotis et al., 1999). The tumor cells acquire a phenotype to form pseudoendothelial tubular 

covering structures. This plasticity process in cells or transdifferentiation allows tumor cells 

to participate to the circulation system, regardless of angiogenesis. In particular 

neuroblastoma or GBM cells have been described to actively contribute to tumor 

vascularization by transdifferentiation (Golebiewska et al., 2013; Ricci-Vitiani et al., 2010; 

Pezzolo et al. 2011) and express EC marker as CD31. 
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2.2. Angiogenesis in pathological context 

  

Since normal angiogenesis is a highly structured process that maintains homeostasis, 

pathological angiogenesis is poorly efficient and often leads to disease progression. Multiple 

diseases are characterized or caused by abnormal vessel formation with lack or excess of 

angiogenesis (Carmeliet, 2003).  

 

Multiple sclerosis (MS) is a chronic inflammatory disease of the CNS. This pathology is 

characterized by a blood–brain barrier (BBB) breakdown, inflammatory infiltration of the 

CNS by lymphocytes, demyelination and eventual axonal destruction. Magnetic resonance 

imaging (MRI) analysis in patients showed that blood flow, blood volume, blood vessel 

density and vessel permeability are significantly increased and correlated with disease 

progression, which strongly suggests a role of blood vessel remodeling in this pathology 

(Girolamo et al., 2014; Lengfeld et al., 2014). The production of several other angiogenic 

molecules such as VEGF is associated with MS. In the classical experimental allergic 

encephalomyelitis (EAE) mouse model that recapitulates hallmarks of human MS, BBB 

disruption and vascular remodeling appeared before demyelinating lesions occur where 

VEGFA is released mostly by astrocytes or neurons (Macmillan et al., 2011; Seabrook et al., 

2010). Thus the role of angiogenesis in MS remains unclear since angiogenesis promotes 

neural progenitor differentiation and myelination through VEGFA but also impairs 

endothelial barrier function which is associated with more infiltrating immune cells (Kirk et 

al., 2004). Interestingly, abnormal angiogenesis is a common feature of several neurological 

diseases such as Alzheimer (Vagnucci and Li, 2003) or Parkinson disease (Desai Bradaric et 

al., 2012).  

 

Angiogenesis is a key phenomenon in the development of psoriasis (Heidenreich et al., 2009) 

and in rheumatoid arthritis (RA), chronic inflammatory disease of the joints, where 

angiogenesis allows the growth and maintenance of the inflammatory status by enhancing the 

flow of nutrients, cytokines and inflammatory cells into the synovium (Szekanecz et al., 

2009). Moreover the prototypical factor of angiogenesis VEGFA is overexpressed in the 

synovial fluid and has been correlated with disease severity (Lee et al., 2001; Sone et al., 

2001). Clinical trials of recent angiogenic inhibitors have not been done yet in patients with 

RA. However targeting interleukin-6 (IL-6), a potent pro-inflammatory cytokine (Nilsson et 

al., 2005), with tocilizumab, an anti-IL-6 receptor antibody, that is already used in the clinic 
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for rheumatoid arthritis patients (Kremer et al., 2011), showed strong anti-angiogenic effects 

(Nagasaki et al., 2014; Yoo and Chung, 2014). Consequently recent strategic approaches to 

treat RA suggests a potential interest for anti-angiogenic therapy, with VEGFA blockade as 

potent candidate (Paleolog, 2009). 

 

Age-related Macular Degeneration (AMD) is a chronic degenerative disease of the retina 

where one form is driven by abnormal angiogenesis. Degeneration selectively reaches the 

central part of the retina called the macula and causes the loss of retinal visual cells. The 

formation of new vessels promotes vascular permeability and destroys the normal architecture 

of the retina and therefore its function. Photoreceptors suffer and ultimately scar tissues are 

generated which permanently destroy the macula (Kent, 2014; Ng and Adamis, 2005). Thus, 

dissecting the roles of angiogenesis in the progression of neovascular AMD has led to the 

development of anti-VEGFA therapy. The main drug used is ranibizumab (Lucentis) which is 

a recombinant humanized monoclonal antibody. It binds with high affinity to different 

isoforms of VEGF-A, preventing activation of the VEGFR signaling platform. Therefore 

ranibizumab inhibits the growth and permeability of new blood vessels and prevents disease 

progression (Gibson and Gibson, 2014; Kent, 2014; Schmid et al., 2015). 

 

Atherosclerosis is a chronic inflammatory disease of the arterial wall that is induced by 

physical, chemical, biological or infectious agents. The inflammatory response involves 

development of lipid-rich plaques followed by monocyte recruitment. Unhealthy lifestyles 

(alcohol, smoking, high fat diet), diabetes, obesity and hypertension are promoting factors of 

the pathology but the atherosclerotic process is often initiated before adulthood with 

accumulation of cholesterol-containing low-density lipoproteins in the intima. Inflammation 

leads to the formation of an atherosclerotic plaque that can become unstable and results in its 

breakage or acute occlusion of the vessel (Jaipersad et al., 2014; Slevin et al., 2009). Several 

lines of evidence propose angiogenesis as a crucial event for atherosclerosis initiation, growth 

and plaque destabilization. Atherosclerotic lesions present local high vessel density and high 

hemorrhaging (Celletti et al., 2001; Kolodgie et al., 2003). PIGF, a member of the VEGF 

family, is a mediator of inflammation highly expressed in atherosclerosis and correlates with 

levels of plaque inflammation and stability (Pilarczyk et al., 2008). In vivo the prototypical 

angio-modulatory molecule, VEGFA, promotes monocyte/macrophage infiltration into the 

plaque, local angiogenesis and atherosclerotic lesion progression (Celletti et al., 2001; 

Heinonen et al., 2013).  
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In contrast to atherosclerosis, AMD or RA with abnormal excessive vessel formation, 

ischemia in the brain, himblimb or heart is characterized by insufficient angiogenesis that 

lead to hypoxia and tissue necrosis. When an artery is occluded, its vascular territory becomes 

ischemic due to impaired blood flow (Carmeliet, 2003). In order to restore the vascularization 

in the tissue, angiogenesis is activated and new vessels are generated from collateral vessels. 

However aging (Rivard et al., 1999) or hypertension (Belle et al., 1997) impair the angiogenic 

response to ischemia and lead to severe health problems as e.g. organ loss.  

  

 

2.3. Tumor angiogenesis  

  

In sharp contrast to physiological conditions, in cancer, angiogenesis is aberrant and leads to 

the formation of disorganized, chaotic and poorly functional vascular networks. In normal 

tissues, blood vessels interact with the sub-endothelial basement membrane composed of 

several ECM proteins in particular type IV collagen (Col IV) and laminins. This vascular 

basement and the recruitment of pericytes stabilize and contribute to vessel function (Simon-

Assmann et al., 2011). In the TME, the vasculature is structurally and functionally abnormal. 

Compared to normal blood vessels, tumor blood vessels are permeable, tortuous, highly 

variable in diameter size and form patterns of anarchic interconnections (McDonald and 

Choyke, 2003) (Fig. 12).  

 

�

Figure 12. Microscopic imaging of normal and angiogenic blood vessels. (Pictures taken 

from McDonald and Choyke, 2003) (Left) Scanning electron microscopic (SEM) imaging of 

polymer cast of normal microvasculature of rat carotid sinus with simple organized arrangement of 
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arterioles, capillaries, and venules. (Right) SEM image of cast of tumor microvasculature, showing 

disorganized and anarchic blood vessels. Arterioles, capillaries, and venules are not identifiable. 

 

Tumor vessels have defects such as a fragmented basement membrane, low pericyte coverage 

(or completely absent) and increasing permeability/leakage (Dejana and Orsenigo, 2013; 

Kalluri, 2003). An abnormal basement membrane seems to be instrumental in causing an 

aberrant vasculature in the tumor (Jain, 2005). An uncontrolled high angiogenesis process 

seen in solid tumors could result in an anarchic vascular network presenting high leakiness 

due to maturation failure (Fig. 13). 

 

 

Figure 13. Massive blood leakage in tumors. (Taken from Adams and Alitalo, 2007) Bright-

field microscopic image of a huge hemorrhage in a whole tumor from an insulinoma mouse model as 

an example of tumor vessel leakage. 

 

Tumor angiogenesis is one of a critical hallmark of cancer (Hanahan and Weinberg, 2000, 

2011). The formation of the vasculature is essential for tumor progression, maintenance and 

tumor cell dissemination (Carmeliet and Jain, 2000). Thanks to the pioneer work of Judah 

Folkman we know that in the absence of sufficient vascularization most tumors cannot exceed 

2 mm3 in volume, and remain clinically silent (Folkman, 1996). Tumor-associated vessels 

promote tumor growth and maintenance by providing oxygen and nutrients, and also favor 

metastasis formation by facilitating tumor cell entry into the systemic circulation. Many in 

situ cancers never progress to an invasive stage, most likely due to host factors that prevent 

this development, a phenomenon termed “cancer without disease” (Folkman and Kalluri, 
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2004) or tumor dormancy (Aguirre-Ghiso, 2007; Ghajar et al., 2013). In this conceptual view, 

tumor cells need to initiate new vessel formation to exit dormancy, proliferate, migrate and 

reprogram the microenvironment.  

 

Tumor angiogenesis starts early during tumor progression. The initiation of tumor 

angiogenesis results from the imbalance between pro- and anti-angiogenic factors and is 

called the "angiogenic switch" (Folkman et al., 1989). An imbalance towards more pro-

angiogenic factors is thought to be responsible for neo-vessel formation (Bergers and 

Benjamin, 2003). This switch represents a series of events such as secretion of pro-angiogenic 

factors, enhanced survival, activation and migration of endothelial cells, secretion of 

proteolytic enzymes (followed by the degradation of the basement membrane and ECM), 

which ultimately leads to the formation of a new blood vessel (Fig. 14).  
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Figure 14. Simplistic representation of mechanisms of angiogenic switch.  

Secretion of pro-angiogenic factors from an avascular hypoxic tumor that triggers angiogenesis and 

facilitates blood supply in the developing tumor. 

 

The expression of pro-angiogenic factors is often induced by a hypoxic local 

microenvironment (Fig. 14). One crucial molecular mechanism that comes into play during 

tumor angiogenesis involves the HIF-1� transcription factor. In response to hypoxic stress as 

is the case in early stages of development of tumors, HIF-1� stimulates the expression of 

target genes such as VEGF-A, erythropoietin, and glycolytic enzymes such as the carrier 

Glut-1 for glucose transport (Adams and Alitalo, 2007a). VEGF-A is the prototypical pro-

angiogenic factor recurrently involved in tumor angiogenesis. VEGF-A expression is known 
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to be strongly induced in the TME through HIF-1� stabilization (Forsythe et al., 1996; Lin et 

al., 2004). 

 

This neo-angiogenesis decreases the rate of necrotic cells and increases the concentration of 

GF resulting in an increase of tumor size. Next to its effects on tumor growth, angiogenesis 

also provides an escape route for tumor cells (Quail and Joyce, 2013). Moreover this 

structural weakness contributes to abnormal blood flow in tumors. A leaky vessel and 

irregular blood flow as seen in the newly formed vessels facilitate entry of tumor cells into the 

bloodstream, thus promoting metastasis formation (Hashizume et al., 2000). 

 

 

2.4. Anti-angiogenic strategies in cancer 

  

Given the importance of the vascular network, anti-angiogenic therapies promised to be a 

good cure for cancer towards starving tumors to death and blocking their growth (Folkman, 

1972). Therefore, drugs have been developed to target pro-angiogenic factors as a means to 

eradicate tumors.  

 

Bevacizumab also known as Avastin (from Genentech) is a humanized monoclonal antibody 

directed against VEGFA, which is currently extensively used in the clinics. Bevacizumab 

traps VEGFA and prevents the interaction with its receptors (VEGFR2) and thereby blocks 

the VEGF signaling pathways that are crucial for angiogenesis (Midgley and Kerr, 2005). 

This prevents EC proliferation and migration which are required for angiogenesis (Bergers 

and Hanahan, 2008). Bevacizumab has recently shown promising results in phase II/III 

clinical trials on recurrent GBM, in combination or not with chemotherapy (Kreisl et al., 

2009; Vredenburgh et al., 2007). But importantly, Bevacizumab failed to produce enduring 

clinical responses in 46% of treated patients (while 54% of patients responded) for which no 

clinical benefits are observed and were referred as “non-responders” (Kreisl et al., 2009). 

Overall patients tolerated Bev treatment well: thromboembolic events were the most 

frequently observed severe side effects in 12.5% of treated patients (Kreisl et al., 2009). When 

compared to temozolomide (the chemotherapeutic agent classically used in GBM), Bev 

relatively increased both median progression-free survival (=percentage of individuals where 

disease has remained stable, indicate treatment efficiency) and overall survival (percentage of 

alive individuals) after 6 months (Kreisl et al., 2009; Vredenburgh et al., 2007). For these 
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reasons, Avastin was approved in the US and in France for the treatment of high grade GBM 

alone or in combination with irinotecan in adult patients where prior treatment had not 

impacted on cancer progression. Other anti-angiogenic agents such as sunitinib (Sutent, 

Pfizer) are also used in anti-cancer therapy (Lee and Motzer, 2015; Roskoski Jr., 2007). 

 

Angiogenesis inhibitors targeting the VEGF signaling pathways afford therapeutic efficacy on 

human tumors but not as the anti-angiogenic theory foreshadowed. Phenomena of 

“resistance” to treatment have been observed as well as upon classical chemotherapy (Bergers 

and Hanahan, 2008). For these reasons, benefits of these therapeutics are transitory and are 

followed by a restoration of tumor growth and progression after the treatment, as for example 

in treated patients with late-stage colon cancers (Hurwitz et al., 2004). On the other side 

VEGFA inhibition also resulted in blood vessel “normalization” where pericytes improve 

functionality/maturation of the blood vessels (Bergers and Hanahan, 2008; Mancuso et al., 

2006; Stallcup and Huang, 2008). Significant improvements in chemotherapy response rates 

and mouse survival was also found when VEGFA inhibition is administrated in combination 

with chemotherapeutic drugs (Jain, 2014). Several mechanisms have already been evoked to 

explain this regrowth of the microvasculature which include abundant pericytes (that were not 

targeted by the treatment) and the so called "sleeves" of ECM (mostly representing the left 

over of the endothelial basement membrane). In particular, the ECM appears to serve as 

guiding track for the regrowth of new vessels (Mancuso et al., 2006). Moreover depletion of 

VEGFA may increase hypoxia in the tumor which would induce HIF-1α that improves 

VEGFA expression that could counterbalance the VEGFA trapping. Other pro-angiogenic 

factors and receptors such as VEGF-C and -D (Grau et al., 2011), PlGF and FGFs were found 

to be induced upon an anti-angiogenic targeting VEGF/VEGFR pathways (Bergers and 

Hanahan, 2008). Another possibility of resistance could be the recruitment of vascular 

progenitors and/or immune cells from the bone marrow that would trigger blood vessel 

regrowth through secretion of pro-angiogenic factors (Bergers and Hanahan, 2008). 

 

  

3. TNC and tumor angiogenesis  

  

Despite its absence in non-damaged arteries or veins (Martina et al., 2010; Mustafa et al., 

2012; Trescher et al., 2013; Wallner et al., 1999; Zagzag et al., 1996) or in normal angiogenic 

tissue as endometrium or placenta (Mustafa et al., 2012), TNC is locally expressed in the 
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tumor blood vessel microenvironment (Brösicke et al., 2013; Galler et al., 2011; Herold-

Mende et al., 2002; Martina et al., 2010; Renkonen et al., 2013). The TNC molecule is 

localized close to others ECM proteins such as FN, laminins and collagens that are found to 

be expressed around tumor blood vessels (Midwood and Orend, 2009; Spenlé et al., 2015). 

These informations propose a role of TNC in tumor angiogenesis. However the underlying 

mechanisms behind TNC in tumor angiogenesis are poorly understood and previous reports 

for its role are contradictory (Alves et al., 2011; Ballard et al., 2006; Castellon et al., 2002; 

Chung et al., 1996; Martina et al., 2010; Pezzolo et al., 2011; Saito et al., 2008b; Schenk et 

al., 1999; Sumioka et al., 2011; Tanaka et al., 2003; Zagzag et al., 1995, 1996, 2002). These 

data will be dissected in the discussion part of the manuscript. Nevertheless until 2013, no in 

vivo model had been used to address the angio-modulatory effects of TNC in tumor 

angiogenesis and to decipher the underlying molecular mechanisms. The publication by 

Saupe and collaborator where I am co-author provided significant important insight into the 

roles of TNC in tumor angiogenesis (Saupe et al., 2013). This will be addressed in the 

discussion part. 

 

 

4. A particular role of TNC and angiogenesis in glioblastoma  

  

GBM is the most common primary tumor of the CNS. Gliomas are brain tumors and are 

classified in 4 grades by the World Health Organization depending on histological status and 

patient prognosis: astrocytoma grade I and II, anaplastic astrocytoma grade III, and GBM 

multiform grade IV (Louis et al., 2007). High-grade (III and IV) tumors are considered as 

malignant gliomas and are associated with an adverse patient prognosis. Despite intensive 

treatment including surgical resection, chemotherapy and radiotherapy, this treatment only 

enhances patient median survival to 10-12 months and therefore GBM still represents a true 

clinical challenge with no real perspectives for the patient (Wen and Kesari, 2008). GBM are 

highly vascularized tumors and therefore represent attractive targets for anti-angiogenic drug-

based therapies (Keunen et al., 2011).  

 

Since its discovery, TNC reveals as a critical disease promoter in glioma. TNC has been 

associated with poor patient survival in glioma and particularly in GBM (Herold-Mende et al., 

2002; Leins et al., 2003; Maris et al., 2008; Rolle et al., 2010; Sarkar et al., 2006, 2015; Varga 

et al., 2012; Midwood et al. 2011). TNC levels increase with glioma grading from no 
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detectable or weak expression in normal brain to low or modest expression in astrocytoma 

and to high expression in GBM (Herold-Mende et al., 2002; Higuchi et al., 1993; Leins et al., 

2003; Nie et al., 2015; Rolle et al., 2010; Zagzag and Capo, 2002; Zagzag et al., 1995). 

Similar results for TNC staining in mouse normal brain compared to xenografted GBM were 

obtained (Brösicke et al., 2013; Pedretti et al., 2010b). TNC promotes GBM invasion in vitro 

and in vivo through matrix degradation involving MMP-12 or ADAM-9 proteases (Hirata et 

al., 2009; Sarkar et al., 2006, 2015). TNC expression in GBM overlaps with CD133 positive 

cells (Nie et al., 2015), marker of cell stemness (Brescia et al., 2013). GBM-derived TNC 

represses migration of T cells in vitro and perivascular TNC serves as reservoir for CD3 

positive cell in vivo, suggesting an immune suppressive role of TNC (Huang et al., 2010). A 

role of TNC in angiogenesis and immune suppression as well as promoting tumor cell 

invasion could explain its disease promoting role in GBM.  

 

The description of TNC as a clinical marker of glioma aggressiveness drove different 

strategies in order to fight this cancer. Thus targeting TNC-rich tumor with TNC antibody 

coupled with anti-tumoral factor as IL-2 in adjuvant strategymay reduce tumor progression, 

already strongly suggested by promising results of patient outcome with acute myeloid 

leukemia (Brack et al., 2006; Pedretti et al., 2010b) through transient destruction of metastasis 

(Gutbrodt et al., 2013; Schliemann et al., 2015). Moreover in GBM patients, RNA 

interference technology specific for TNC partially repressed tumor recurrence on the site of 

injection in the brain and thus patient well being and prolonged survival (Zukiel et al., 2006). 

 

Interestingly, TNC expression is not restricted to the cancer cells or diffusely expressed in the 

stroma (Carnemolla et al., 1999; Castellani et al., 1995; Herold-Mende et al., 2002; Martina et 

al., 2010; McLendon et al., 2000) but TNC is highly expressed around tumor blood vessels 

(Herold-Mende et al., 2002; Huang et al., 2010; Martina et al., 2010; Mustafa et al., 2012; 

Rascher et al., 2002) in most malignant GBM (Higuchi et al., 1993). The perivascular 

expression of TNC increases with glioma grade and is particularly present in hyperplasic 

vessels. Strong perivascular staining of TNC was found to correlate with brain tumor 

malignancy suggesting it as a prognostic marker (Herold-Mende et al., 2002). Moreover this 

perivascular pattern has been correlated with glioma recurrence in patients (Herold-Mende et 

al., 2002). These data and other reports in different tumor types (Galler et al., 2011; Renkonen 

et al., 2013) indicate that TNC might modulate tumor angiogenesis. 
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B. AIMS 

  

There are multiple published evidences that TNC is involved in tumor angiogenesis. In 

particular, while TNC is absent from the normal vasculature, TNC is highly expressed around 

tumor blood vessels. TNC deposition is increasing with tumor grade suggesting not only a 

role in angiogenesis but also in disease progression. Yet it is largely unclear how TNC 

impacts on vascular cell behavior and what molecular pathways are involved. 

Here I addressed the question of how tumor and stromal cells respond to TNC thus impacting 

on vessel formation by employing in vivo, ex vivo and in vitro assays. 

 

The specific aims were: 

 

Major aims: 

1. To establish and employ in vivo, ex vivo and in vitro methods to elucidate the roles of 

tenascin-C in normal and tumor angiogenesis. 

2. To identify molecular mechanisms downstream of TNC relevant for TNC-related tumor 

angiogenesis. 

 

Additional aim: 

3. Contribute to the understanding of the impact of TNC on tumor angiogenesis in an in vivo 

mouse model of cancer.  
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C. MATERIELS & METHODS 

 

1. Cells and regeants 

 

1.1. Antibodies 

Antibodies against the following molecules were used: mouse anti human TNC (B28.13, 

home made, FN type III repeat 6-8, 0.4-1 µg/ml final concentration), rat anti mouse TNC 

(mTN12, home made, FN type III repeats 7-8, 1-2 µg/ml final concentration), rabbit anti 

human & mouse FN (Sigma F3648, 1/200), rabbit anti human and mouse periostin (POSTN) 

(gift J. Huelsken, Lausanne, 1/1000), mouse anti mouse and human type I collagen (sigma 

C2456, 1/1000) mouse anti human and mouse α-tubulin ( Oncogene CP06, Boston, MA, USA, 

1/1000), mouse anti αSMA (clone 1A4, Sigma A2547, 1/200 for immunofluorescence and 

1/500 for western blot (WB)), rabbit anti mouse and human NG2 (Millipore AB5320, 1/200), 

mouse anti human CD31 (Invitrogen clone MEM-5, 1/400), rat anti mouse CD31 (clone MEC 

13.3, Pharmigen, 1/50), rabbit anti mouse and human von Willebrand factor (vWF, Abcam 

ab6994, 1/200) and rabbit anti mouse and human Cleaved caspase 3 (Cell signaling 9661, 

1/200). Secondary antibodies used were ECL horseradish peroxidase linked whole anti-rabbit 

(NA934V) Anti-rat (NA935) and anti-mouse (NXA931) (GE Healthcare, Buckinghamshire, 

UK) and donkey anti-goat IgG (sc-2020, Santa Cruz, Biotechnology) or� 
������������� ��������

�������������������� goat anti-mouse, -rabbit, -goat or –rat IgG (Jackson laboratory 1/2000). 

 

1.2. Cell culture and drugs 

Primary human brain vasculature pericytes (HBVP, ScienCell, 1200) were cultured in 

pericyte medium (PM, ScienCell, 1201). U87MG (ATCC ® HTB-14™), U118MG (ATCC ® 

HTB-15™) and U373MG (previously ATCC® HTB-17™ described recently to have 

potential common origin with U251MG, (Torsvik et al., 2014)) glioblastoma tumor cell lines, 

human colorectal CAF CT5.1 (O. deWever, Ghent, Belgium, (De Boeck et al., 2013; De 

Wever et al., 2004) were maintained in DMEM 4.5g/l glucose, and 10% FBS. Primary bovine 

aortic endothelial cells (BAEC) were cultured in DMEM/1g/l glucose/10% FBS. Primary 

human umbilical vein endothelial cells (HUVEC, Promo cell, C-12203), primary VeraVec 

HUVEC (hVeraVec 101, Angiocrine) or primary VeraVec human umbilical aortic endothelial 

cells (HUAEC, hVeraVec 105, Angiocrine) were maintained in Endothelial cell growth 

medium (ECGM, PromoCell, C-22010). U87MG knock down for TNC were cultured DMEM 
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4.5g/l glucose/10%FCS with 3 µg/ml puromycin (Invitrogen). CAF knock down for TNC 

were cultured DMEM 4.5g/l glucose/10%FCS with 1000 �g/ml G418 (Invitrogen). Cells were 

starved in DMEM, 1% FCS (tumor cells, pericytes, CAF, BAEC) or M199, 1% FCS, 1�g/ml 

hydrocortisone, and 90µg/ml heparin (HUVEC). Pericytes experiments were used passages 2-

10. HUVEC, VeraVec HUVEC and BAEC experiments were used at passages 2-6. All cell 

media were supplemented with 100 U/ml penicillin and 100 µg/ml streptomycin. All cells 

were cultured at 37°C and 5% CO2. A Trypsin (0.05g/l) and EDTA (0.2g/l) solution was used 

to split cells and the medium was changed every 2-3 days.  

Reagent used, see Table 1, ELISA kit for stromal cell-derived factor-1 (SDF1 or CXCL12) 

and VEGFA, purified lipocalin 1 were purchased from R&D system. 

 

Table 1. Conditions used for drug and growth factor treatment. 

Drug/Growth Factor Solvent Concentration used Company 

VEGFA 165 H2O 10 - 100 ng/ml Sigma 

Lipocalin 1 PBS 1 - 25 µg/ml R&D system 

AMD3100 H2O 10 - 1000 µg/ml Sigma 

 

1.3. Lentiviral transduction of cells 

The silencing of TNC was done by use of short hairpin (sh) mediated gene expression 

knockdown (KD). For sequences and clone IDs used in this study, see Table 2. For 

generation of shTNC cells, U87MG and CAF cells were transduced with MISSION lentiviral 

transduction particles (TRC2, Sigma Aldrich, containing neomycin or puromycin box) or 

MISSION non-target shRNA control transduction particles (pLKO.1 vector, Sigma!Aldrich) 

with a MOI=2, transduced cells were selected with 3 �g/ml puromycin or 1000 µg/ml of 

G418 for U87MG and CAF respectively. Validation of effective knock down was checked to 

be effective at protein level after 20 passages post infection. 

 

Table 2. TRC numbers and si/shRNA sequence. 

Gene Name Clone ID Sequence (5’-3’) 

non-

coding 

(control) 

TRC2 

sh1 

Mission Non-Target 

shRNA Control 

Vector 

CCGGCAACAAGATGAAGAGCACCAACTC-

GAGTTGGTGCTCTTCATCTTGTTGTTTTTT 
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TNC 
TRC2 

sh1 
TRCN0000230785 

CCGGGGAGTACTTTATCCGTGTATTCTCGA

GAATACACGGATAAAGTACTCCTTTTTG 

 
TRC2 

sh2 
TRCN0000230787 

CCGGCAGGCGCAAACGGGCATAAATCTCG

AGATTTATGCCCGTTTGCGCCTGTTTTTG 

 
TRC2 

sh3 
TRCN0000230788 

CCGGCCAGTGACAACATCGCAATAGCTCG

AGCTATTGCGATGTTGTCACTGGTTTTTG 

 

 

2. In vivo experiments 

 

2.1. Animal experiments 

C57Bl6, nude (Charles Rivers) or TNC KO (Forsberg et al., 1996) mice that had been 

backcrossed for at least 10 generations into C57Bl6 (Saupe et al., 2013) were used. 

Experiments comprising animals were performed according to the guidelines of INSERM and 

the ethical committee of Alsace, France (CREMEAS). 

 

2.2. Retinal physiological angiogenesis assay 

Retinal angiogenesis was analyzed on tissue from wt mice and TNC KO mice (C57BL6) 

seven days after birth (P7). Briefly mice were euthanized using CO2 asphyxia and process 

was validated by ethical committee (CREMEAS, France). Eyes were isolated and fixed in 4% 

PFA-PBS at 4°C one hour with agitation and washed twice in PBS. Retinas were dissected, 

permeabilized in PBS, NDS 5% and 0.1% Triton X-100 at 4°C 2h30 under agitation. Retinas 

were washed twice in PBS, and incubated with NG2 (1/200, Millipore, marker of pericytes) 

and mTNC12 (home made) in PBlec (PBS, pH 6.8, 1% Triton-X100, 0.1 mM CaCl2, 0.1 mM 

MgCl2, 0.1 mM MnCl2) at 4°C overnight with agitation. After two washes in PBlec, samples 

were incubated with secondary conjugated antibodies (1/2000, Cy3 and Cy5; Jackson 

laboratories) and isolectin B4 (1/50, Sigma-Aldrich, marker for endothelial vessels) diluted in 

PBlec for two hours. Finally retinas were washed two times and Vectashield Antifadding 

(Invitrogen) served for nuclear staining and whole mounting. Flat mounted retinas were 

analyzed by fluorescence microscopy using a Zeiss Imager Z2 inverted microscope equipped 

with a digital camera. Images were acquired and processed using AxioVision software (Carl 

Zeiss). 
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2.3. Tumor material and animals  

A heterotopic xenograft model had been generated in the Laboratoire de Biochimie et 

Biologie Moléculaire Plateforme Hospitalière de Génétique Moléculaire des Cancers CHU 

Strasbourg-Hautepierre by using human GBM material (all analyzed tumors derived from the 

same original material “TC7 patient”) to implant subcutaneously tumors in immune-

compromised nude mice. A mechanically prepared tumor mixture was injected 

subcutaneously in both flanks of three nude mice. The tumors grew for approximately 6 

weeks. Mice were sacrificed and tumors were put in Tissue-Tek® O.C.T. Compound. 

Samples were frozen on dry ice and conserved at -80°C until use.  

 

 

3. Ex vivo experiment: Aortic ring sprouting assay 

 

Aortic rings were prepared adapted from previously described method (Baker et al., 2012). 

Briefly, C57BL6 mice (wt or TNCKO) were euthanized with CO2 asphyxia. The animal 

surface was sterilized with 70% ethanol. The thoracic aorta following the vertebral spine was 

carefully dissected and cut at the posterior mediastinum and the anterior occipital parts, 

placed in serum-free Opti-MEM (Gibco) with antibiotics and cleaned of blood and 

fibroadipose tissue under a stereoscope, using fine microdissecting forceps and microscissors. 

Aorta extremities were trashed and the remaining was cut in pieces of 500 µm using Tissue 

Chopper (McIlwain Technology Engineering, UK). Fifteen to twenty rings were obtained per 

mice and were starved overnight in Opti-MEM with antibiotics. The aortic rings were 

embedded in 1 mg/ml collagen gels (BD Bioscience rat tail collagen I), one per gel and let 

polymerized 1 hour at 37°C. Then Opti-MEM 2.5% FBS 30 ng/ml VEGF165 (Invitrogen) with 

antibiotics medium was added and cultured during 6 days. The growth medium was changed 

every 2 days. Then the living cultures were fixed with PFA 4% and stained for Isolectin B4 

(recognizing EC structures) and αSMA (fibroblasts and perivascular cells). 

Immunofluorescence images were acquired under Macroscope AXIOZoom V16 (Zeiss) using 

Z-stack and number and length of angiogenic sprouting structures were measurement with 

ZEN software tools (Zeiss). Aortic rings negative for αSMA positive migrative cells were 

excluded from the analysis. 
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4. In vitro experiments 

 

4.1. Adhesion assay 

Ninety six well plates (BD Bioscience) were coated with 1 or 2 µg/cm2 of purified FN, Col I 

or TNC (6 replicates). 40,000 pre-starved human umbilical vein endothelial cells (HUVEC), 

bovine aortic endothelial cells (BAEC) or human brain vascular pericytes (HBVP) were 

plated for 1h at 37°C and then wash extensively (5 times) with phosphate buffered saline 

(PBS) to remove non-adherent cells. Cells were fixed with methanol 30 minutes at room 

temperature then washed. Cells were stained with Cristal Violet 0.1% (in H2O) then wash 5 

times 5 minutes. Pictures were taken at 100X magnification in the center of the well and then 

cells were solubilized in 50 µl DMSO and the OD at 595 nm was measured using multiplate 

reader EV L800 (BIO-TEK INSTRUMENTS, INC). 

 

4.2. Assessment of apoptosis by cleaved caspase 3  

Serum starved HUVEC were seeded on CDM deposited by wt or TNC KO MEF or on FN 

and TNC precoated plastic surfaces (labtek permanox) in full medium at a concentration of 

25.000 cells in 200 µl. After 72 hours cells were fixed and stained for cleaved caspase 3 and 

4',6'-diamidino-2-phenylindole (DAPI). Three independent assays were done with 4 replicates 

with 6 pictures taken per well at 100X magnification. The apoptotic index was determined as 

the percentage of cleaved caspase 3 positive cells per all DAPI positive cells. 

 

4.3. Assessment of cell death by Ethidium Bromide / Acridine Orange (EB/AO) uptake 

Following of �����, apoptotic and necrotic cells were done by the EB/AO uptake method 

adapted from (Ribble et al., 2005) and classification of cells status from (Baski� et al., 2006). 

Briefly 5,000 HUVEC or BAEC are seeded on pre-coated wells with FN, Col I or TNC at 1 

µg/cm2 or 2 µg/cm2 respectively for HUVEC and BAEC for 48h in their culture medium or 

mixed with conditioned medium (CM) from cells on cell derived matrix (CDM). After 48h 

EB and AO solutions in PBS at 5 µg/ml was added to the culture medium followed by 

precipitation (400g, 5 minutes). Up to two pictures per well were acquired with at least 100 

cells counted per well using Zeiss AXIOZoom V16 stereoscope with 112X magnification. 

Totally green (AO) cells were considered as alive cells, green and red (EB) costain and /or 

nucleus accumulation are considered as apoptotic cells and red cells were considered as dead 

cells. In addition cells morphology was considered during the analysis (fragmentized nuclei 
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were considered as apoptotic cells). Three independent experiments were done with 3 

replicates per experiment, and measures were averaged. 

 

4.4. BrdU incorporation, cell proliferation assay 

Determination of HUVEC proliferation was done using Cell Proliferation ELISA, BrdU 

(chemiluminescent) Kit (Roche Applied Science). Briefly serum starved HUVEC were 

cultured in 96-well plates at a density of 5000 cells/well (6 replicates) in 100 �l in complete 

growth media on pre-coated wells (Col I – FN – TNC). Wells surrounding were filled with 

200 µl of water to limit medium evaporation. After 48 hours, the cells were labeled using 10 

�l of BrdU labeling solution at 100µM per well and incubated 3 hours at 37°C in a humidified 

atmosphere. Then, the culture media was removed, the cells were fixed, and the DNA was 

denatured in one step by adding FixDenat solution. Next, the cells were incubated with the 

anti-BrdU-POD antibody for 90 minutes at room temperature. After the removal of the 

antibody conjugate solution, the cells were washed and 100 µl of pre-warmed substrate 

solution was added for 10 minutes at dark. The measure of chemiluminescence was directly 

quantified in adapted plate using a with a TriStar2 Multimode Read LB 942 (Berthold 

Technology) multiplate reader. To normalized to the relative cell number the luminescence 

signal the cells were labeled with DAPI and fluorescence was measured with a TriStar2 

Multimode Read LB 942 (Berthold Technology) fluorescence multiplate reader using 345/455 

nm filters. A minimum of 3 independent experiments were done with 6 replicates per 

experiment, and measures were averaged. 

 

4.5. Cell derived matrix production 

Cell derived matrix (CDM) were prepared adapted from previously described method 

(Beacham et al., 2007; Castello-Cros et al., 2009). Briefly, 33,000 cells/cm2 for MEF wt and 

50,000 cells/cm2 for MEF TNC KO and CAF control or knock down for TNC were plated on 

chemically cross-linked gelatin on tissue culture dishes to achieve confluent dishes Cells were 

maintained in confluent conditions for up to 8 days supplemented every 24 hours with 50 

µg/ml fresh medium plus L-ascorbic acid (L-AA) that allowed collagen production and thus 

stabilized ECM components. The resulting CDM were checked for quality by phase contrast 

and cells were removed with cell extraction buffer (20mM NH4OH, 0.5% Triton-X-100 in 

PBS, 30 minutes at 37°C and overnight at 4°C). The cell-free 3D matrix were treated with 

DNAse 100 U/ml (Invitrogen) for 1 hour at 37°C to remove remaining genomic DNA and 
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was conserved at 4°C for maximum one month for further analysis. 

 

4.6. Cell multiplicity assay 

Serum starved cells (HUVEC, BAEC and HBVP) were plated into 96-well plates (2`000 or 

6`000 cells/well with 6 replicates for each time point) on ECM coated surfaces (Col I, FN or 

TNC) or CDM. Well surrounding were fill with 200 µl of water to avoid medium evaporation. 

MTS incorporation assay were done according to the manufacturer’s instructions (CellTiter 

96 aqueous non-radioactive cell proliferation assay, Promega) after 8h, 24h, 48h and 72h. 

Measured values (490nm) were normalized to the relative cell number at 8h. 

 

4.7. Collagen contraction assay 

The measure of collagen contraction was done as previously described (Goetz et al., 2011). 

Briefly, 100,000 CAF control of KD for TNC were mixed with Col I mixture (BD Bioscience, 

with DPBS 10X, DMEM and NaOH 1M following the manufacturer’s protocol) to a final 

collagen I concentration of 1 mg/ml. The mixture was rapidly transferred to a 24-well plate 

and gels were allowed to solidify for 1h at 37°C. Then CAF knock-down culture medium was 

added to each well and gels were manually detached by circular movements using a P200 

sterile pipette tip and plate swirling. Gels were placed at 37°C and contraction was 

documented. Three to four fibroblast-containing gels were used for each condition. Gel 

contraction index was calculated with ImageJ software from the gel surface area measured on 

acquired images, and reported as the percentage of contraction of the initial surface area. 

 

4.8. Collection and preparation of the conditioned medium 

U87MG, U118MG and CAF as well as U87MGshCTRL, shTNC1 and shTNC3 cells were 

grown in DMEM 4.5 g/l glucose, 10% FCS, but without selection antibiotic for U87MG 

knock down cells. Cells were seeded at 2 millions cells per 10 cm dish. Conditioned medium 

(CM) was collected from after 48h of culture filtrated (0.22 µm), aliquoted and store at -80°C 

until use. Boiled CM was prepared as previously described (Vjetrovic et al., 2014) by heat-

inactivated protein activity at 100°C for 10 minutes followed by cooling at room temperature. 

The boiled CM was then filtrated (0.22µm) and used directly.  
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4.9. HUVEC spheroid sprouting assay 

The fibrin gel bead assay was done according to Nakatsu et al., 2007 (Nakatsu et al., 2007). 

The culture media of HUVEC and fibroblasts (TIF = telomerase immortalized fibroblasts, 

routinely cultured in DMEM 20% FBS), were changed for EGM2 (Promocell) one day before 

coating on beads and embedding, respectively. HUVEC were trypsinized and coated on 

Cytodex beads at a ratio of 106 cells for 1mg of beads during 4 hours at 37°C with occasional 

agitation, and then cultured overnight in 6 cm dish. Next day, HUVEC-coated beads were 

combined at a concentration of 500 beads/ml in the 2 mg/ml fibrinogen pre-gel solution 

supplemented with 0.15 U/ml of aprotinin. Fibrin gel formation was initiated by adding 0.625 

U/ml of thrombin and then the gels were allowed to stand for 5 minutes at room temperature, 

followed by 15 minutes incubation at 37°C for. Meanwhile, TIFs were trypsinized and plated 

on top of a fibrin gels at 40,000 cells in EGM-2 medium per well in 12-well plate. The cells 

were cultured for up to 12 days with the media change every other day. Phase micrographs of 

growing tubes were captured every day using 10x objective and/or video microscopy were 

done (Zeiss inverted microscope Axiovert 200M with Coolsnap HQ). Quantification of 

number and length of sprouts was done in ImageJ software. Sprout length was calculated by 

measuring the distance from the bead to the end of the sprout. 10-20 beads were analyzed per 

well condition and each condition was done in triplicate, three independent experiments were 

done.  

 

4.10. In vitro endothelium-like permeability assay 

400.000 HUVEC were grown to confluence for three days in the top well of a transwell filter 

(0.4 �m, 6.5 mm diameter, Corning) pre-coated with Col I, FN or TN at 1 µg/cm2. 40-kDa 

FITC-dextran (Sigma) was added to the top chamber of the transwell for a final concentration 

of 1 mg/ml. At 30, 60 and 120 minutes, 100 µl sample was removed form the bottom 

compartment and read in a fluorometer (TriStar2 Multimode Read LB 942 Berthold 

Technology), excitation 485 nm, emission 520 nm). Then cells were fixed with PFA 4% 15 

minutes and stained for their nuclei (DAPI) and F-actin (phalloidin-FITC, Sigma) to 

visualized the endothelium-like layer in each condition 

 

4.11. Matrix tubulogenesis assay 

Matrix was prepared by adding 10 �l of Matrigel (Corning) into 15 well dishes (�-Slide 

Angiogenesis, Ibidi LLC) followed by solidification at 37°C in a humidified incubator for 
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1hour. HUVEC (140`000 cells/ml) and BAEC (200`000 cell/ml) were trypsinized and 

resuspended in low FBS-containing medium (M199, 1% FBS, 1 µg/ml heparin, 200 ng/ml 

hydrocortisone with 10 ng/ml VEGF165 or DMEM low glucose, 1% FBS with 10 ng/ml 

VEGF165) with 0,01 % PBS-Tween (control for TNC), 2.5 µg/ml, 5 µg/ml or 10 µg/ml TNC 

or with CM from U87MG, U118MG or CAF. After incubation for 8h at 37°C, bright field 

mosaic pictures were taken (Zeiss Imager Z2 inverted microscope and AxioVision software 

(Carl Zeiss) at 50X magnification, a total of 9 pictures per condition) and tube-like structures 

or tube length were assessed by using the AxioVision or ZEN Blue software (Carl Zeiss). A 

minimum of 3 independent experiments were done with 5 replicates per experiment. 

Tube-like structures (defined by the numbers of closed loops) and/or total capillary lengths 

were counted using the AxioVision or ZEN Blue software (Carl Zeiss). A minimum of 3 

independent experiments were done with 5 replicates per experiment, and measures were 

averaged. 

 

4.12. Mobility cell tracking assay 

Cell mobility of isolated cells in 2D culture conditions was analyzed in MatLab (The 

MathWorks) after manual tracking of non-dividing cells. Phase contrast and video 

microscopy were done with Zeiss inverted microscope (Axiovert 200M) equipped with a 

CoolSnap HQ cooled charge-coupled-device camera (Roper Scientifique). Image acquisition 

and cell tracking was done using the LSM image brower software (Zeiss).  

 

4.13. Vascular co-culture assay 

The protocol from (Ghajar et al., 2013) was adapted. Briefly, the microvascular niche was 

generated with fibroblasts (MEF wt or TNCKO) or CAF (shTNC) seeded at a density of 

50,000 cells per well in 96-well culture plates with 20,000 HUVEC or VeraHUVEC (ratio 

5:2). Cells were suspended in ECGM at a concentration of 70,000 cells per 100µl 

(fibroblasts+ EC).Plates were left on a flat surface for 20 minutes to allow even cell seeding 

before incubation. During the 7 days of co-culture in ECGM the medium was replenished 

every 2 days. Then cells were stained with CD31 antibody (Invitrogen) and DAPI. Tube-like 

structures (defined by the numbers of closed loops) were counted using the ZEN Blue 

software (Carl Zeiss). A minimum of 3 independent experiments were done with 6 replicates 

per experiment, and measures were averaged. 
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4.14. Wound closure assay 

Equal quantity of cells was grown to confluence in 24-well plates during 24 hours. The 

confluent monolayer of HUVEC, BAEC or HBVP was starved for 24 hours and then cells 

were treated with mitomycin C at 2µg/ml (2 hours) to inhibit their proliferation (data not 

shown). Cells were mechanically scratched using a P200 tip. Cell debris was removed by 

washing with PBS before adding low serum media plus or minus purified recombinant human 

TNC at (0, 2.5, 5, 10 or 20 µg/ml in PBS-Tween 0.01%) to the cells. Two images of the 

wounding area were acquired immediately after scratch and then at the same locations after 

12 hours for BAEC, 18 hours for HBVP and 24 hours for HUVEC. The relative wound 

closure was quantified by measuring the width of the cell-free area at the time of injury and 

the end point of the experiment. Values were presented as a percentage of migration from four 

replicates and three independent experimental conditions.  

 

 

5. Histology, molecular biology and proteomic analysis 

 

5.1. Immunofluorescence staining of tissue, cells and CDM 

For immunochemical tissue analysis, 7 �m sections were obtained with a cryostat (LEICA 

CM3050S). Cells or CDM were fixed in 4% PFA for 15 minutes, then wash 3 times in PBS 

and permeabilized in PBS-Triton 0.25% for 10 minutes. Tissue was fixed in PFA 4% for 10 

minutes at room temperature, washed 3 times for 5 minutes with PBS and permeabilized in 

PBS-Triton 0.25% for 10 minutes. Then tissue, cells or CDM are incubated in blocking buffer 

containing PBS 1X solution and 10% normal donkey serum (NDS) or normal goat serum 

(NGS) for 2 hour at room temperature for blocking unspecific antibody binding. Tissue was 

incubated at 4°C overnight and cells or CDM at room temperature 2 hours with the primary 

antibodies (Antibodies section) diluted in blocking buffer. Sections were washed with PBS 3 

times for 5 minutes, then incubated for 1-2 hours at room temperature with species-specific 

secondary antibodies donkey or goat antibody(ies) conjugated with fluorochrome emitting at 

488, 555 or 647 nm (Jackson ImmunoResearch; 1/2000) in blocking buffer. Sections were 

washed again with PBS 3 times for 5 minutes, then nuclei were stained with 4',6-diamidino-2-

phenylindole (DAPI) (Sigma D9542, 1/50,000) for 10 minutes at room temperature. Finally 

after 3 washes with PBS, the slides were mounted with non polymerized aqueous medium 

(Swartz and Santi, 1996) or a polymerization medium (FluorSaveTMReagent, 
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CALBIOCHEM) and stored at 4°C until analysis. For phalloidin staining cells were incubated 

for 45 minutes with phalloidin-tetramethylrhodamine B isothiocyanate (Sigma P1951, 

methanol, 20 µg/ml) or -fluorescein Isothiocyanate (Sigma P5282, methanol, 20 µg/ml) with 

secondary antibody(ies). 

 

5.2. Protein purification and purified ECM coating 

Protein purification was carried out with the ÄKTA Prime Plus (GE Healthcare) with the 

Prime view 5.0 Software. 

FN protein purification 

FN was purified from filter sterilized horse serum (Amimed, Bioconcept). A gelatine-

agarose (Sigma) column was equilibrated with PBS. The serum was loaded on the column and 

the column was washed with PBS until the OD280 reached again the baseline. Triton-buffer 

(1 M NaCl/0.01 M Tris-HCl pH 8.3/0.05% Triton X 100) was applied on the column. The 

column was washed with PBS before applying Elution buffer (PBS/4M Urea). The protein 

concentration of the collected samples was determined by measurement of the OD280. 

Fractions with an OD280 higher than 0.3 were pooled. Pooled fractions were dialyzed (Cellu 

Sep T3 cellulose tubular membrane, nominal MWCO: 12,000 – 14,000) 2x for 2 hours and 1x 

overnight against PBS at 4°C. Aliquots were frozen in liquid nitrogen and stored at  80°C. 

TNC protein purification 

Conditioned medium containing human TNC with a C-terminal His tag (Lange et al., 2007) 

was collected from HEK293 c18:TNC grown for 2 days in DMEM without supplements. 

Conditioned medium was filtered over a bottle top filter (0.22 �M, Stericup, Millipore) and 

protein was precipitated by adding 291 g Ammonium sulphate per one liter of conditioned 

medium (CM) and stirring for 2 hours at 4°C. Precipitated protein was enriched by 

centrifugation at 12000 x g for 20 minutes. The precipitate was resuspended in PBS/T (0.01% 

Tween 20) and dialyzed 2 X for 2 hours and one time overnight at 4°C against PBS/T. 

Dialyzed protein was centrifuged at 12000 x g for 10 minutes. In order to remove FN from the 

sample, the supernatant was passed over a gelatine-agarose column equilibrated with PBS/T. 

The flow through was collected and adjusted to the same concentrations as the equilibration 

buffer (250 mM Sodium Phosphate/450 mM NaCl/20 mM Imidazol/500 mM Urea). Ni2+ 

resin (Nalgene, Jena Bioscience) equilibrated with Equilibration buffer was incubated with 

the protein sample on an overhead-rotator at 4°C overnight. The Ni2+ beads were packed in a 

column. The flow through was again passed over the column. The column was washed with 
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the equilibration buffer until optical density was back to baseline. The column was washed 

with 250 mM Sodium Phosphate/450 mM NaCl/20 mM Imidazol and protein was eluted with 

250 mM Sodium Phosphate/450 mM NaCl/300 mM Imidazol. Fractions with an OD280 

higher than 0.3 were pooled. Pooled fractions were dialyzed 2x for 2 hours and 1x overnight 

against PBS/T at 4°C. Aliquots were frozen in liquid nitrogen and stored at  80°C. Protein 

fractions were analyzed by Western Blotting or on an 8% SDS gel, which was stained with a 

45% Ethanol/15% Acetic Acid/0.025% (w/v) Coomassie Blue solution and destained with a 

5% Ethanol /7.5% Acetic Acid solution. 

 

5.3. Coating with fibronectin, collagen type I and TNC 

Coating of cell-culture dishes with FN, Col I and TNC was done using standard protocols as 

described earlier (Huang et al., 2001b; Lange et al., 2007). Briefly, FN, Collagen type I (Col I, 

Corning CB-40236) and TNC were sequentially coated in PBS/0.01% Tween-20 at 0.001-100 

�g/cm2 before saturation of the non-coated surface with 10 mg/ml BSA/PBS. Cells were 

seeded on the coated surfaces and analyzed using standard protocols described underneath.  

 

5.4. Protein silver staining 

Protein determination of CM content was analyzed using SilverXpress Kit (Invitrogen) 

according to manufacturer. Briefly CM from U87MG educated by MEF wt or TNC KO CDM 

were separated by PAGE in pre-casted 4-20% gradient gel (Invitrogen) (20 µg of proteins, 

determined by Bradford assay). After migration at 140V, the gel was fixed and stained. Image 

of the gel was acquired using a scanner (2560x1920 pixels). 

 

5.5. Quantitative Secretome Profiling  

U87MG cells were plated on the cell derived matrix generated by TNC KO or TNC wt MEF 

and cultivated in DMEM containing 10 % FCS until 90 % confluence, washed three times 

with phosphate buffered saline (PBS), and incubated for 24 h (37 °C, 5% CO2) in serum-free 

DMEM without phenol red. After 24 h, cell-conditioned medium (CM) was collected, 

supplemented with protease inhibitors (5 mM ethylenediaminetetraacetic acid (EDTA), 0.01 

mM trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane (E64), 1 mM 

phenylmethanesulfonyl fluoride (PMSF), centrifuged (5min, 1000 x g, 4°C), and filtered 

using a 0.2 �m filter to remove debris. Samples were stored in -80°C until processing.  

Samples for comparative proteomic analysis were prepared as described previously (Tholen et 

al., 2013) and Koczorowska et al. in preparation). Briefly, proteins were precipitated with 
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trichloracetic acid (TCA), solubilized, trypsinized, reduced, and alkylated. Samples were then 

labeled with 20 mM either “light” 12CH2O formaldehyde, (U87MG/CDM TNC wt) or 

“heavy” 13CD2O formaldehyde (U87MG/CDM-TNC KO) in the presence of 20 mM sodium 

cyanoborohydride. After quenching the reaction with glycine, both samples were combined in 

1:1 ratio. Following desalting by C18 solid phase extraction (Sep-Pak C18 Plus Light 

Cartridge, Waters, Frankfurt, Germany), samples (ca. 300 �g) were fractionated by strong 

cation exchange chromatography as described previously (Biniossek and Schilling, 2012; 

Shahinian et al., 2014; Tholen et al., 2013) and analyzed by liquid chromatography−tandem 

mass spectrometry (LC-MS/MS). 

 

5.6. LC-MS/MS analysis 

For nanoflow-LC-MS/MS analysis, a Q-Exactive plus (Thermo Scientific GmbH) mass 

spectrometer coupled to an Easy nanoLC 1000 (Thermo Scientific) with a flow rate of 300 nl 

/ min each was used. Buffer A was 0.5 % formic acid, and buffer B was 0.5 % formic acid in 

100 % acetonitrile (water and acetonitrile were at least HPLC gradient grade quality). A 

gradient of increasing organic proportion was used for peptide separation. As the analytical 

column served an Acclaim PepMap column (Thermo Scientific), 2 µm particle sizes, 100 Å 

pore sizes, length 150 mm, I.D. 50 �M. The mass spectrometer operated in data dependent 

mode with a top 10 method. 

 

5.7. LC-MS/MS Data Analysis 

LC-MS/MS data in raw format was converted to the mzXML (Pedrioli et al., 2004) format, 

using msconvert (Kessner et al., 2008) with centroiding of MS1 and MS2 data, and 

deisotoping of MS2 data. For spectrum to sequence assignment X! Tandem (Version 

2013.09.01) (Craig and Beavis, 2004) was used. The proteome database consisted of human 

reviewed canonical uniprot sequences (without isoforms) downloaded from UniProt on 

November 26, 2013. It consists of 20,240 real protein entries. It was appended with an equal 

number of shuffled decoy entries derived from the original human protein sequences. The 

decoy sequences were generated with the software DB toolkit (Martens et al., 2005). X! 

Tandem parameters included: pre-cursor mass error of ± 10 ppm, fragment ion mass tolerance 

of 20 ppm, tryptic specificity with up to one missed cleavage, static residue modifications: 

cysteine carboxyamidomethylation (+57.02 Da), variable modifications were isotope-labeled 

(+6.02 Da) arginine and lysine. X!Tandem results were further validated by PeptideProphet at 

a confidence level of >95 % (MPT = 0.05). Corresponding protein identifications are based on 
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the ProteinProphet algorithm (Nesvizhskii et al., 2003) with a false discovery rate <1.0 %. 

The relative quantitation for each protein was calculated from the relative areas of the 

extracted ion chromatograms of the precursor ions and their isotopically distinct equivalents 

using the XPRESS algorithm (Han et al., 2001) as described previously (Biniossek and 

Schilling, 2012; Shahinian et al., 2014; Tholen et al., 2013).  

 

5.8. RT-qPCR analysis 

RNA isolation was done with TRIZOL according to the manufacturer’s instructions 

(Invitrogen). Specific primers for YAP target genes: CTGF, Cyr61, LCN1 and LCN7 were 

used and listed in Table 3. For normalization of gene expression GAPDH was used as 

housekeeper gene. For SYBR Green real-time RT-PCR, a total of 1 µg of RNA was reverse 

transcribed into cDNA using the High capacity cDNA Reverse transcription kit (Apllied 

Biosystem©) following the manufacturer’s protocol. The conditions for PCR were as follows 

for each samples: 10 ng of cDNA with 2 µl SYBR specific polymerase, 0.8 nM dNTP, 2 �l 

DNAse I reaction buffer, and 2 �M of the particular sense and antisense primers under 

standard conditions (at 95°C for 3 minutes followed by 40 cycles at 95°C for 30 s, 60°C for 

45 s, and 72°C for 30 s and an extension at 72°C for 8 min). All products were from 

Invitrogen©. Five biological replicates were analyzed. 

 

Table 3. Human primers used for RT-qPCR analysis.  

Gene Forward primer (5’-3’) Reverse Primer (5’-3’) 

CTGF AGGAGTGGGTGTGTGACGA CCAGGCAGTTGGCTCTAATC 

Cyr61 AGCCTCGCATCCTATACAACC TTCTTTCACAAGGCGGCACTC 

LCN1 CAAGAACAACCTGGAAGC CAAGGTGTCCCCCTAATC 

LCN7 AAACAGCAGTTGGATGTATG GATGGCTTTGATCATGTCTG 

 

5.9. Western Blotting 

Cells were washed with cold PBS and lyzed in 100 �l of lysis buffer (25 mM Tris-HCl pH 7.6, 

150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS). Cells were scraped. The 

cell lysates were vortexed and incubated 10 minutes on ice. Then samples were centrifuged at 

13.000 rpm (centrifuge 5415D, Eppendorf), 4°C for 15 minutes. The supernatant containing 

the protein lysate was stored at"!20°C until use. For aortic rings protein extraction, three 

aortic rings after 6 days in culture in collagen I gel from two mice from wt or TNC KO 
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genotype were pooled in eppendorf tube and treated with collagenase I (Sigma) 100 U/ml 30 

minutes at 37°C. Then collagenase I was stopped with 3X volume of serum solution activity 

and samples were centrifuged at 13.000 rpm at 4°C. The pellet was washed in PBS and 

centrifuged again. Finally pellet was lysated in RIPA buffer and sonicated. The supernatant 

containing the protein lysate was stored at !20°C until use. Protein concentration was 

determined by Bradford Assay using the Protein Assay reagent (500 006, Bio Rad) with a 

BSA standard curve. 40 �g of protein were diluted 1:1 in 2x Laemmli buffer (125 mM Tris 

pH 6.8, 4% SDS, 20% Glycerol, 5% Mercaptoethanol and 0.01% Bromphenolblue) and 

loaded on SDS!Polyacrylamide gels (10% with a 4% stacking gel) or pre-casted 4-15% 

gradient gel (Invitrogen). Gels were run during 1h30 at 160V with the following running 

buffer: 1X Tris/Glycine with 0.2% SDS. Proteins were transferred onto PVDF or 

nitrocellulose membranes with a pore size of 0.45 �m (IPVH00010, Immobilon) for 2h 

minutes with 260 mA with cold 1X Tris/Glycine/20% Ethanol blotting buffer, or using 

Transblot™ machine (Biorad). Successful blotting was verified by incubating the membrane 

with the Ponceau-S dye (81462, Sigma). The membrane was blocked with 5% Blocking!

Grade Blocker (170!6404, Biorad) in PBS/0.1% Tween for 2 hours. The membrane was 

incubated with the primary antibody in 1.5% Blocking!Grade Blocker in PBS/0.1% Tween 

overnight at 4°C. After washing (3x 10 minutes) with PBS/0.1% Tween, the secondary 

antibody in 1.5% Blocking Grade Blocker in PBS/0.1% Tween (Horseradish Peroxidase 

linked) was applied for 1h at RT. Concentrations of the primary and secondary antibody can 

be found in Antibodies section. Immunocomplexes were revealed by addition of detection 

reagents Amersham ECL Western Blotting detection reagent (RPN2106, GE Healthcare) or 

Amersham ECL Plus Western Blotting Detection System (RPN2132, GE Healthcare) and the 

emitted signal was captured in with a PXi touch imager (Ozyme). Images were acquired and 

processed using GeneSys software (Ozyme). Protein Ladder (10-250 kDa) (Biorad, Precision 

Plus Protein™ Dual Color Standards #161-0374) was used. Purified recombinant human TNC 

are used as positive control (0.1 µg). 

 

5.10. G- and F-actin fractionation 

Actin fractionation was prepared adapted from previously described method (Posern, 2002). 

Briefly, one million HUVEC were seeded in 6 well plate precoated with Col I, FN or TNC. 

After 5 hours HUVEC were washed with PBS and then buffer (20 mM HEPES pH 7.7, 50 

mM NaCl, 1 mM EDTA and 0.5% (v/v) Triton X-100) was added. Cells were scraped and 
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centrifuged at 100.000 g at 4°C, 1 hour. Supernatant is considered as G-actin fraction and 

pellet resuspended in buffer by sonication is considered as F-actin fraction. The G- and F-

fractions were quantified using the Bradford method, and 20 �g of each fraction was analyzed 

by PAGE and actin staining. 

 

6. Statistical analysis and graphical representation 

 

Statistical analysis was done using GraphPad Prism or R. Statistical differences were analyzed 

by unpaired t-test or ANOVA one-way with Tukey post test (Gaussian distribution), non-

parametric Mann-Whitney test or Kruskal-Wallis and Dunn post-test (no Gaussian 

distribution). Gaussian data sets with different variances were analyzed by Permutation 

ANOVA one-way and Permutation Tukey post-test. Gaussian distribution was tested with a 

minimum population (n = 18) by the d’Agostino-Pearson normality test, p-values < 0.05 were 

considered as statistically significant. All experiments were repeated at least 3 times. 
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C. RESULTS  

 

TNC plays multiple roles in tumor angiogenesis with presumably opposing effects that are 

poorly understood. In my thesis I have addressed these roles at cellular and molecular level. 

Following Aim 1 I had established multiple state-of-the-art angiogenesis assays in the 

laboratory including the retinal angiogenesis assay, aortic ring sprouting angiogenesis assay, 

fibroblast stimulated EC tubulogenesis assay or matrigel EC tubulogenesis assay. Moreover, I 

determined how TNC affects EC adhesion, survival, proliferation, migration, tube formation, 

sprouting and vessel functionality. 

Following Aim 2 I have addressed molecular mechanisms by which TNC exerts its anti- and 

pro-angiogenic activities. 

Finally, in Aim 3 I had contributed to two studies in the laboratory that addressed the impact 

of TNC on tumor angiogenesis by using a spontaneous tumor mouse model with defined TNC 

levels. 
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Aim 1. Establish and employ in vivo, ex vivo and in vitro methods to elucidate the roles 

of TNC in normal and tumor angiogenesis. 

 

 

Since my in vitro study focused on EC and GBM derived cellular models I started my thesis 

with an in vivo GBM xenograft experiment that supported results from other studies (Herold-

Mende et al., 2002; Martina et al., 2010; Mustafa et al., 2012) showing high TNC expression 

in close association with vessels. My experiments provided evidence that tumor and stromal 

cells express TNC in this GBM model setting the stage to address how autocrine and 

paracrine interactions with TNC impact on EC behavior. 

 

 

1.1. TNC is expressed around tumor vessels by tumor and perivascular stromal cells in a 

GBM xenograft model 

 

Several reports (Berndt et al., 2010; Herold-Mende et al., 2002; Martina et al., 2010) describe 

a perivascular pattern of TNC expression but the cellular origin of TNC remained elusive. By 

using a xenograft nude mouse model with a subcutaneous tumor derived from grafted human 

GBM cells I had addressed the question whether the host and/or the tumor cells expressed 

TNC. By using the mTNC12 (rat anti-murine TNC) and B28.13 (mouse anti-human TNC) it 

was possible to determine the source of TNC. I observed that both the host and the tumor cells 

expressed TNC in this model (Fig. 15A, B). Interestingly I detected that TNC co-localized 

with perivascular αSMA cells (Fig. 15A) and that TNC is expressed by tumor cells close to 

the vasculature (Fig. 15B). To further address which perivascular cells express TNC, I 

determined TNC expression by WB in cultured pericytes. Pericytes expressed low amounts of 

TNC which was enhanced upon stimulation with TGFβ1 (important modulator of tumor 

progression and angiogenesis (Cunha and Pietras, 2011) yet not upon treatment with 

VEGFA165 (important mediator of angiogenesis overexpressed in tumors (Carmeliet, 2003; 

Roskoski, 2007) (Fig. 15C). These results suggested that perivascular TNC observed in 

human tumors including GBM (Berndt et al., 2010; Herold-Mende et al., 2002; Martina et al., 

2010) is most likely expressed by pericytes, tumor cells and other not identified stromal cells. 

Similar observations had been made in another colorectal xenograft model using SW480 cells 

(Spenlé et al., 2015). 
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Figure 15. Perivascular expression of TNC in glioblastoma xenograft model 

(A) Expression of murine TNC (mTN12, green) close to EC labeled with vWF (von Willebrand Factor, 

purple) in a heterotopic xenograft tumor of a human biopsy in a nude mouse. TNC colocalized with 

smooth muscle cells (αSMA, red) (scale bar, 10 µm). (B) Perivascular expression of human TNC 

(B28.13, green) indicating tumor cells secreted TNC around vessels (CD31, red) (scale bar, 10 µm). 

(C) Immunoblot of human TNC, αSMA and α-tubulin in HBVP stimulated or not with TGFβ1 or 

VEGFA. 

 

 

1.2. Impact of TNC on vessel sprouting assessed in an aortic ring assay  

 

Then we analyzed the role of TNC on nagiogeneis. First, we used tissue from TNC wt and 

TNC KO mice (Fig. 16A), respectively in an aortic ring assay, to determine sprouting 

angiogenesis in dependence of TNC. Aortic rings from TNC KO and wt mice were embedded 

into collagen gels for 7 days and sprout formation was assessed by immunostaining and 

quantification. The sprouts were composed of EC and mural cells as determined by staining 

for isolectin B4 and αSMA, respectively and expressed TNC (Fig. 16B). Interestingly we 
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detected TNC expression around the endothelial sprouting structures (Fig. 16C). We observed 

that the number and length of endothelial sprouts was higher in the absence of TNC 

suggesting a negative impact of TNC on vessel formation in this assay (Fig. 16D - F).  
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Figure 16. TNC is expressed in wt aorta and reduces angiogenic sprouting 

(A) Expression of TNC in aorta of TNC KO and wt mice upon growth for 6 days in Col I gels 

assessed by immunoblotting for TNC with a-tubulin as control. (B, C) Co-staining of endothelial cell 

spouts for EC (isolectin B4, green), perivascular cells (αSMA, red) (B) or TNC (mTN12, red) (C) and 

EC (isolectin B4, green) (DAPI) (scale bar = 10 µm). (D), Representative images of vessel sprouts 

from TNC KO and wt aortic rings upon staining with Isolectin B4 (scale bar, 150 µm). (E, F) 

Quantification of number (E) and length (F) of aortic sprouts. Mean with SEM (3 independent 

experiments, 9 mice per genotype, wt aortic rings, n = 105, TNC KO aortic rings, n = 123, p < 0.001). 
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1.3. Impact of TNC on retinal angiogenesis  

 

We also used a retinal angiogenesis assay with tissue from TNC KO and wt mice and 

determined sprouting angiogenesis in dependence of TNC. Therefore, retina (P5.5) stained 

with isolectin B4 and the outgrowth of vessels was determined. Whereas absence of TNC 

expression in wt retina (Fig. 17A). the outgrowth of the vascular network was slightly 

reduced (<5%) but the number of branching points and endothelial filopodia density was 

similar in the TNC KO context suggesting that TNC does not play a major role in this 

angiogenic process (Fig. 17B-H).  
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Figure 17. TNC does not regulated physiological retinal angiogenesis 

(A) Immunofluorescence staining of P5.5 wt mouse retina for EC (Isolectin B4, green), pericytes 

(NG2, red) and TNC (blue). Note no expression of TNC in the retinal tissue (scale bar, 10 µm). (B, C) 

representative pictures of vessel outgrowth in culture upon labeling with isolectin B4 (green) (scale 

bar, 500 µm). (D) Quantification of the migration front of the vascular network. Bars represent mean 

with SEM (wt, n = 33 retinas and TNC KO, n = 27 retina, p < 0.05). (E, F) Representative picture (E) 

and quantification (F) of vessel branching in retinas from wt and TNC KO mice. Mean with SEM (wt, 

n = 38 retinas, TNC KO, n = 42 retinas, no statistical difference). (G, H) Representative images of 
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retinal filopodia at the migration front upon staining with isolectin B4 and quantification (H). Mean 

with SEM (wt, n = 38 retinas, TNC KO, n = 48, no statistical difference).  

 

 

1.4. Impact of TNC on endothelial cell tubulogenesis determined in a coculture assay of 

endothelial cells with carcinoma associated fibroblasts 

 

Fibroblasts had been described as a major source of TNC in a breast cancer model (O’Connell 

et al., 2011a) and were shown to play an important role in promoting tumor angiogenesis 

(Kalluri and Zeisberg, 2006). Therefore, we had used CAF as provider of TNC and cocultured 

them with EC, to create a 3D vascular network using published innovative model (Ghajar et 

al., 2013) and mimic their spatial vicinity seen in a tumor context (Fig. 18A). This system 

allowed the formation of a vascular-like network where EC are lined by a vascular basement 

membrane as exemplified by Col IV staining (Adams and Alitalo, 2007b) (Fig. 18B). 

Importantly the EC can sprout (Fig. 18C) with multiple filopodia (Fig. 18C, arrow) 

extending in the 3D microenvironment. Upon staining with an anti-CD31 antibody we 

visualized tube-like structures and quantified them as read out for network complexity. We 

observed that veraHUVEC had formed EC network after 7 days.  

 

Since CAF expressed TNC in culture, we generated cells with reduced TNC levels by shRNA 

knockdown (KD) (Fig. 18D) and determined whether TNC secreted by these cells had an 

impact on tubulogenesis. We observed more tube-like structures when veraHUVEC were 

grown together with CAF harboring a TNC KD. In comparison to CAF with TNC wt levels 

this number was 2.7-fold higher in the TNC KD. This result suggests that TNC expressed by 

CAF represses endothelial tubulogenesis (Fig. 18E, F).  

Cells sense their microenvironment not only through soluble signals or cell-cell contact but 

also through biophysical and mechanical cues. ECM molecules serve as tissue scaffold and 

modulate cell behavior as adhesiveness that could modulate tissue contraction and stiffness 

(Dupont et al., 2011). Here, using a collagen contraction assay we demonstrated that CAF 

expressing high levels of TNC increased the contractibility of a Col I gel (Fig. 18G). This 

observation suggests that TNC may impair angiogenesis by modulating tissue stiffness which 

is described to affect negatively vessel organization and lumen formation in vitro (Forget et 

al., 2013; Ghajar et al., 2008; Urech et al., 2005). This hypothesis needs to be confirmed but 

suggests that TNC may impact on tissue stiffness (Roduit et al., 2009).  
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In addition to CAF coculture, we also observed an important delay of vessel-like formation 

with MEF expressing TNC compared to TNC KO cells (Fig. 18H) when they were cocultured 

with veraHUVEC after 4 days (Fig. 18I).  
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Figure 18. TNC represses tubulogenesis in a 3D coculture assay 

(A) Vascular coculture model. (B) Staining showing that type IV collagen (Col IV, green) lines the EC 

structures (CD31, red) in the coculture model (scale bar, 10 µm). (C) Confocal acquisition of 
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sprouting EC like structures (CD31, red) showing multiple filopodia (white arrow) (scale bar, 10 µm). 

(D) Immunoblot of CAF with shCTRL and shTNC for TNC and α-tubulin. (E, F) Tubulogenesis in a 

coculture assay of VeraHUVEC with CAFshCTRL, shTNC1 or shTNC2; quantification of the number 

of tubes (E) and representative images (scale bar, 20µm) (F) of a 7 days culture, staining the vessel 

network with an anti-CD31 antibody (red). Nuclei are visualized upon staining with DAPI (blue). 

Mean with SEM (n = 9 wells, 3 independent experiments, 3 replicates, * p < 0.05 and ** p < 0.01). 

(G) Collagen gel contraction with CAFshCTRL, CAFshTNC1 and CAFshTNC2 cells over 48 hours. 

Curve represent mean + SEM (n = 9, 3 experiments, 3 replicates, * P<0.05, *** P<0.001). (H) 

Immunoblot of MEF TNC wt and TNC KO for TNC and α-tubulin. (I) Representative images of the 

tubulogenesis in a coculture assay of HUVEC (CD31, red) with MEF TNC wt and TNC KO after 4 

days (scale bar, 100 µm). Note the absence of vessel sprouts with TNC. 
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Figure 19. TNC is not expressed by EC in vitro 

(A-C) Assessment of TNC expression in EC (VeraHUVEC, VeraHUAEC, HMEC-SV40 and 

HMVEC-hTERT) (A) by immunoblotting for TNC (α-tubulin as control) upon growth of cells on 

different substrata (24h) (B), or upon stimulation with VEGF or TGFβ (24h) (C).  

 

To address whether HUVEC also expressed TNC we determined TNC expression in HUVEC 

by western blot. We did not detect TNC expression in HUVEC under any conditions tested 

that would trigger tubulogenesis such as upon plating cells on gelatin, matrigel nor upon 
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stimulation with growth factors that had been shown to promote angiogenesis (VEGFA and 

TGFβ) or TNC expression (TGFβ (Scharenberg et al., 2014)), respectively (Fig. 19A, B). 

Similarly, also other human EC (HUAEC, HMEC, HMVEC) (Fig. 19C) or BAEC 

(Radwanska et al., in preparation) did not express TNC in culture. Thus we conclude that 

TNC provided by CAF represses tubulogenesis of HUVEC in the coculture assay. 

 

 

1.5. TNC impairs in vitro permeability of an endothelial monolayer 

 

Until now we demonstrated that TNC interferes with survival and proliferation of EC as well 

as tubulogenesis which could explain a negative impact of TNC on tumor angiogenesis. To 

address the possibility that TNC potentially impairs vessel stability we used a dye 

permeability assay. In a Boyden chamber setting we generated a confluent monolayer of 

HUVEC (Fig. 20A) and determined diffusion of fluorescently labeled dextran through this 

monolayer in dependence of TNC. Therefore we coated the surface underneath the EC with 

Col I or TNC. By IF for DAPI and phalloidin we saw that both monolayers were confluent 

(Fig. 20A). We observed that a TNC substratum increased diffusion of a fluorescent dye 

through this layer over 120 minutes (Fig. 20B). This experiment suggested that TNC 

disturbed endothelium organization potentially leading to vessel abnormalities and leakiness.  

 

 

1.6. Contact with TNC represses endothelial tubulogenesis, adhesion and migration 

 

So far our results suggested that TNC negatively impacts on endothelial sprouting and 

tubulogenesis which could be a result of a direct interaction with TNC. Therefore, we 

addressed whether contact of EC with purified recombinant TNC has an impact on their 

tubulogenic behavior. We added purified recombinant TNC to HUVEC and BAEC in a 

matrigel tubulogenesis assay. Whereas the length and the number of HUVEC tube-like 

structures were the highest in the control condition, both numbers were reduced in a dose-

dependent manner upon addition of TNC (Fig. 21A - C). TNC also reduced the number of 

tube-like formed by BAEC (Fig. 21D, E). This result suggests that contact of EC with TNC 

has a negative impact on EC tubulogenesis. 
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Figure 20. TNC increases endothelium-like permeability in vitro. 

A, Nuclei (Blue, DAPI) and actin staining (green, phalloidin) of a dense monolayer of HUVEC after 

48h, seeded in the upper part at 400,000 cells per boyden chamber insert (0.4 µm pore size) (scale bar 

= 10 µm). B, In vitro permeability assay by measuring diffusion through the membrane of a 

fluorescent dye (40 kDa dextran-FITC) over 120 minutes. Curve represents mean with SEM (n = 13, * 

p<0.05, ** p<0.01, ***p<0.001).  
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Figure 21. TNC impairs EC tubulogenesis and adhesion 

(A-C) Tube formation of HUVEC in dependence of TNC. (A) Representative images of tubes formed 

by HUVEC upon plating on matrigel together with 10 µg/ml of TNC or 0.01% PBS-Tween 20 as 

control (CTRL) followed by quantification of tube length (B) and tube numbers (C) per condition. 

Mean with SEM (n = 15 wells, 3 independent experiments with 5 replicates, ** p < 0.01, *** p < 

0.001). (D, E) Tube formation of BAEC in dependence of TNC. Representative images of tubes 

formed by BAEC upon plating on matrigel together with 5 or 20 µg/ml TNC or 0.01% PBS-Tween 20 

as control (CTRL) (D) with quantification of number of tubes (E) per condition. Mean with SEM (n = 

15 wells, 3 experiments with 5 replicates, p < 0.001). (F-H) quantification of adherent cells, HUVEC 
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(F), BAEC (G) and HBVP (H) upon plating for 1h on wells coated with Col I, FN and TNC at 1 

µg/cm2 for HUVEC and HBVP and 2 µg/cm2 for BAEC. Mean with SEM (n = 18 wells, 3 

independent experiments with 6 replicates, *** p < 0.001). (I) Phase contrast images of crystal violet 

stained HUVEC, BAEC and HBVP upon adhesion on the indicated substrata for 1h.  

 

 

Since tubulogenesis is largely dependent on cell adhesion and migration (Adams and Alitalo, 

2007a) and TNC is an adhesion modulatory ECM molecule (Chiquet-Ehrismann et al., 1988), 

the observed effect may be due to TNC affecting cell adhesion and/or migration of EC. 

Therefore, we determined cell numbers upon plating HUVEC and BAEC for one hour on 

TNC, FN and Col I, respectively. We saw that whereas all cells attached and spread on FN 

and Col I they poorly adhered and did not spread on the TNC substratum (Fig. 21F, G, I).  

 

Pericytes play an important role in maturation of blood vessels (Armulik et al., 2005) and 

were seen to poorly cover tumor blood vessels in tumors expressing highly abundant TNC 

(Saupe et al., 2013). To address whether TNC potentially had an impact on pericyte adhesion, 

we plated human brain vascular pericytes (HBVP) on the different substrata. We observed 

again that whereas all cells adhered and spread on FN and Col I, only a few cells adhered (and 

remained rounded) on TNC at 1h after plating (Fig. 21H, I).  

 

We addressed cell migration by a scratch assay and observed that migration of HUVEC, 

BAEC and pericytes was reduced by TNC in a dose dependent manner down to 40% 

(HUVEC), 60% (BAEC) and 40% (pericytes) in comparison to control treatment, with the 

highest dose of TNC (10 and 20 µg/ml, respectively) (Fig. 22A-F). 

 

By video time lapse microscopy we also addressed the role of TNC on cell migration in more 

detail. We observed that in comparison to a FN substratum, TNC delayed HUVEC spreading 

(Fig. 22G) and reduced mobility (Fig. 22H). 
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Figure 22. TNC disturbs EC migration in vitro 

Scratch wound closure assay. (A-F), Scratch wound closure of HUVEC (24h) (A), BAEC (12h) (C) 

and HBVP (18h) (E) and their respective representatives phase contrast images of confluent 

monolayers of HUVEC (B), BAEC (D) and HBVP (F) was quantified upon addition of TNC (5, 10 

and 20 µg/ml) or 0.01% Tween 20 (CTRL). Mean with SEM (n = 12 wells, 3 independent experiments 

with 4 replicates, ** p < 0.01, *** p < 0.001). (G, H), Representative phase contrast images (G) of 

HUVEC on a FN or TNC substratum (lime lapse acquisition) after 1 hour and 11 hours and manual 

cell tracking of six cells on FN and three cells on TNC over the 11 hour time period (H). 
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1.7. Impact of TNC on survival and proliferation of endothelial cells and pericytes 

 

Until now we had shown that cell contact with TNC impairs cell adhesion and migration 

which could explain repression of tubulogenesis by TNC. We wanted to know whether 

impaired cell adhesion affected survival and/or proliferation of EC. We used MTS 

incorporation to determine cell multiplicity and compared cell numbers on TNC with that on 

FN and Col I substrata, respectively after 24h, 48h and 72h. Whereas HUVEC and BAEC 

expanded on FN and Col I over the 3 days time course, cell numbers only slightly increased 

on TNC in the same time frame suggesting an inhibitory effect of TNC on cell multiplicity 

(Fig. 23A, B). Importantly, this inhibitory effect was dose dependent (Fig. 23C, IC50 = 3.665 

+/- 0.652 µg/cm2). As another read out of survival we used the fluorescence ethidium bromide 

/ acridine orange (EB/AO) uptake assay that allows the stratification into alive, apoptotic and 

necrotic cells through their peculiar morphology of the nucleus as apoptotic (fragmented 

nuclei) and dye uptake indicative for alive cells (green nuclei) and apoptotic cells (green with 

red points in the nuclei) or as dead cells (red nuclei)� (Baski� et al., 2006; Ribble et al., 2005). 

Similarly, by using HUVEC and BAEC we showed that a 2D TNC substratum increased the 

number of apoptotic and necrotic/dead cells (Fig. 23D, E). In contrast to EC, despite of 

reduced cell adhesion on TNC, multiplicity of pericytes was unaffected by TNC and was 

similar to that seen on the FN and Col I substrata suggesting a cell type specific effect of TNC 

(Fig. 23F).  

 

A lowered cell number by TNC could be explained by reduced survival and/or less 

proliferation. We investigated both possibilities by plating HUVEC on FN or TNC substrata. 

We found that TNC containing substrata reduced survival through an increase of EC 

apoptosis (Fig. 23G). Moreover, by measuring BrdU incorporation we assessed proliferation 

and observed a reduction on TNC by around 45% in comparison to FN and Col I, respectively 

(Fig. 23H).  
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Figure 23. TNC reduces EC survival and proliferation when offered as 2D substratum 

(A, B) MTS multiplicity assay for HUVEC (A) and BAEC (B) upon plating on the indicated ECM 

molecules (1 or 2 µg/cm2 respectively) for up to 72h. Mean with SEM (n = 18 wells, 3 independent 

experiments with 6 replicates, **** p < 0.0001, TNC vs. FN or Col I). (C) Assessment of cell 
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numbers with an MTS assay in HUVEC that were grown for 24 hours on substrata with different 

amounts of TNC. The IC50 was extrapolated upon non-linear curve fit (red) as 3.665 +/- 0.652 

µg/cm2. Mean with SEM (n = 9 wells, 3 experiments with 3 replicates). (D, E) HUVEC (D) and 

BAEC (E) viability was determined by an EB/AO uptake assay allowing stratification of between 

alive, apoptotic and necrotic cells on Col I, FN and TNC substrata. (F) MTS multiplicity assay for 

pericytes (HBVP) upon plating on the indicated ECM molecules (1 µg/cm2) for up to 72h. Mean with 

SEM (n = 18 wells, 3 independent experiments with 6 replicates, no significant difference). (G, H) 

Assessment of apoptotic (number of cleaved caspase 3 positive cells on the whole population in 

percentage) (72h) (G) and proliferating HUVEC (BrdU uptake) (48h) (I) upon growth or on FN, Col I 

or TNC coated wells (H, I). (G, H) Four random fields were quantified. Mean with SEM (n = 12 wells, 

3 independent experiments with 4 replicates, * p <0.05, *** p < 0.001, **** p < 0.0001) (G). Mean 

with SEM n = 18 wells (3 independent experiments with 6 replicates, *** p <0.001, **** p < 0.0001) 

(H).  

 

To mimic the three dimensional (3D) matrix environment we used cell derived matrix (CDM) 

(Fig. 24A) with abundant and no TNC. CDM had been generated and deposited by mouse 

embryo fibroblasts (MEF) derived from TNC wt or TNC KO mice or CAF. Pictures taken 

after seven days of culture showed dense layers of fibroblasts for both MEF and CAF. The 

layer was treated with a detergent to remove the cells, thus leaving a decellularized CDM 

containing some cell debris that was removed by washing (Fig. 24B). We wanted to know 

whether the organization of ECM molecules was similar in the two CDM which we addressed 

by immunofluorescence staining. We observed that both CDM presented a fibrillar network of 

Col I, (POSTN), FN and thrombospondin-1 (TSP1) (Fig. 24C-E) and that CDM from TNC 

KO MEF indeed was devoid of TNC (Fig. 24D).  

 

 
Next we tested whether growth of EC on these substrata had an impact on cell multiplicity. 

Upon growth on these CDM we observed that multiplicity of both EC types (HUVEC, 

BAEC) was very poor on CDM that contained TNC whereas multiplicity was high when the 

CDM lacked the TNC protein (Fig. 25A, B). A similar result was also obtained when CDM 

was generated by CAF with abundant (shCTRL) and lowered (shTNC) TNC levels. The 

number of BAEC was significantly lowered when cells had grown on the control TNC 

containing CDM (Fig. 25C).  
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Figure 24. Establishment of CDM to address the role of TNC on survival of EC 

(A) Schematic showing the protocol to obtain CDM. (B) Phase contrast acquisition of over-confluent 

layer of CAFshCTRL (Note that appearance of CAFshTNC1 and CAFshTNC2 are identical), MEF wt 

and MEF TNCKO CDM after 7 days and after decellularization by overnight treatment with detergent 

followed by several washes (scale bar, 50 µm). (C-E) Representative immunofluorescence images of 

CDM laid down by TNC KO or TNC wt MEF for Col I (C) and TNC, POSTN and FN (D) and 

thrombospondin-1 (E). Pictures displayed in (D) have been merged to demonstrate partial overlap of 

the ECM networks (scale bar, 40 µm). CDM was up to 15 µm of thick (extrapolated from z-stack 

image acquisition). 
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Figure 25. EC survival and multiplicity on 3D CDM 

(A-C) MTS multiplicity assay for HUVEC (A) and BAEC (B) upon plating on the CDM derived from 

TNC KO (TNC -) or TNC wt MEF (TNC +) (D-F) for up to 72h. Mean with SEM, n = 29 (4 

independent experiments with 4-6 replicates) for HUVEC and n = 9 (3 independent experiments with 

3 replicates) for BAEC, ** p <0.01, *** p < 0.001, **** p < 0.0001). (F) Cell multiplicity assessed by 

a MTS assay of BAEC plated on CDM laid down by CAF shCTRL, shTNC1 and shTNC2. Mean with 

SEM (n = 20-24 wells, 4 independent experiments with at least 5 replicates, shCTRL vs. shTNC1, p < 

0.05 and shCTRL vs. shTN2, * p < 0.05). (D) MTS multiplicity assay HBVP upon plating on the 
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CDM derived from TNC KO (TNC -) or TNC wt MEF (TNC +) for up to 72h. Mean with SEM, n = 

24 (4 independent experiments with 6 replicates) no significant difference. (E, F) Assessment of 

HUVEC apoptotic (72h). Representative images of immunofluorescence staining for cleaved caspase 

3 (Cl. caspase 3) in HUVEC upon growth on CDM containing (TNC +) or lacking TNC (TNC -) 

(scale bar, 20 µm) (E) and quantification of the number of apoptotic cells in the whole population in 

percentage (F). Four random fields were quantified. Mean with SEM (n = 12 wells, 3 independent 

experiments with 4 replicates, *** p < 0.001).  

 

This result phenocopied the result of plating cells on a substratum of purified TNC. We 

concluded that CDM with abundant TNC does not only recapitulate features of 2D TNC 

substrata but also add the 3D aspect seen in vivo and therefore are a useful tool (Beacham et 

al., 2007; Goetz et al., 2011). In contrast to EC, pericyte multiplicity was not significantly 

different whether TNC was present or absent from the CDM (Fig. 25D) suggesting that TNC 

had no impact on the expansion of pericytes under the tested conditions and thus corroborated 

a cell specific effect. 

 

Again we investigated possibilitiy that plating HUVEC on TNC 3D matrix might alos 

promote apoptosis and found that TNC containing CDM reduced survival through an increase 

of EC apoptosis (Fig. 25E, F). 

 

Altogether these results strongly suggest that TNC impairs angiogenesis by direct contact 

with vascular cells (e.g. EC and pericytes). Nevertheless several reports suggested that TNC 

may also promote angiogenesis (Martina et al., 2010; Saupe et al., 2013; Tanaka et al., 2003). 

This suggests that TNC may also affect angiogenesis by other mechanisms. 

 

 

1.8. Induction of an angio-modulatory secretome in GBM cells and CAF by TNC 

 

In search for a mechanism that could explain the pro-angiogenic activity of TNC in cancer 

tissue we considered a paracrine mechanism that potentially involves tumor and stromal cells. 

First, we determined whether TNC had an impact on the secretome of GBM cells. We used 

GBM cells since GBM cells highly express TNC mostly around blood vessels (Herold-Mende 

et al., 2002; Leins et al., 2003; Martina et al., 2010) and high TNC expression correlates with 

worsened survival of GBM patients (reviewed in Orend et al., iConcept Press). Therefore, we 
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plated U87MG on MEF-derived CDM containing or lacking TNC, collected the conditioned 

medium (CM) after 48h, added the CM to HUVEC and determined survival, tubulogenesis 

and sprouting (Fig. 26A). Similar analysis was also done using knock down cells for TNC 

(Fig. 26A). We observed that CM of U87MG cells grown on CDM containing TNC 

("educated" by TNC) promoted HUVEC survival (Fig. 27A). Also cell multiplicity was 

increased by 1.5-fold (48h) and 1.9-fold (72h) in comparison to CM derived from cells 

educated by a CDM lacking TNC (Fig. 27B). Similarly, TNC-educated CM enhanced BAEC 

numbers by 1.5-fold (48h) and 1.7-fold (72h), respectively (Fig. 28A).  

 

Collecting CM
(48h)

EC + CMcell +/- TNC (48h)

GBM cells or 
CAF

CDM

collecting 
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(CM - 48h)
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B

 

Figure 26. Preparation of TNC-educated conditioned medium 

(A, B) Schematic representation of the protocol used to collect conditioned medium (CM) from GBM 

cells and CAF grown on MEF CDM (A) and U87MG control or knock down cells for TNC (B). 

 

Next, we addressed whether a TNC-educated CM had an impact on tubulogenesis. We 

observed that CM from U87MG cells grown on CDM containing TNC enhanced matrigel 

tubulogenesis by 2.4-fold in comparison to control CM derived from tumor cells educated by 

a CDM lacking TNC (Fig. 27C). A similar TNC promoting effect on tubulogenesis was seen 

when CM from two other GBM cell lines (U118MG and U373MG) was added to HUVEC or 

when CM from U87MG cells was added to BAEC suggesting a general effect (Fig. 28B). To 

rule out that the observed effect potentially was due to a difference of cell numbers we did a 

cell multiplicity assay. We observed that the cell numbers were identical for all tested cell 

lines (U87MG, U118MG, U373MG) with CM from TNC-educated and non-educated cells 

(Fig. 28A).  

 



� ��	�

TNC + TNC -
0

30

60

90

120 ***

N
o

. 
o

f 
tu

b
e

s
 (

%
)

B C

D E

A

0 24 48 72
0

1

2

3

4

5

TNC -
TNC + * ****

hours

C
e

ll
 n

u
m

b
e
r

TNC +  TNC -

10

60

80

100
alive
apoptotic
necrotic

CDM:

N
o

. 
o

f 
c

e
ll

s
 (

%
)

CM: U87MG CM(U87MG) + HUVEC CM: U87MG

shCTRL shTNC1 shTNC2
0

30

60

90

120

***
**

N
o

. 
o

f 
tu

b
e

s
 (

%
)

CM(U87MG) + HUVEC

HUVEC + 
CM(U87MG)

shCTRL

shTNC2
0 24 48 72

0

1

2

3

4
TNC -
TNC +

**

****

****

hours
C

e
ll
 n

u
m

b
e
r

CM(CAF) + HUVEC

HUVEC + TIF

shCTRL shTNC
0.0

0.3

0.6

0.9

1.2
***

S
p

ro
u

t 
le

n
g

th

HUVEC + TIF

shCTRL shTNC

G H

F

TIF:
 

Figure 27. TNC-educated CM from GBM cells or transformed fibroblasts promotes 

angiogenesis in vitro 

(A), Assessment of HUVEC viability by EB/AO staining upon addition of CM derived from U87MG 

cells that had been grown on CDM laid down by TNC KO (TNC -) and wt MEF (TNC +). Bars 

represent the percentage of viable, apoptotic and dead cells with SEM (n = 9 wells, 3 independent 

experiments, 3 replicates). (B) Assessment of HUVEC multiplicity (MTS assay) upon treatment with 

CM derived from TNC educated U87MG cells. Mean with SEM (n = 18 wells, 3 independent 

experiments, 6 replicates, * p < 0.05, **** p < 0.0001). (C) Number of tubes upon growth of HUVEC 

(7h) on matrigel and treatment with CM from TNC educated U87MG cells (grown on CDM from 

MEF expressing or lacking TNC). Mean with SEM (wt, n = 13 wells, TNC KO, n = 15 wells, 3 

independent experiments with at least 4 replicates, *** p < 0.001). (D, E) Tube formation with CM of 

TNC educated U87MG cells. (D) Representative phase contrast images of HUVEC upon growth on 

matrigel for 7h with CM derived from U87MG shCTRL, shTNC1 and shTNC2 cells. (E) 

Quantification of tubes. Mean with SEM (n = 15 wells, 3 independent experiments with 5 wells, ** p 

< 0.01, *** p < 0.001). (F) Cell multiplicity (MTS assay) for HUVEC treated with CM derived from 
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TNC educated U87MG cells. Mean with SEM (n = 18 wells, 3 experiments with 6 replicates, ** p < 

0.01, **** p < 0.0001). (G, H) Sprouting upon coculture with TIF. (G) Representative images of 

HUVEC sprouting from cytodex bead in co-culture with TIFshCTRL and TIFshTNC after 3 days of 

embedding into fibrin gels� �scale bar, 200 µm). (H) Quantification of sprout length. Mean with SEM 

(TIF shCTRL, n = 47 beads, 3 independent experiments, 3 replicates, TIFshTNC, n = 46 beads, 3 

independent experiments, 3 replicates, *** p < 0.001). 

 

To further address secretion of pro-angiogenic factors by TNC, we determined whether CM 

from U87MG with lowered TNC levels (shRNA mediated KD) (Fig. 28D) also had an impact 

on tube-like formation. We observed that CM from cells with wt levels of TNC triggered 40-

70% more tube-like in comparison to CM from cells with TNC KD levels (Fig. 27D, E). 

Again abundance of cells lacking TNC was not different to that from cells expressing TNC 

since multiplicity of U87MG cells was equal (Fig. 28E). 

 

Next we wanted to know whether TNC potentially also induced a pro-angiogenic secretome 

in fibroblasts. Therefore, we prepared CM from CAF that were grown on CDM derived from 

wt and TNC KO MEF, respectively. First we observed again no variation of CAF cell 

numbers in dependence of TNC in the CDM (Fig. 28F). We measured HUVEC cell 

multiplicity and HUVEC matrigel tubulogenesis upon addition of this CM. Whereas no effect 

was seen on tubulogenesis (Fig. 28G), we noticed 1.2-fold (24h), 1.7-fold (48h) and 2.2-fold 

(72h) more HUVEC when the CM was derived from TNC-educated CAF in comparison to 

CM from CAF grown on TNC-negative CDM (Fig. 27F). 

 

Finally, we used a co-culture assay in a fibrin gel where HUVEC and telomerase 

immortalized fibroblasts (TIF) were physically separated from TIF that served as source of 

TNC (Fig. 28H). In contrast to HUVEC that did not express TNC (Fig. 19A-C) TIF 

expressed TNC. Therefore we lowered TNC expression in TIF by shRNA (Fig. 28I). We 

observed that whereas the number of sprouts was not different, the sprout length was 

significantly reduced upon coculture with shTNC TIF (Fig. 27G, H and Fig. 28 J).  
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Figure 28. TNC-educated CM from GBM cells and from transformed fibroblasts 

promotes EC multiplicity, tubulogenesis and sprouting  

(A) Cell numbers of BAEC assessed by an MTS assay upon growth on CDM lay down by MEF 

expressing (TNC +) or lacking TNC (TNC -). Mean with SEM (n = 18 wells, 3 experiments with 6 
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replicates, * p < 0.05, ** p < 0.01). (B) Number of tubes of HUVEC grown on matrigel (7h) upon 

treatment with CM from TNC-educated U118MG or U373MG that had been grown on CDM laid 

down by MEF expressing (TNC +) or lacking TNC (TNC -). Mean with SEM (n = 15 wells, 3 

experiments with 5 replicates, * p < 0.05, **** p < 0.001). (C) Comparison of cell numbers of 

U87MG, U118MG and U373MG upon growth (24h) and treatment with TNC-educated CM 

(described in B). Mean with SEM (n = 18 wells, 3 experiments with 6 replicates, no statistical 

difference). (D) Expression of TNC in U87MG shCTRL and shTNC by immunoblotting with α-

tubulin as control 48h after plating. (E) Assessment of HUVEC cell numbers by MTS assay (48h) 

upon addition of CM from U87MG shCTRL, shTNC1 and shTNC2 cells. Mean with SEM (n = 18 

wells, 3 experiments, 6 replicates, no statistical difference). (F, G) Assessment of cell numbers (F) and 

number of tubes on matrigel (G) in HUVEC upon treatment with CM from CAF that had been grown 

on CDM of MEF expressing (TNC +) or lacking TNC (TNC -). (F) Mean with SEM (n = 12 wells, 3 

experiments, 4 replicates, no statistical difference). (G) Mean with SEM (n = 15 wells, 3 experiments, 

5 replicates, no statistical difference). (H) Schematic representation of the HUVEC sprouting assay in 

fibrin gel co-culture with TIF control or knock down for TNC. (I) Expression of TNC in 24h cultures 

of TIF shCTRL and TIF shTNC as determined by immunoblotting for TNC and ERK as control. (J) 

Quantification of the number of HUVEC sprouts per bead. Mean with SEM (TIFshCTRL, n = 47 

beads, TIF shTNC, n = 46 beads, 3 independent experiments, no statistical difference). 

 

In summary, we had shown that TNC triggered the secretion of pro-angiogenic factors in 

fibroblasts (CAF, TIF) and tumor cells that enhanced EC survival, growth and tubulogenesis. 

The composition of the angiogenesis promoting CM was further investigated in collaboration 

with O. Schilling (Freiburg University) by mass spectrometry and two candidates were 

functionally validated (see below, Aim 2). 
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AIM 2. Identify molecular mechanisms downstream of TNC relevant for TNC-

associated tumor angiogenesis 

 

We identified two independent roles of TNC on EC behavior. Direct contact negatively 

affects EC survival, tubulogenesis and sprouting but TNC also activates paracrine 

mechanisms that promote EC survival and tubulogenesis indirectly. Nevertheless the 

molecular mechanisms were unknown. 

 

 

2.1. TNC represses YAP transcriptional activity through inhibition of actin 

polymerization  

 

We showed that TNC impairs angiogenesis when EC directly interacted with TNC. However 

the underlying molecular mechanism is unknown. Importantly TNC was shown to impair cell 

adhesion (Chiquet-Ehrismann et al., 1988; Orend et al., 2014) and actin cytoskeleton 

dependent signaling pathways in tumor cells and fibroblasts (Huang et al., 2001a; Midwood 

and Schwarzbauer, 2002; Orend et al., 2003; Saupe et al., 2013). We showed that TNC delays 

EC adhesion (Fig. 21F, G, I) and impairs stress fiber formation (Saupe et al., 2013). Thus we 

wanted to understand whether and how TNC impacts on actin polymerization-dependent gene 

expression and cell survival. Therefore, we followed the at 2, 5 and 24 hours actin stress fiber 

formation in HUVEC upon adhesion on FN, Col I and TNC substrata, or upon plating of cells 

on CDM from TNC wt and TNC KO MEF at 24h. Upon staining with FITC-phalloidin we 

observed that whereas HUVEC formed actin stress fibers on FN and Col I, they poorly did on 

TNC (Fig. 29A and Fig. 30A). Also on CDM containing TNC few actin stress fibers were 

seen which was in contrast to CDM lacking TNC where actin stress fibers have formed (Fig. 

30B). By fractionation followed by immunoblotting we quantified the relative abundance of 

filamentous/polymerized (F) versus globular/non-polymerized (G) actin (Posern, 2002). We 

found that after 5h F-actin formation is reduced by 8.5-fold on TNC in comparison to Col I 

and FN substrata, respectively (Fig. 29B, C).  
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Figure 29. TNC represses actin polymerization and YAP activation in EC 

(A) Representative images of actin polymerization (phalloidin, white) and nuclei (DAPI, blue) of 

HUVEC upon growth on FN or TNC for 5 hours (scale bar, 5 µm). (B, C) Analysis of G and F actin in 

HUVEC by immunoblotting upon plating on the indicated substrata for 5 hours. (C) Quantification of 

the immunoblotting signal represented as ratio of F/G actin. (n = 3 wells). (D) Representative images 

of YAP (red), polymerized actin (phalloidin, green) and nuclei (DAPI, blue) of HUVEC upon growth 

on FN or TNC for 5h (scale bar, 5 µm). (E) Quantification of YAP positive nuclei normalized to DAPI 

positive nuclei. 30-40 cells were counted in the triplicates (3 experiments) of 4-6 randomly chosen 

fields per condition. Mean with SEM as a percentage of nuclei positive for YAP (n = 9 wells, 3 

independent experiments with 3 replicates, * p < 0.05, ** p < 0.01, *** p < 0.001). (F) RT-qPCR 
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analysis of YAP target genes CTGF and Cyr61 in HUVEC upon growth on FN or TNC for 24 hours 

(n = 5, ** p < 0.01). 
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Figure 30. TNC represses cell spreading and actin stress fiber formation 

(A, B) Representative images of HUVEC grown for 2h, 5h and 24h on the indicated 2D substrata (A) 

or upon growth (24h) on CDM lay down by MEF expressing or lacking TNC (B) upon staining for 

polymerized actin with phalloidin. Note that TNC inhibited actin stress fiber formation (scale bar, 5 

µm). 
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The transcriptional integrator of extracellular stimuli, YAP, is one of the molecules that 

senses the status of actin cytoskeleton (Halder et al., 2012). Upon actin polymerization YAP 

is translocated into the nucleus where it binds to the TEAD transcription factor and induces 

gene expression (Calvo et al., 2013b; Halder et al., 2012). By immunofluorescence analysis 

we determined localization of YAP and observed that whereas 85% of HUVEC plated on FN 

had nuclear YAP this number was reduced to 12 % in cells plated on TNC which was in the 

range of FN in low serum representing a condition that prevents nuclear localization of YAP 

(Calvo et al., 2013b) (Fig. 29D, E). 

 

Connective-tissue growth factor, CTGF (CCN2) and Cysteine rich protein 61, Cyr61 (CCN1), 

two pro-angiogenic molecules (Brigstock, 2002; Maity et al., 2014), have been described as 

YAP target genes (Calvo et al., 2013b; Xie et al., 2013). By RT-qPCR we determined their 

expression and observed that in HUVEC on the TNC substratum expression of CTGF and 

Cyr61 was downregulated by 80% and 75%, respectively in comparison to cells grown on FN 

(Fig. 29F). These results suggested that adhesion to a TNC substratum prevents actin 

polymerization, nuclear localization of YAP and expression of pro-angiogenic factors, most 

likely triggering apoptosis of endothelial cells. 

 

 

Altogether we demonstrated that interaction of endothelial cells or pericytes with TNC 

interferes with multiple hallmarks of angiogenesis such as endothelial adhesion, survival, 

migration, tubulogenesis, sprouting and endothelial monolayer integrity. Lowered cell 

adhesion had a profound effect on YAP-dependent gene expression that was largely 

downregulated by TNC in EC leading to repression of pro-angiogenic factors. 

 

 

2.2. Proteomic analysis of the angio-modulatory secretome induced by TNC and 

functional validation of candidates LCN1 and SDF1 

 

2.2.1. Characterization of the TNC-regulated secretome 

 

During this work, we also identified that TNC promotes a pro-angiogenic secretome by 

educating GBM cells and CAF. To determine the molecular identity of the pro-angiogenic 

secretome, we collected CM from U87MG cells that had been grown on CDM derived from 
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TNC KO and wt MEF, respectively. We analyzed this CM by quantitative shotgun 

proteomics, employing chemical stable isotope tagging as described previously (Koczorowska 

et al., in preparation; Shahinian et al., 2014). We identified a total of 1955 proteins. The ratio 

“proteins from U87MG cells educated by a CDM from MEF wt versus proteins from U87MG 

educated by a CDM from MEF TNC KO” was log-transformed and followed a near normal 

distribution with most proteins displaying none or very little quantitative alterations. To 

distinguish proteins with altered abundance, we chose a cutoff of 0.58 (-0.58 for decreased 

abundance), representing an increase or decrease in abundance by more than 50 %. According 

to this cutoff, 685 proteins were differentially abundant when comparing TNC-educated and 

non-educated CM (Fig. 31A). We further focused on proteins annotated as secreted or as 

localized at the cell surface. These criteria yielded more than 350 proteins with affected 

abundance in U87MG cells educated by TNC containing CDM (Fig. 31B, Table 4). Such 

first-line criteria have been successfully applied previously (Tholen et al., 2013).  

 

 

 

685

Extracellular proteins

Intracellular  proteins  

Figure 31. Proteomic analysis of the U87MG-derived CM  

(A) Pie chart representing all proteins deregulated in U87MG educated by CDM laid down by MEF 

expressing or lacking TNC.  
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2.2.2. TNC triggers an angio-modulatory secretome 

 

A clear pro- or anti-angiogenic fingerprint of secreted proteins with increased or decreased 

abundance was not noted. However, for many secreted proteins, contrasting findings are 

reported with regard to their involvement in angiogenesis, leading to blurred functional 

profiles. Given the clear pro-angiogenic functionality of the TNC-educated CM, we 

specifically searched our proteomic data for proteins with increased abundance in TNC-

educated CM and for which there is a clear pro-angiogenic functional profile. Several proteins 

are of note, including Cyr61 and CTGF (Brigstock, 2002; Leu et al., 2002; Maity et al., 2014), 

which are both members of the CCN family of growth factors, pleiotrophin (Papadimitriou et 

al., 2009; Perez-Pinera et al., 2008), lipocalin 7 (LCN7, synonym is tubulointerstitial nephritis 

antigen-like TINAGL1) (Brown et al., 2010; Li et al., 2007) and Wnt family members, Wnt5a, 

Wnt5b and Wnt7b (Masckauchán and Kitajewski, 2006; Yeo et al., 2014). An upregulation of 

pro-angiogenic Wnt ligands by TNC and downregulation of the Wnt inhibitor DKK1 by TNC 

(Saupe et al., 2013) supports the possibility that TNC might also promote angiogenesis 

through this pathway. We also noted an increased abundance of CXCL12/SDF1 (Stromal cell-

derived factor-1) (Ho et al., 2010; Kryczek et al., 2005; Orimo et al., 2005), a chemokine with 

an important link to angiogenesis. We also searched for proteins with clear anti-angiogenic 

functionality that present decreased abundance in the TNC-educated CM. These included 

angiotensinogen (Vincent et al., 2009), tissue factor pathway inhibitor 2 (Sierko et al., 2007), 

CXCL14 (Shellenberger et al., 2004) and several members of the insulin growth factor 

binding protein family (IGFBP3, 5, 6 and 7) (Chen et al., 2011; Kim et al., 2011; Rho et al., 

2008; Zhang et al., 2012) and thrombospondin-1 (TSP1) (Lawler and Lawler, 2012) (Fig. 31B, 

Table 4). 

 
 
 
Table 4. Expression of selected TNC-regulated angio-modulatory factors 
 

Molecule Fc 
(Log2) Function in angiogenesis Reference 

LCN7 (TINAGL1) 5.158 promote angiogenesis in vivo, ex 
vivo and in vitro (Brown et al., 2010) 

TG2 3.308 
promote angiogenesis through 

VEGF signaling and ECM 
remodeling 

(Haroon et al., 
1999) 

Pleiotrophin 2 stimulate normal and pathological 
angiogenesis 

(Perez-Pinera et al., 
2008) 

 
Up 

Wnt 7b 1.434 promote the angiogenic switch (Yeo et al., 2014) 
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CXCL12 (SDF1) 1.336 promote angiogenesis in vitro and 
tumor angiogenesis (Orimo et al., 2005) 

Cyr61 1.279 promote angiogenesis in vitro and 
tumor angiogenesis (Maity et al., 2014) 

Semaphorin-3A 1.111 modulate tumor angiogenesis 
(Casazza et al., 

2011; Maione et al., 
2009) 

Wnt 5a/b 0.548 / 
0.798 induce tumor angiogenesis (Masckauchán et al., 

2006) 

CTGF 0.644 promote angiogenesis in vitro and 
tumor angiogenesis (Brigstock, 2002) 

LCN1 na no described role (Dartt, 2011) 

Angiotensinogen 3.737 inhibit tumor angiogenesis and 
growth  

(Vincent et al., 
2009) 

tPA 2.077 decrease VEGFA expression and 
angiogenesis (Shim et al., 2005) 

Vitamin D-binding 
protein 1.932 impair angiogenesis in vitro and in 

vivo (Kisker et al., 2003) 

Semaphorin-5A 1.932 promote tumor vessel density and 
metastasis formation 

(Sadanandam et al., 
2012) 

Neprilysin 1.515 inhibit angiogenesis via proteolysis 
of FGF2 

(Goodman et al., 
2006) 

IGFBP5 1.37 act as tumor suppressor by 
inhibiting angiogenesis (Rho et al., 2008) 

CXCL14 1.235 inhibit angiogenesis (Shellenberger et al., 
2004) 

Gremlin-1 1.235 act as agonist of VEGFR2 (Mitola et al., 2010) 

IGFBP6 1.114 reduce angiogenesis in vitro, in 
zebrafish and in tumors  (Zhang et al., 2012) 

IGFBP3 0.966 repress tumor angiogenesis and 
progression (Kim et al., 2011) 

IGFBP7 0.737 inhibit tumor angiogenesis (Chen et al., 2011) 

 
Down 

TSP1 0.678 inhibits angiogenesis (Lawler and Lawler, 
2012) 

 

Candidate list of angio-modulatory molecules identified by LC-MS/MS that were differentially 

abundant in CM of U87MG cells that had been grown on CDM laid down by MEF TNC KO or TNC 

wt. Expression in presence of TNC is compared to its absence. Fc, fold change, na, not applicable. 

Abbreviations: Cysteine-rich angiogenic protein 61 (Cyr61), Connective tissue growth factor (CTGF), 

Chemokine (C-X-C motif) ligand 14 (CXCL14), Chemokine (C-X-C motif) ligand 12 (CXCL12) or 

Stromal cell-derived factor 1 (SDF1), Insulin-like growth factor-binding protein (IGFBP), 

Tubulointerstitial nephritis antigen-like 1 (TINAGL1)/Lipocalin-7 (LCN7), Thrombospondin-1 

(TSP1), Tissue plasminogen activator (tPA), Transglutaminase-2 (TG2). 
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2.2.3. TNC differentially regulates two members of the lipocalin family and promotes 

SDF1 expression 

 

Upon analysis of the CM by one-dimensional SDS-PAGE, we noticed a protein band at 

approximately 18 kDa, which was missing in TNC-educated CM and was only present in the 

CM of U87MG cells that were educated by a CDM lacking TNC (Fig. 32A). Mass 

spectrometric analysis of this gel band highlighted the presence of lipocalin-1 (LCN1) (Table 

5). At the opposite we identified LCN7 as the highest upregulated protein by TNC in our 

profiling (Fig. 31B) and by RT-qPCR we confirmed transcriptional downregulation of LCN1 

as well as upregulation of LCN7 by the TNC education of U87MG cells (Fig. 32C). 

Opposing regulation of related proteins has been previously observed in other systems; for 

example, increased kallikrein activity in ovarian cancer cells yields augmented levels of 

semaphorin-3A and reduced levels of semaphorin-6C (Shahinian et al., 2014). Since LCN7 is 

a described angiogenesis promoting factor (Brown et al., 2010) we examined how LCN1 

affects angiogenesis. We addressed this by a matrigel tubulogenesis assay. We observed that 

addition of purified recombinant human LCN1 downregulated tube formation in a dose 

dependent manner suggesting an opposite role of LCN1 to that of LCN7 on angiogenesis (Fig. 

32D). Thus through downregulation of LCN1 TNC may relieve its anti-angiogenic activity 

and promote angiogenesis. Despite binding to its cell surface receptor (Dartt, 2011) LCN1 has 

been described to elicit its functions through binding to not well known factors of protein or 

lipid origin (Dartt, 2011). By heating the CM we aimed to discriminate between these two 

possibilities and found that boiling completely blocked the pro-angiogenic activity of the 

TNC-educated CM on tube formation suggesting a proteinacious nature of responsible factors 

(Fig. 32D). Future studies need to determine through which mechanism LCN1 may affect 

angiogenesis. 

�

Table 5. Identification of protein expression of the gel band, related to Fig. 32A 
 

Name 
MW 
(Da) gene name GO compartment 

Uniprot 
localization 

Proline-rich protein 4 15097 PRR4 extracellular space Secreted 

Lipocalin-1 19250 LCN1 
extracellular region; extracellular 

space; extracellular vesicular exosome 
Secreted 
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Candidate list of secreted (Uniprot localization) protein identified by LC-MS/MS that were identified 
from the gel band (15-20 kDa) in CM of U87MG cells that had been grown on CDM laid down by 
MEF TNC KO or TNC wt. Note that no secreted molecules have been detected in CM from U87MG 
educated by TNC. 
 

 

SDF1 is an important mediator of tumor progression and angiogenesis (Ho et al., 2010; 

Kryczek et al., 2005; Orimo et al., 2005). We identified increased levels of SDF1 in TNC-

educated CM (Fig. 31B, Table 4), which was corroborated by ELISA (Fig. 32F). We further 

addressed whether the impact of TNC-education on angiogenesis is mediated by 

SDF1/CXCR4 signaling. We determined tube formation upon addition of CM from U87MG 

cells (that had been grown on TNC containing or lacking CDM) in the presence or absence of 

the CXCR4 inhibitor AMD3100. We observed that the inhibitor repressed tube formation in a 

dose dependent manner. This effect was not seen upon addition of CM from U87MG cells 

that were grown on CDM lacking TNC where both numbers were very low (Fig. 32F). Thus 

SDF1 is one factor of the TNC-educated secretome that is important to convey the 

angiogenesis-promoting activity of TNC.  

 

VEGFA, one of the major pro-angiogenic molecule (Adams and Alitalo, 2007a; Carmeliet, 

2003; Carmeliet and Jain, 2011b; Roskoski, 2007) detected in the 1955 identified proteins of 

the whole proteomic analysis, is not modulated by TNC in our study which was confirmed by 

ELISA (Fig. 33). 

 

Altogether this study had shown that TNC modulates the proteome composition and 

angiogenic properties of the tumor cell secretome.� Amongst some 150 secreted angio-

modulatory molecules that are regulated by TNC we identified LCN1 is a novel anti-

angiogenic factor that is downregulated by TNC. On the contrary the pro-angiogenic factor 

SDF1 is upregulated by TNC and largely conveys the TNC pro-angiogenic activity. These 

combined activities of TNC could explain the TNC pro-angiogenic function in tumors. In 

contrast to this paracrine effect, a direct interaction of TNC with cells triggers EC death and 

represses migration of pericytes which provides insight into angiogenesis counteracting 

activities of TNC. We had described YAP as a novel downstream target of TNC whose 

impaired function is linked to the anti-adhesive activity of TNC resulting in repression of 

autocrine pro-angiogenic signaling in EC. 

�
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Figure 32. TNC regulates LCN1, LCN7 and SDF1 expression in U87MG  

(A) Representative image of a silver stained polyacrylamide gel. CM from U87MG grown on CDM 

lay down by TNC KO or wt MEF was separated by PAGE before staining. The experiment was 

repeated four times with four independently prepared batches of CM. Arrow points at the LCN1 

containing band around 18 kDa. (B) Heat map representing selected secreted molecules from U87MG-
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educated cells involved regulated by TNC. Color coding red and green showed respectively 

upregulated and downregulated proteins (Log2 values). Magnification in Fig. 31B (C) Validation of 

differential expression of LCN1 (lipocalin-1) and LCN7 (lipocalin-7) in TNC educated CM of 

U87MG cells that had been grown on CDM laid down by MEF expressing or lacking TNC. (D) 

Number of tubes upon growth of HUVEC (7h) on matrigel together with recombinant LCN1. 

Normalization towards CTRL (no LCN1). Mean with SEM (n = 15-20 wells, 3 independent 

experiments with at least 5 replicates, * p < 0.05, ** p < 0.01). (E) Number of tubes upon growth of 

HUVEC (7h) on matrigel together with boiled CM of TNC educated U87MG cells. Mean with SEM 

(n = 15 wells, 3 experiments with 5 replicates, **** p < 0.0001). (F) Quantification (ELISA) of the 

human SDF1 (CXCL12) in TNC educated CM from U87MG cultivated for 48h on CDM of MEF 

expressing or lacking TNC. Mean with SEM (n = 2-5). (G) Assessment of tubes (7h) upon growth of 

HUVEC on matrigel together with TNC-educated CM derived from U87MG cells and AMD3100 (10 

- 1000 ng/ml). Mean with SEM (n = 15 wells, 3 independent experiments with 5 replicates, * p < 0.05, 

** p < 0.01, *** p < 0.001).  
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Figure 33. TNC does not regulate VEGFA expression in U87MG cells  

Quantification of the human VEGFA concentration in CM from U87MG grown for 48h on CDM lay 

down by MEF expressing or lacking TNC. Mean with SEM (n = 2-3 independent batches of CM). 
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Aim 3. - Contribution to the description of the roles of TNC in tumor angiogenesis by 

using an in vivo mouse model of cancer.  

 

 

My experiments had contributed to two publications where we had shown that TNC promotes 

the angiogenic switch and enhances tumor angiogenesis in a stochastic murine tumor model 

(Langlois et al., 2014; Saupe et al., 2013). We used the murine Rip1-Tag2 (RT2) model of 

pancreatic neuroendocrine tumorigenesis (PNET) which allows to dissect molecular and 

cellular mechanisms of tumor progression and angiogenesis (Hanahan, 1985). In this 

multistep model of tumorigenesis, pancreatic β-cells of the Langerhans islets ectopically 

express the oncogene SV40 T antigen (Tag) under the control of the rat insulin promoter 

(Rip). SV40 T antigen expression drives the sequential transformation of a fraction of normal 

islets into hyperplastic, angiogenic and macroscopic tumor islets. The RT2 model has several 

advantages compared to mouse xenograft models. Most importantly, RT2 mice are immune-

competent which allows to study tumorigenesis in a context of an intact immune system. 

Moreover, tumorigenesis occurs spontaneously in multiple consecutive steps as it happens in 

human cancer and occurs over a time frame of up to 12 - 16 weeks. The RT2 model had been 

heavily used to study the angiogenic switch that occurs between 5 - 10 weeks of age in this 

model (Hanahan and Folkman, 1996). Depending on the genetic background RT2 mice can 

form macrometastasis (Sennino et al., 2012), yet in the C57Bl6 background that we had used 

only micrometastasis formation was observed because mice die due to hypoglycemia (even 

upon glucose addition in the drinking water).  

 

 

3.1. TNC is an important molecule driving the angiogenic switch  

 

We had used the RT2 model to address whether TNC plays a role in the angiogenic switch. 

By using RNA profiling we had addressed the gene expression profile at the angiogenic 

switch. Therefore, pancreatic islets of 8 week old mice had been sampled and were classified 

into non angiogenic white and angiogenic red islets. This profiling revealed the differential 

expression of 298 genes. TNC has been identified as one of the most highly up-regulated 

ECM molecules during the angiogenic switch (Fig. 34A). Therefore, by tissue staining I had 

determined when TNC is expressed and found that TNC was absent from non-angiogenic 

islets but was expressed in angiogenic islets (Fig. 34B). 
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Figure 34. In the RT2 model TNC is one of the most overexpressed genes during the 

angiogenic switch (A) RT-qPCR validation of increased expression for 12 candidate genes that are 

up-regulated in angiogenic islets. Data (blue, non-angiogenic; red, angiogenic islets) represent mean 

and error bars the SEM from two independent experiments. **, p < 5x10
–3

; *, p < 10
–2

. (B) 

Immunofluorescence staining of murine TNC (red) in non-angiogenic islets compared to angiogenic 

islets in RT2 wt mice (scale bar, 50 µm). Notice that angiogenic vs. non-angiogenic islets was 

distinguished by size exclusion with less than 500 µm of diameter for non-angiogenic islets. 

 

To address the impact of TNC on the angiogenic switch and on tumor angiogenesis in general 

we had developed two models with a TNC lack and gain of function of TNC in the RT2 

model by crossing RT2 mice with TNCKO or RipTNC mice (ectopic expression of TNC in 

pancreatic β-cells under the repression of the rat insulin promoter). First we showed that TNC 

expression increased with progression from hyperplasic to macroscopic tumors (Fig. 35A) 
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and confirmed the absence of the TNC protein from RT2/TNCKO pancreatic islet tissue (Fig. 

35B, C). In this model we had further proven that TNC plays an important role in the 

angiogenic switch by counting the number of angiogenic islets in RT2 mice lacking the TNC 

protein (TNCKO mouse) or overexpressing TNC (RipTNC). We observed that in 

RT2/TNCKO mice the number and the ratio of angiogenic versus non-angiogenic islets were 

lowered in comparison to RT2 mice (Fig. 35D). On the contrary, RT2/TNC mice with ectopic 

expression of TNC, had a higher angiogenic versus non angiogenic islet index (Saupe et al., 

2013). Whereas these results showed that TNC is not required to induce the angiogenic switch 

they revealed that TNC plays a role in promoting the angiogenic switch.  

 

 

3.2. TNC promotes tumor angiogenesis leading to poorly functional vessels 

 

In depth analysis of TNC expression after angiogenic staging showed that TNC regulates 

tumor angiogenesis by promoting non-functional blood vessel formation in RT2 tumors 

(Saupe et al., 2013). To learn more whether TNC has an impact on the function of blood 

vessels we analyzed vessel morphology using the vascular cast corrosion model and scanning 

electron microscopy. When TNC is overexpressed the vessel anatomy appears highly aberrant 

with irregularly shaped, highly branched and collapsed vessels (Fig. 35E, F). When TNC was 

not expressed, vessels were also not normal but had a heterogeneous vessel diameter that 

suggests that blood flow is disturbed in these tumor vessels (Fig. 35G). Moreover we showed 

that tumor vessel density, as quantified by an EC specific CD31signal, was higher upon TNC 

overexpression and lower in the TNC KO condition (Fig. 35H, I). We also assessed the 

impact of TNC overexpression on vessel lining by pericytes, and we showed that 

colocalization of NG2 pericyte signal with C31 EC signal is reduced compared to control 

mice (Fig. 35J), indicating a defect in vessel maturation and stabilization. We also determined 

that in the absence of TNC tumor perfusion was reduced using the ratio of perfused lectin-

FITC vessel normalized to total CD31 EC signal (Fig. 35K). This reduced vessel perfusion in 

TNC KO mice is associated with a reduce vessel permeability, measured by fibrinogen that 

has leaked into the surrounding tissue (Fig. 35L). Non significant but close to significance (P 

= 0.064) increase of vessel leakage was observed upon TNC overexpression compared to 

controls (Fig. 35M).  
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Figure 35. TNC is an important molecule for the angiogenic switch and promotes a 

dense but poorly functional tumor vasculature in vivo  

(A) TNC expression in RT2 islets determined by IF analysis (MTn12 antibody) in tissue sections of 12 
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week old RT2 mice. In contrast to the absence of TNC from normal islets (N < 0.2 mm diameter), 

TNC is expressed in 50%, 80% and 100% of hyperplastic (H, 0.2 – 0.5 mm diameter), angiogenic (A, 

> 0.5 – 1 mm diameter) and tumorigenic islets (T, diameter above 1 mm), respectively. Right panels, 

dotted lines delineate the islet circumferences. 82 islets (N = 26, H = 34, A = 14, T = 8) of 3 RT2 mice 

were analyzed. Scale bar, 100 µm. (B) TNC expression analysis in RT2/TNC tumor pancreatic tissue 

by IHC, C, and in RT2/TNCKO by IF. Scale bar 100 �m. (D) Functional validation of tenascin-C 

contribution to the angiogenic switch. The number (F) and relative proportion (G) of angiogenic islets 

are significantly decreased in RIP1-Tag2 TNC KO mice (n = 8 mice) as compared to TNC wt controls 

(n = 5 mice). A: angiogenic islets, NA: non angiogenic islets. * p < 5x10-2. (E) Representative SEM 

pictures from RT2 (n = 5 mice) and RT2/TNC tumors (n = 3). Arrow points at small collapsed vessels. 

Scale bars: top panels 200 �m, bottom panels 100 �m. (F), morphology of the tumor vasculature in 

Mercox perfusion casts from 12-week-old RT2 and RT2/TNC mice. Arrows point at break point, 

branching, and constriction. Scale bars, 50 µm. (G), representative SEM pictures from RT2 (n = 5 

mice) and RT2/TNCKO tumors (n = 2). Arrow points at small collapsed vessels. Scale bars: top panels 

200 �m, bottom panels 100 �m. (H, I), tumor blood vessel quantification upon CD31 staining of 

tumor sections from 12-week-old mice as CD31-positive area fraction per tumor normalized to RT2 

controls. (H) RT2 (n = 6 mice, n = 34 tumors) and RT2/TNC (n = 4, n = 17) and (I) RT2 (n = 3, n = 

71) and RT2/TNCKO (n = 3, n = 111). (J) Pericyte coverage of tumor blood vessels upon 

quantification of the ratio of NG2 over CD31 staining signals. RT2 (n = 6 mice, n = 155 tumors) and 

RT2/TNC (n = 8, n = 204). (K) Quantification of perfused lectin-FITC signal normalized to CD31 EC 

signal in RT2 mice with wild-type or no TNC expression. (L, M) Quantification of tumor blood vessel 

leakage upon fibrinogen staining of tumor sections from 12-week-old mice as fibrinogen-positive area 

fraction per tumor. (L) RT2 (n = 5 mice, n = 62 tumors) and RT2/TNC (n = 3, n = 50). (M) RT2 (n = 

4, n = 60) and RT2/TNCKO (n = 5, n = 125). Error bars represent SEM. *p < 0.05. 

 

 

Altogether, these results suggested that TNC impacts on the function of tumor vessels by 

promoting the formation of new vessels that are poorly functional. Interestingly this 

angiogenic phenotype is correlated with a higher tumor invasive phenotype (Fig. 36A) and 

lung micro-metastasis formation in RT2 mice (Fig. 36B-D).  

 

In conclusion we established a working hypothesis that integrates the multiple effects of TNC 

on the TME thus promoting tumor angiogenesis. This is schematically depicted in figure 37. 
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Figure 36. TNC promotes lung micro-metastasis formation in RT2 

(A) Tumor grading into adenoma or invasive carcinoma (H&E-stained tumor sections) of RT2 tumors 

(n = 26 mice, 78 adenomas, 79 carcinomas) and RT2/TNC (n = 22, 44 adenomas, 76 carcinomas). (B) 

Detection of metastasized insulin-positive tumor cells in lung parenchyma (RT2 mouse) by immuno-

staining (upper panel) and H&E staining (adjacent section, lower panel). (scale bar, 50 µm). (C, D) 

Quantification by RT-qPCR of insulin expression (C) in RT2 (n = 9) and RT2/TNC mice (n = 11) and 

(D) in RT2/TNC+/-(n = 8) and RT2/TNCKO (n = 4). Error bars represent SEM. *p <0.05. 

 

 

 

Figure 37. Working model of the role of TNC in the tumor microenvironment 

Cartoon representing new working model about the role of TNC on angiogenesis in tumor 

microenvironment. TNC inhibits YAP signaling in EC and impair vessel maturation by direct contact. 

However TNC, secreted by GBM cells and CAF, promotes a pro-angiogenic secretome by upregulated 

LCN7 and SDF1 and downregulated LCN1. This lead to more but poorly functionalized angiogenesis 

by TNC that increases tumor progression and metastasis formation. 
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D. DISCUSSION & PERSPECTIVES 

 

 

In this work, I provided results from a comprehensive analysis addressing the roles of TNC in 

physiological and tumor angiogenesis. As it was already described in the introduction part, 

TNC is a well known ECM molecule mainly absent from normal tissues and highly expressed 

in pathological situations, in particular in solid tumors (Abdou et al., 2012; Adams et al., 

2002; Arican Ozluk et al., 2015; Midwood et al., 2009, 2011; Mitamura et al., 2002; Mustafa 

et al., 2012; Oskarsson et al., 2011; Trescher et al., 2013). In cancer, TNC has been clearly 

involved in tumor invasion and metastasis formation (Hirata et al., 2009; O’Connell et al., 

2011a; Oskarsson et al., 2011; Saupe et al., 2013; Tang et al., 2015). TNC is also related to 

worse patient prognosis in several tumor types (Emoto et al., 2001; Herold-Mende et al., 

2002; Leins et al., 2003; Mitselou et al., 2012; Nong et al., 2015; Ohtsuka et al., 2013; Tang et 

al., 2015). Interestingly TNC is expressed around tumor blood vessels suggesting a role in 

tumor angiogenesis but its function was not well characterized (Alves et al., 2011; Chung et 

al., 1996; Galler et al., 2011; Herold-Mende et al., 2002; Martina et al., 2010; Pezzolo et al., 

2011; Saito et al., 2008a; Tanaka et al., 2003; Zagzag et al., 1996, 1996, 2002). 

 

How TNC promotes tumor progression was recently addressed in a comprehensive approach 

by using the bona fide multistage immune competent Rip1Tag2 tumorigenesis model with 

spontaneous tumorigenesis in the context of no and abundant endogenous or ectopically 

overexpressed TNC. I had contributed to this study that revealed that TNC plays multiple 

roles by enhancing survival, proliferation and invasion of tumor cells. TNC also enhanced 

tumor angiogenesis and lung metastasis in this model (Saupe et al., 2013). While TNC 

promoted the angiogenic switch and increased blood vessel density, high TNC levels also 

triggered a corrupt vasculature as seen by electron microscopy, poor pericyte coverage and 

enhanced vessel leakiness (Langlois et al., 2014; Saupe et al., 2013). Altogether, these results 

suggested that TNC may have multiple and potentially opposing functions in tumor 

angiogenesis.  

 

During my thesis I had introduced several state-of-the-art methods to analyze angiogenesis to 

the laboratory. Complementary in vivo, ex vivo and in vitro models allowed me to determine 

the roles of TNC in the TME during tumor angiogenesis and to gain novel insight into the 
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underlying mechanisms. The results of my thesis showed that a direct interaction of vascular 

cells with TNC impaired classical hallmarks of angiogenesis such as survival, migration and 

tubulogenesis. Conversely, media conditioned by tumor cells or CAF cultivated on a TNC-

containing CDM increased these hallmarks of angiogenesis. Thus my results suggest that 

TNC differentially regulates angiogenesis through both direct anti-angiogenic effects by 

contact of TNC with endothelial cells and pericytes and by an indirect paracrine pro-

angiogenic effect that triggered a pro-angiogenic secretome in GBM cells and CAF. I also 

identified molecular mechanisms responsible for the pro- and anti-angiogenic activities 

(Rupp et al., in preparation). This mechanistic information could be useful to develop novel 

strategies to target TNC activities during tumor progression. Pro- and anti-angiogenic 

activities of TNC probably coexist simultaneously during tumor progression and contribute to 

the expansion of vessels with poor functionality. Several lines of evidence support this 

conclusion that will be discussed below taking into account what already had been known 

about the roles of TNC in tumor angiogenesis from published literature. 

 

 

1. TNC is a marker of pathological blood vessels including cancer 

 

Direct contact of cells with the surrounding ECM in the TME triggers cellular signaling that 

shapes cell behavior. Since TNC is highly abundant in the TME, tumors as well as stromal 

cells interact with TNC. What impact that has on the different cell types is incompletely 

understood and my work had contributed to an improved understanding of the consequences 

of cell adhesion to TNC. To determine whether cells can directly interact with TNC, because 

they express TNC, we analyzed the expression of TNC in a xenograft model with grafted 

human GBM cells by IF analysis with species specific antibodies. We showed that TNC is 

expressed by tumor cells and by stromal cells. We also observed a close vicinity of TNC to 

the perivascular compartment. Indeed we detected that murine TNC co-localized with 

perivascular stromal cells (αSMA cells). We also observed that tumor cell derived TNC is 

close to blood vessels raising the possibility that tumor cells are part of the tumor vasculature. 

A potential transdifferentiation of tumor cells into endothelial like cells needs to be addressed 

in the future. Such a possibility is supported by observations from Pezzolo and colleagues 

who observed that transdifferentiated CD31 positive tumor cells that were part of the 

vasculature secreted TNC (Pezzolo et al., 2011).  
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A few studies on primary non-tumor derived EC have described expression of TNC when the 

EC were cultured in vitro: EC from normal human brain (derived from an autopsy) expressed 

TNC at protein level (Zagzag et al., 1996); rat cardiac-derived EC were shown to express 

TNC at RNA level (Ballard et al., 2006); EC derived from retinas of patients with diabetes 

expressed the TNC protein (Castellon et al., 2002). Moreover, Schenk and colleagues showed 

that TNC is expressed in a specific immortalized clonal population of BAEC. Nevertheless 

this expression was only detected in an assay where sprouting-like dells formed on a pre-

established full confluent layer of cells (Schenk et al., 1999). These results suggest that in 

some particular in vitro culture conditions TNC can be re-expressed by EC.  

 

However, our revealed showed that expression analysis of TNC in four different EC in culture 

that these cells do not express TNC in culture even after stimulation with TGFβ which is a 

known inducer of TNC (Islam et al., 2014). This observation is consistent with that from 

Alves and colleagues who also did not observe a TNC protein in HUVEC (Alves et al., 2011). 

As we had seen in postnatal retinas, several studies confirm that TNC is not expressed around 

the vasculature of normal tissues. Mustafa and collaborators noted the absence of TNC from 

the vasculature of heart, lung, liver, breast, placenta and others tissues (Ballard et al., 2006; 

Kimura et al., 2014; Kuriyama et al., 2011; Mustafa et al., 2012; Natali et al., 1991; Shimojo 

et al., 2015). Also in normal brain TNC expression is not detected around blood vessels at 

RNA or protein level (Martina et al., 2010; Mustafa et al., 2012; Zagzag et al., 1996). TNC is 

also absent from human aortae or arteries of mammary gland tissue. Yet a strong TNC 

expression was observed in tissue from patients with injured arteries inflicted by dissection or 

upon chronic dilation, or upon artheriosclerosis (Trescher et al., 2013; Wallner et al., 1999). 

In mouse models, the group of Andreas Faissner, Saika Shizuya or Marlene Rabinovitch 

showed that TNC is not expressed in blood vessels of the retina during embryogenesis, nor in 

blood vessels of the cornea or the arteries of adult mice (Besser et al., 2012; Jones and 

Rabinovitch, 1996; Sumioka et al., 2011). Altogether these results suggest that TNC is 

presumably absent from normal blood vessels and during normal angiogenesis. However in a 

pathological context such as in tumors TNC is re-expressed mostly likely by tumor cells and 

perivascular cells such as pericytes (Martina et al., 2010) yet not by EC. Thus TNC 

expression around blood vessels may be classified as a potential marker of vascular stress, 

since our study and the litterautre strongly suggest a role of TNC in vascular defect. 
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2. Direct contact of TNC with EC impairs hallmarks of angiogenesis 

 

We demonstrated that TNC interaction with EC disturbed classical hallmarks of angiogenesis 

such as sprouting, tubulogenesis, migration, survival and cohesion. Using in vivo and ex vivo 

models with tissue from TNC KO and wt mice, we addressed the impact of TNC loss on 

retinal angiogenesis and aorta sprouting. We observed no effect and an inhibitory angiogenic 

property of TNC, respectively corraleted with TNC expression. In an assay with purified TNC 

or with TNC provided by co-cultured CAF we showed that TNC repressed endothelial 

tubulogenesis. This effect could be due to impaired cell adhesion since TNC is an adhesion 

modulatory ECM molecule (Chiquet-Ehrismann et al., 1988; Huang et al., 2001a; Saupe et al., 

2013). Indeed we observed that a 2D substratum of purified TNC prevented cell adhesion and 

spreading of EC. This had substantial consequences on EC survival and migration that was 

reduced by TNC. We determined also that TNC impaired EC and pericyte migration and 

adhesion which may affect vessel stability and functionality.�Perivascular cells were shown to 

be colocalized with TNC in human GBM (Martina et al., 2010) and we observed that mural 

cells (most likely pericytes) and tumor cells expressed TNC around vessels in the used GBM 

xenograft model. 

 

Our observation that TNC triggers death and impairs proliferation and migration of EC could 

be relevant in a tumor context. As it is written above, TNC is not expressed in non-damaged 

arteries or veins (Martina et al., 2010; Mustafa et al., 2012; Wallner et al., 1999) or in normal 

highly angiogenic tissue such as the endometrium or placenta (Mustafa et al., 2012). Although 

TNC is highly expressed around tumor blood vessels (Galler et al., 2011; Herold-Mende et 

al., 2002; Martina et al., 2010; Mustafa et al., 2012), we rarely could detect EC in close 

contact with TNC in human and murine insulinoma and colon cancer tissue (Spenlé et al., 

2015). Also in other studies TNC was found abundantly expressed around mural cells 

covering blood vessels yet not in direct vicinity to the EC (Martina et al., 2010). Cancer cells 

have been shown to physically contribute to the formation of tumor blood vessels through a 

mechanism called vasculogenic mimicry (El Hallani et al., 2010). In a neuroblastoma 

xenograft model cancer cells seem to have transdifferentiated into EC identified by expressing 

both tumor and EC antigens on the surface. More importantly, these cells expressed TNC 

which is incorporated in the vasculature suggesting a role of TNC in this process (Pezzolo et 

al., 2011). In cancer tissue we had described that TNC is forming ECM rich niches that seem 

to attract highly abundant lymphocytes and fibroblasts. Yet, EC were rarely found inside these 
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TNC tracks (Spenlé et al., 2015). It is tempting to speculate that TNC matrix tracks are devoid 

of EC because a direct contact of EC with TNC would trigger their death. Along this line, 

since TNC is continuously expressed in a tumor, TNC will contact EC at one point. This 

contact may cause EC death and potentially holes in the vessel and thus subsequent leakage.  

 

In support of this hypothesis we showed that high TNC levels increased vessel leakage in the 

Rip1Tag2 model (Saupe et al., 2013). Similar data from the literature corroborates this 

conclusion. Alves and collaborators already described a reduction of tubulogenesis with 

HUVEC educated by a TNC-containing substratum, in a matrigel assay (Alves et al., 2011). 

Ballard and colleagues used a model where EC are plated on a TNC substratum that is 

covered by collagen I gel. They showed that EC escaped from the TNC substratum and 

invaded the collagen gel, suggesting TNC to be repulsive for EC (Ballard et al., 2006). Thus 

TNC may serve as a guiding molecule. This interpretation is corroborated with the work of 

Andreas Faissner that showed similar repulsive effects of TNC on neurons and glial cells 

(Faissner and Kruse, 1990; Scholze et al., 1996). A possible scenario is that TNC causes EC 

cell death and blocks migration in those cells that survive thus destabilizing the endothelium 

which would lead to increased blood vessel permeability (Saupe et al., 2013). This hypothesis 

is also supported by the TNC-dependent reduction of pericyte coverage in vivo (Saupe et al., 

2013), crucial for vessel stability (Armulik et al., 2005), and the increase of vessel leakiness in 

the TNC expressing tumors (Saupe et al., 2013). Moreover we showed that a TNC substratum 

destabilized EC cohesion that promotes permeability in vitro. In previous reports, TNC 

expression has shown to disturb stability of the blood vessels in a vascular disease context as 

aortic dissection (Trescher et al., 2013). Interestingly TNC has been also described to impair 

blood-spinal cord barrier repair after lesion and thus increased blood vessel permeability in 

vivo (Peter et al., 2012). Moreover Bicer and colleagues suggested that TNC is associated 

with a defect in blood vessel maturation by analyzing TNC expression at immunohistological 

level in cerebral carvenous and arteriovenous malformations (Bicer et al., 2010). Kuriyama 

and colleagues showed that TNC is not detectable in normal liver but that TNC is upregulated 

upon ischemia in particular around blood vessels. They observed that TNC promoted pro-

inflammatory cytokine expression associated with more necrotic tissue that was associated 

with an impaired re-vascularization (Kuriyama et al., 2011). This result is in agreement with 

our observation of a direct role of TNC in impairing angiogenesis. Thus TNC may participate 

to vessel disruption and increase hypoxia, well-known factors of tumor aggressiveness (Jain, 

2005). Indeed TNC was already shown to be induced by hypoxia (Lal et al., 2001) and its 
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expression correlated with hypoxic areas in medullary thyroid carcinomas supporting 

induction of TNC by hypoxia in tumor tissue (Koperek et al., 2011).  

 

TNC is a large protein presenting different domains (Van Obberghen-Schilling et al., 2011). 

The interaction of cells with these different domains of TNC most likely will occur through 

different receptors eliciting distinct signaling pathways (Lowy and Oskarsson, 2015; 

Midwood et al., 2011). Thus specific domains or fragments of TNC (e.g. generated by 

proteolysis) could have particular angio-modulatory effects. In support of this possibility 

Saito and collaborators showed that peptide TNCIIIA2 (covering the FNIIIA2 domain, 

comprising 22 amino acids) repressed human dermal microvascular endothelial cell 

(HDMEC) migration, proliferation and in vivo angiogenesis in a chicken chorio-allantoic 

membrane assay through modulation of β1 integrins (Saito et al., 2008a). 

 

Despite some reports about anti-angiogenic activities of TNC several studies describe a pro-

angiogenic activity to TNC (Castellon et al., 2002; Chung et al., 1996; Zagzag et al., 1996, 

2002). Yet until our study (Saupe et al., 2013) this had not been proven in vivo and was not 

supported by contradictory in vitro results (Alves et al., 2011; Ballard et al., 2006; Saito et al., 

2008a). However the role of TNC was mainly based on speculations due to its high 

expression around tumor vessels. Two reports suggest that TNC promotes EC migration in a 

wound healing assay with immortalized BAEC-derived cells (GM7373, after 48h of 

migration) (Chung et al., 1996) or with mouse retinal EC (after 7 days of migration) 

(Castellon et al., 2002). Importantly in both studies, the authors did not stop replication of EC 

which largely compromises the conclusions from these experiments. Thus the difference 

observed might be at least partially explained by a difference in proliferation of the EC. 

Indeed in the first paper, Chung and colleagues showed that addition of purified human TNC 

to a full layer of bovine aortic EC (BAEC & GM7373) promoted their proliferation 

(thymidine incorporation assay) (Chung et al., 1996). In addition in the second paper, 

Castellon and collaborators showed that a TNC substratum promotes EC survival of bovine 

retinal EC in a dose dependent manner (Castellon et al., 2002) which is the opposite to results 

from this work which showed a dose-dependent reduction of HUVEC survival. Moreover a 

recent report even described a direct pro-angiogenic effect of TNC. Martina and colleagues 

described an increase of in vitro sprouting angiogenesis. They used collagen I gels as matrix 

to mix in purified TNC (or BSA as control) and added beads that where pre-coated with 

HUVEC. They demonstrated that a mixed substratum of Col I and TNC promotes HUVEC 
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migratory speed compared to a mixed substratum of Col I and FN (Martina et al., 2010). 

Strikingly in this study the authors used the same source of recombinant TNC protein that was 

used in this thesis work. Yet, we cannot reproduce their data and even obtained an opposite 

result. More work is needed to dissect the impact of experimental differences on EC behavior. 

It cannot be ruled out that addition of purified TNC (solubilized in 0.01% Tween-20) or 

purified FN (not containing 0.01% Tween-20) does not have an impact on the organization of 

the collagen fibrils and thus indirectly impacts on EC migration. Moreover addition of PBS-

Tween-20 in Col I gel impaired its normal polymerization leading to a reduce gel density 

(Agata Radowska, personnal observation). Zagzag and colleagues showed that TNC does not 

repress bovine retinal EC (BREC) adhesion on TNC (versus a FN substratum) and found 

instead that TNC increased adhesion in a TNC dose dependent manner. The author further 

claimed that migration of bovine retinal EC (forming aggregates) on the TNC substratum was 

reduced in a dose dependent manner. Without any quantification the authors also suggested a 

similar result for HUVEC (Zagzag et al., 2002). However TNC has been well described for its 

anti-adhesive properties in multiple cell types (Orend, 2005) including EC (Alves et al., 2011; 

Ballard et al., 2006; Chung et al., 1996; Schenk et al., 1999; this work). Since this classical 

hallmark of TNC was not shown in the study by Zagzag et al., (2002), the quality of the 

applied TNC may be questioned, in particular since no source or any validation of purity of 

TNC was provided.  

 

By using multiple complementary models and different EC lines I throughly had addressed 

the impact of TNC on cell adhesion, survival and migration and provided significant valid 

evidence that TNC is counteracting these properties. We had used recombinant TNC that we 

had purified by chromatography with a gelatin sepharose column to deplete FN and 

subsequent affinity chromatography for the his-tagged TNC protein (with nickel beads). We 

had proven a high purity by commassie staining and immunoblotting for TNC. We also 

excluded contamination by FN by immunoblotting (data not shown). In addition, to rule out a 

bias due to potential peculiarities of the recombinant TNC protein, I had established and used 

CDM that contained or lacked TNC. I obtained similar results with both substrata supporting 

the validity of the results with both substrata.  
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3. The TNC anti-angiogenic activity may be linked to repression of YAP signaling  

 

I had confirmed that adherence to TNC impaired cell adhesion signaling thus blocking actin 

polymerization into actin stress fibers in EC as had previously been shown also for other cell 

types (Huang et al., 2001b; Saupe et al., 2013). How cells interpret this particular adhesion is 

not completely understood. Recently, the Hippo pathway comprising YAP/TAZ has been 

linked to regulating survival and proliferation in response to cell adhesion (Halder et al., 

2012). Importantly, YAP/TAZ is translocated into the nucleus when actin gets polymerized. 

In the nucleus YAP/TAZ bind to the DNA binding coreceptor TEAD triggering gene 

transcription (Halder et al., 2012). Here, we identified that YAP signaling is modulated by 

TNC in EC. YAP and its transcriptional coactivator TAZ are intracellular sensors of 

extracellular mechanical signals exerted by ECM rigidity and cell shape. This regulation 

involves actin cytoskeleton dependent, Rho activion and is further dependent on integrin 

signaling. Matrix stiffness is crucial for EC behavior (Levental et al., 2009). Barbolina and 

collaborators have shown that a stiffened collagen substratum, represses YAP/TAZ activity 

and DKK1 target gene expression in several cell types including EC (Barbolina et al., 2013). 

YAP activation is related to cell spreading in EC and poorly stretched cells have no or few 

nuclear YAP and poor YAP activity (Halder et al., 2012). We showed that TNC level in CAF 

increased collagen contraction that is as an indicator of modulation of the tissue mechanical 

properties which might be considered as stiffness modulation. Interestingly a correlation 

between stiffness and TNC was already suggested in vascular diseases. A potential link of 

TNC to tissue stiffness has been seen upon injury. TNC was shown to be overexpressed in 

arteries upon injury. Moreover high TNC levels triggered vessel stiffening in response to 

shear stress (Kimura et al., 2014). 

 

YAP/TAZ activity is required for survival and migration of EC and is regulated by cell 

geometry (Dupont et al., 2011). Here I showed that a TNC substratum was able to repress 

YAP/TAZ activity in EC which resulted in downregulation of target genes such as CTGF, 

Cyr61. Recently, we had shown that TNC downregulates DKK1 (another angio-modulatory 

molecule (Reis et al., 2012; Saupe et al., 2013) in an actin stress fiber dependent manner 

(Saupe et al., 2013) presumably through regulation of YAP by TNC since constitutive active 

YAP restored DKK1 expression (Zhen, Schwenzer, Rupp et al., manuscript in preparation). 

Moreover, most of the described YAP/TAZ target genes have been correlated with 

vasculogenesis or angiogenesis. As examples, Cyr61 and CTGF promoted EC adhesion, 
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survival, migration and tubulogenesis in vitro and in vivo and these factors are important in 

tumor angiogenesis (Brigstock, 2002; Leu et al., 2002; Maity et al., 2014). Given that CTGF 

and Cyr61 are promoting angiogenesis and are downregulated by TNC in EC it remains to be 

seen whether reduced expression of these molecules has an impact on their survival. 

 

One way of regulation of YAP signaling by TNC may involve Rho inhibition. Indeed we 

showed that TNC repressed cell spreading and F-actin polymerization in EC and thus stress 

fiber formation. Moreover TNC was shown to repress Rho expression and activation in cells 

such as murine fibroblasts (Wenk et al., 2000) and GBM cells (Lange et al., 2007). A TNC 

substratum also repressed actin stress fiber formation in several tumor cells and human 

fibroblasts (Huang et al., 2001b; Orend et al., 2003; Wenk et al., 2000). Thus, my results 

suggest that TNC may be an important regulator of YAP/TAZ signaling.  

 

Another mechanism by which TNC may impact on YAP activity is through 14-3-3 tau (Lapi 

et al., 2008). 14-3-3 tau proteins belong to a family of phospho-serine/threonine 

phosphorylated proteins known to bind several proteins. One described binding partner of 14-

3-3 tau is YAP (Zhao et al., 2010). 14-3-3 tau acts by retaining YAP in the cytoplasm. It was 

shown that plating MCF-7 breast cancer cells on a TNC substratum impaired cell spreading 

which promoted 14-3-3 tau protein expression (Martin et al., 2003). Thus TNC may block 

YAP transcriptional activity by two independent mechanisms, by upregulation of the 14-3-3 

tau protein that would sequester YAP in the cytoplasm and by impairing actin polymerization 

also preventing translocation to the nucleus. 

 

One possibility to challenge the role of TNC in YAP signaling could be to rescue actin 

polymerization in EC on a TNC substratum. Indeed we already showed that lysophosphatidic 

acid (LPA) restored spreading in tumor cells seeded on a TNC substratum (Saupe et al., 2013). 

Moreover LPA treatment is known to enhance YAP translocation to the nucleus in epithelial 

cells. In addition, LPA promotes Rho signaling and thus represses LATS 1/2 that would 

phosphorylate YAP (targeting YAP for proteasomal degradation). Recently it was shown that 

LPA increases CTGF and Cyr61 expression through YAP (Hwang et al., 2014). Thus we 

suggest that LPA restored EC cell spreading and actin stress fiber formation may rescue 

survival on the TNC substratum through activation of YAP. This hypothesis will soon be 

tested. 
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These hypotheses are compiled in a cartoon describing how TNC may affect YAP activity in 

EC (Fig. 38). 
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Figure 38. Working model of TNC inhibition of YAP pro-survival pathway in EC 

Blue arrows represent expected role of TNC on Yap signaling. ROCK: Rho-associated protein kinase; LATS: 

large tumor suppressor; YAP: Yes-associated protein; TEAD: transcriptional enhancer associate domain; CTGF: 

connective tissue growth factor; Cyr61: cysteine-rich, angiogenic inducer, 61; DKK1: Dickkopf-1 (for more 

informations see: Chan et al., 2011; Halder et al., 2012; Huang et al., 2001b; Hwang et al., 2014; Julian 

Downward, 2009; Rhee and Grinnell, 2006; Wenk et al., 2000) 

 

 

4. TNC promotes tumor angiogenesis through paracrine signaling in tumor cells and 

CAF 

 

Since a direct contact of EC with TNC promotes their cell death we searched for a paracrine 

mechanism that could explain the angiogio-modulatory properties of TNC seen in cancer 

tissue. Here we had focused on GBM since these cells express copious amounts of TNC and 

high TNC expression especially around blood vessels correlates with worsened survival 

prognosis in patients with glioma (Herold-Mende et al., 2002; Midwood et al., 2011). We 

observed that growth of three different human GBM cells triggered the secretion of soluble 



� ����

factors that promoted survival, proliferation and tubulogenesis of EC (HUVEC, BAEC) in a 

TNC context. A context with different TNC levels was either accomplished by plating cells 

on CDM containing or lacking TNC or by downregulating TNC expression in U87MG 

through shRNA. Fibroblasts have been shown to be a source of TNC in cancer models 

(Kalluri and Zeisberg, 2006; O’Connell et al., 2011) and thus might also be instructed by 

TNC to secrete a pro-angiogenic secretome. We addressed this possibility in CAF by plating 

cells on CDM containing or lacking TNC and in TIF by downregulating TNC expression 

(shRNA technology). Again, we observed that TNC-instructed cells secreted factors that 

promoted HUVEC multiplicity (CAF) and HUVEC sprout length (TIF).  

 

Thus in contrast to a direct negative effect of TNC on angiogenesis, we showed that TNC 

induces a paracrine pro-angiogenic effect through modulating the secretome of tumor cells 

and CAF. A potential indirect effect of TNC on angiogenesis had also been identified by 

others. In particular, Martina and collaborators showed an increase of sprouting structures 

from HUVEC-coated beads upon co-culture with TNC-overexpressing HEK293 cells 

(compared to control HEK293 not expressing TNC) embedded into collagen gels (Martina et 

al., 2010). 

 

Sumioka and collaborators used the physiological corneal neovascularization assay on tissue 

from TNC KO and wt mice to generate scars to determine what impact TNC has on tissue 

repair. They showed that lack of TNC in mice impaired blood vessel extension into the scar 

site. They demonstrated that TNC promotes the expression of important angiogenic cytokines 

such as VEGF and TGFβ1 in fibroblasts that were present underneath the corneal epithelium 

yet not in contact with the blood vessels (Sumioka et al., 2011). These results suggested that 

fibroblasts or other cells are potentially induced by TNC to secrete pro-angiogenic factors 

such as VEGFA and TGFβ. Whether these growth factors indeed were responsible for the 

TNC associated angiogenesis effect was not shown.  

 

Ballard and collaborators using a model of cardiac allograft transplantation in TNC KO and 

wt mice showed that TNC is expressed in the microenvironment of the allografted ear. 

Moreover, TNC KO mice failed to vascularize cardiac allografts upon grafting of the tissue 

into the ear (Ballard et al., 2006). Again, this experiment suggests that factors secreted by the 

host are essential for angiogenesis and that expression of these factors is dependent on TNC. 

The identity of these factors remained elusive. 
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Tanaka and colleagues used a melanoma xenograft model where melanoma cells (highly 

expressing TNC) were grafted subcutaneously into an immune compromised host lacking 

TNC (TNC KO). Despite expression of TNC by the tumor cells vessel density was somewhat 

reduced in TNC KO mice. Most importantly, perfusion of the tumor vasculature seemed to be 

impaired in the absence of TNC. What that exactly means in terms of vessel functionality and 

which stromal cells contributed to tumor vessel formation was not addressed. Nevertheless, 

these results demonstrated that factors secreted by the host in a TNC dependent manner were 

important for vessel perfusion (Tanaka et al., 2003). This observation is in agreement with our 

results showing that vessel perfusion is reduced in Rip1Tag2 mice lacking TNC (TNC KO). 

That tumor cells are also important to provide pro-angiogenic factors was shown in a 

neuroblastoma xenograft model where Oct-4 positive/TNC positive tumor cells were grafted. 

The authors observed a higher vessel density and increased tumor growth when the tumor 

cells expressed TNC (in comparison to a TNC KD) (Pezzolo et al., 2011). These experiments 

indicated that TNC-derived from stromal and from tumor cells (at least in neuroblastoma and 

melanoma tumor context) regulate tumor angiogenesis which is consistent with what we 

observed for the first time in an immunocompetent mouse model (Saupe et al., 2013). 

 

Here, we had used a plethora of state-of-the art angiogenesis models to address the multiple 

roles of TNC in tumor angiogenesis. Altogether, our studies provide convincing evidence for 

multiple and potentially opposing roles of TNC in blood vessel formation and function in 

tissue homeostasis and pathologies which also had been seen by others. What is novel is that 

we demonstrated that TNC induces a pro-angiogenic secretome in CAF and tumor cells that 

promoted EC survival and tubulogenesis. Moreover, we determined the molecular 

composition of this TNC-induced secretome and validated candidate effector targets (see 

below). 

 

 

5. TNC induces an angio-modulatory secretome in GBM cells involving the lipocalin 

family and CXCL12/SDF1 

 

In order to analyze the secretome of cells educated by TNC, we used a proteomic approach 

that revealed a selective high abundance of angio-modulatory molecules in this secretome. 

We identified a differential effect of TNC on the CAF and GBM secretome. We proved that 
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TNC promoted a pro-angiogenic signature in particular in GBM cells in vitro. By mass 

spectrometric (LC-MS/MS) analysis we observed that the secretome of U87MG cells that had 

been educated by TNC was very different to that of cells not being educated by TNC. In 

particular, we observed that around 685 secreted molecules were significantly different 

between the two conditions. Most importantly, whereas molecules with an anti-angiogenic 

function were predominantly found in CM from U87MG cells grown on a CDM lacking TNC, 

molecules with a pro-angiogenic function were mainly found in CM of cells that grew on a 

TNC containing CDM, suggesting that TNC is a potent inducer of a pro-angiogenic secretome 

in GBM cells. 

 

We observed several pro-angiogenic molecules to be upregulated by TNC and other anti-

angiogenic proteins that are repressed. We identified several human secreted proteins with 

pro- and anti-angiogenic properties which are repressed by TNC. Angiotensinogen was shown 

to be the most downregulated protein by TNC. Angiotensinogen is a potent inhibitor of 

angiogenesis that delays tumor angiogenesis and growth (Corvol et al., 2003; Vincent et al., 

2009). The tissue-type plasminogen activator (tPA) was also downregulated by TNC and its 

kringle domain was shown to suppress growth factor-induced angiogenesis (mainly VEGF) 

that decreases vessel density in a lung cancer xenograft model (Shim et al., 2005). 

Nevertheless tPA was also shown to correlate with tumor progression and angiogenesis in a 

transgenic pancreatic tumor model (Díaz et al., 2002). Semaphorin-5A is repressed by TNC 

and is known to promote EC survival and migration as well as vessel density in a xenograft 

pancreatic tumor mouse model (Sadanandam et al., 2010, 2012). Calreticulin which is the 

precursor of the potent angiogenic and tumor growth inhibitor, vasostatin, is downregulated 

by TNC (Pike et al., 1998). TNC repressed also the metalloprotease Neprilysin which is 

known to inhibit angiogenesis via proteolysis of FGF2 (Goodman et al., 2006). CXCL14, 

described to be a potent inhibitor of tumor angiogenesis (Shellenberger et al., 2004), is also 

repressed by TNC. Gremlin-1 which is an agonist of the major pro-angiogenic receptor 

VEGFR2 (Mitola et al., 2010). Moreover the expression of the potent anti-angiogenic ECM 

molecule thrombospondin-1 and two agonists of the transforming growth factor family, 

TGFβ1 and TGFβ2 were also slightly reduced in the TNC conditions. Several anti-angiogenic 

insulin-like growth factor-binding proteins (IGFBP) were also downregulated (Chen et al., 

2011; Kim et al., 2011; Rho et al., 2008; Zhang et al., 2012). Other interesting already 

described angio-related ECM proteins also belong to this TNC-repressed list of molecules 



� ����

such as lumican which inhibits angiogenesis (Niewiarowska et al., 2011; Sharma et al., 2013) 

or the protein NOV homolog (or IGFBP9) which promotes angiogenesis (Lin et al., 2003). 

 

In addition we identified LCN1 as a novel candidate downregulated by TNC and showed for 

the first time that LCN1 represses EC tubulogenesis. LCN1 or Von Ebner gland protein is a 

protein with a predicted molecular mass of 18 kDa part of the lipocalin super-family. This 

family is composed of small secretory proteins that play a role as carriers of lipophilic 

substances or play a role as protein transporters (Dartt, 2011). LCN1 may play a role in taste 

reception, inflammatory response and cell motility (Bratt, 2000; Flower, 1994). LCN1 was 

shown to impair cancer cell motility and invasion (Zhang et al., 2006) and to repress cysteine 

proteinase activity (Hof et al., 1997; Wojnar et al., 2001). Moreover LCN1 exhibits 

antimicrobial and endonuclease activity (Fluckinger et al., 2004; Yusifov et al., 2000). 

Interestingly LCN1 was described as potential marker of severity of inflammatory diseases 

(Wang et al., 2014; Xu and Venge, 2000). LNC1 is overexpressed in some pathological 

situation as diabetic retinopathy (Cs�sz et al., 2012), age-related macular degeneration (Yao et 

al., 2013), in cystic fibrosis (Redl et al., 1998) or in chronic obstructive pulmonary disease 

(Wang et al., 2014). Nevertheless LCN1 expression is anti-correlated with chronic obstructive 

pulmonary disease (Nicholas et al., 2010; Wang et al., 2014). Thus one hypothesis of the 

function of LCN1 in pathology is that it might act as a protective factor against inflammation 

(Dartt, 2011; Xu and Venge, 2000). Since TNC exerts pro-inflammatory activities 

(Chockalingam et al., 2013; Mancuso et al., 2006; Midwood et al., 2009; Page et al., 2012; 

Patel et al., 2011), the potential protective role of LCN1 in inflammation (Dartt, 2011; Xu and 

Venge, 2000) is potentially alleviated by TNC and thus repression of LCN1 may contribute to 

the pro-inflammatory effect of TNC. Although inflammation is promoting cancer and in 

particular tumor angiogenesis it is not well established whether and how TNC plays a role in 

this scenario (Albini et al., 2005; Colotta et al., 2009; Hanahan and Weinberg, 2011; Ono, 

2008).� 

 

At the opposite TNC promoted the expression of several secreted pro-angiogenic molecules 

such as transglutaminase-2 (TG2) (Haroon et al., 1999; Wang et al., 2013b), pleiotrophin 

(Papadimitriou et al., 2009; Perez-Pinera et al., 2008), Wnt7b (Mongiat et al., 2010) and 

Wnt5a/b (Masckauchán et al., 2006 and thesis work from Shengda Lin from Diane Slusarski's 

lab).� Together with previous observations that TNC promoted Wnt signaling, enhanced 

expression of Wnt ligands could be important for promoting angiogenesis by TNC through 
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this pathway (Saupe et al., 2013). Interestingly we also isolated the two pro-angiogenic YAP 

target genes, Cyr61 and CTGF (Brigstock, 2002; Leu et al., 2002; Maity et al., 2014) which 

were upregulated by TNC. This finding suggests that a differential regulation of YAP by TNC 

applies in GBM and in EC.  

 

We showed that another member of the lipocalin family, lipocalin-7 (LCN7) also named 

tubulointerstitial nephritis antigen-like (TINAGL1), is the most upregulated protein by TNC 

(5.16 fold, log2 value). LCN7 is expressed in normal vessels (Li et al., 2007). The group of 

Allan Albig has shown that overexpression of LCN7, expressed in normal vessels (Li et al., 

2007), promoted EC tubulogenesis, invasion and survival. They showed that recombinant 

LCN7 increased EC invasion in vitro and sprouting angiogenesis in the aortic ring assay. 

Finally they demonstrated that knock down of LCN7 using the morpholino strategy in 

zebrafish repressed vessel formation (Brown et al., 2010). Another member of the lipocalin 

family, lipocalin-2 (LCN2) has been already described to modulate angiogenesis. The group 

of Marsha Moses showed that LCN2 expression promoted VEGF165 expression at protein 

level and thus enhanced EC migration. They demonstrated that recombinant LCN2 also 

increased VGEF-induced angiogenesis in a mouse corneal pocket assay (Yang et al., 2013). 

These data and ours highlight an interesting role of lipocalin family members in angiogenesis 

with pro-angiogenic properties of LCN7 and potential anti-angiogenic effects of LCN1. 

Finally, expression of LCN1 and LCN7 is oppositely regulated that may result in a pro-

angiogenic or anti-angiogenic net balance depending on other unknown factors. 

 

So far we observed a clear shift towards a pro-angiogenic signature by TNC. Nevertheless 

some described angiostatic or anti-angiogenic molecules are upregulated by TNC such as 

semphorin-3A (Casazza et al., 2011; Maione et al., 2009), matrix Gla protein (MGP) (Sharma 

and Albig, 2013; Yao et al., 2011), spondin-1 (F-spondin or Vascular smooth muscle cell 

growth-promoting factor VSGP) (Terai et al., 2001) and potentially matrilin-2 and -3. 

Although matrilin-2 and -3 have not been analyzed in an angiogenesis context family member 

matrilin-1 (not express in the profiling) is a known anti-angiogenic molecule (Foradori et al., 

2014).  

 

Finally, we identified the potent pro-angiogenic factor SDF1 or CXCL12/SDF1 (Ho et al., 

2010; Kryczek et al., 2005; Orimo et al., 2005) to be induced by TNC. By pharmacological 

inhibition of its receptor CXCR4 (AMD3100) we revealed that TNC largely promotes 



� ����

angiogenesis through this pathway. In a U87MG grafting model it was recently shown that 

blocking CXCR4 was highly efficient in reducing tumor angiogenesis and growth (Ping et al., 

2011). This reveals that in this model CXCR4 signaling is crucial to drive tumor angiogenesis. 

Our results show that TNC enhances signaling through this pathway and thus enhances tumor 

angiogenesis. 

Interestingly VEGFA, a potentially TNC-modulated factor , did not belong to the list of 

regulated TNC-educated molecules in our study which was confirmed by ELISA. 

 

Several matrisomal core-proteins such as Col (COL14A1, COL15A1, and COL18A1), CTGF, 

SRPX2 and SLIT3 as well as the Loxl1 matrisome-associated molecule were upregulated by 

TNC in our study. Several of these molecules belong to the AngioMatrix, a gene expression 

signature that characterizes the angiogenic switch and has predictive value in glioma and 

colon cancer malignancy (Langlois et al., 2014). Several other members of the AngioMatrix 

were in the list of molecules that were downregulated by TNC which suggests that there are 

potentially two groups of AngioMatrix molecules, one group that is downregulated by TNC 

and another that is upregulated by TNC. Both groups are potentially interesting for a further 

stratification of patient survival. Future work needs to address whether a list of genes with 

TNC-upregulated AngioMatrix molecules is potentially of worse prognostic value for cancer 

patients than the whole AngioMatrix signature. 

 

In conclusion, our study revealed cellular and molecular insight into the multiple effects of 

TNC on tumor angiogenesis showing that TNC exerts direct anti-angiogenic activities 

towards EC and paracrine pro-angiogenic activities through tumor cells and CAF. These 

opposing effects could explain that TNC promotes more but poorly functional tumor blood 

vessels. Identification and detailed insight into molecules responsible for the pro- and anti-

angiogenic activities of TNC might provide for the first time opportunities to counteract TNC 

activities at the molecular level in cancer. 

 

Despite these interesting results, we still do not know if the observed mechanisms are relevant 

in a tumor context. Therefore, two important experiments are ongoing in the laboratory. We 

are addressing whether the pro-angiogenic secretome induced by TNC drives angiogenesis in 

U87MG tumor grafts and whether the candidate list of pro-angiogenic molecules correlates 

with angiogenesis and worsened patient survival in glioma and other cancer patients.  
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6. CDM with abundant and no TNC as valid model to determine the roles of TNC in 

cancer 

 

In tumor tissue TNC acts in concert with other ECM molecules. This cannot be recapitulated 

by a 2D TNC substratum. To mimic the 3D context we established CDM with abundant and 

no or low TNC expression in CAF and MEF. We had characterized the CDM of these 

fibroblasts in some detail by IF analysis and proteomic approach (Koczorowska, Rupp, 

Radwanska, et al., in preparation) and observed that the ECM networks were fibrillar in the 

presence and absence of TNC. In the MEF derived CDM we did not see an obvious difference 

in the organization of the collagen and FN networks in the absence of TNC in comparison to 

its presence. Yet the molecular composition was different (Koczorowska, Rupp, Radwanska 

et al., in preparation) suggesting that eliminating expression of one ECM molecule from a 

fibroblast has a profound impact on the ECM that this cell produces. In the tumor context a 

TNC-dependent ECM could have a significant impact on the microenvironment affecting 

mechanical properties and abundance of ECM-sequestered or ECM-presented soluble factors. 

Most importantly, CDM from TNC KO MEF was devoid of TNC. By comparing cell 

behavior on CDM with abundant and no TNC we recapitulated properties of 2D substrata 

containing or lacking TNC such as repressed EC survival and proliferation by TNC. This 

result suggests that the observed biological effects seen in cells plated on CDM can be linked 

to the abundance of TNC and thus CDM with abundant and no TNC, respectively is a good 

substratum to address the functions of TNC. 

 

 

7. What upstream signaling is triggered by TNC to promote or inhibit tumor 

angiogenesis? 

 

By which mechanism TNC induces a pro-angiogenic secretome in GBM cells or CAF is 

unknown. TNC could directly bind to integrins and by that induce a pro-angiogenic secretome. 

These integrins would comprise ανβ3 (Jones et al., 1997; Sriramarao et al., 1993), ανβ6 

(Yokosaki et al., 1996), α2β1 (Sriramarao et al., 1993), α8β1 (Schnapp et al., 1995) or α9β1 

(Yokosaki et al., 1994) or the α5β1/syndecan-4 complex (Huang et al., 2001). Our 

understanding is largely based on the fact that we had compared conditions with abundant and 

no/low TNC levels. Taking TNC away seems to have a global impact on the abundance of 
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molecules in the ECM, and potentially also impacts on their crosslinking, matrix stiffness and 

abundance of soluble factors. Altogether this will have a huge impact on how a cell is 

responding and thus could be indirect not following TNC-receptor mediated signaling. 

 

As future outlooks to determine how TNC induces an angio-modulatory secretome the 

following questions should be address: 

 

i) Which cell adhesion receptors for TNC are involved? Does receptor mediated binding to 

TNC induce expression of the angio-modulatory secretome? Would this involve any of the 

known TNC binding integrins or syndecan-4? These possibilities can be tested with specific 

integrin inhibitors or the syndecan-4 activating peptide.  

 

ii) Does the presence or absence of TNC have an impact on stiffness of the CDM? This 

should be addressed by AFM microscopy. Does matrix stiffness per se have an impact on the 

angio-modulatory secretome? This could be addressed by lowering the stiffness of the CDM 

by using matrix (collagen) crosslinking inhibitors such as LOX inhibitors or a TG2 KD 

amongst others. Also substratum stiffness could be designed by using polyacrylamid gels with 

different concentrations (Barbolina et al., 2013).  

 

iii) Does any / how many of the molecules that are differentially expressed in the CDM in the 

presence or absence of TNC (Rupp, Koczorowska, Radwanska et al., in preparation) have an 

impact on the angio-modulatory secretome? 

 

 

8. Hypothesis how TNC potentially impacts on tumor angiogenesis  

 

TNC is already expressed early in tumorigenesis and is continued to be expressed at all stages 

during tumor progression (Saupe et al., 2013). Thus TNC may play multiple roles during 

these events. Indeed our study confirms this possibility. During tumorigenesis the following 

scenario may apply: 

 

1.- Tumor cells divide and generate a tumor mass that gets hypoxic. Hypoxia will induce TNC 

(Lal et al., 2001). Hypoxia as well as TNC may recruit fibroblasts that convert into CAF. 
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There is evidence that TNC plays a role in the conversion of fibroblasts into CAF (De Wever 

et al., 2004). 

 

2.- Tumor cells and CAF get in contact with TNC which triggers the expression of an angio-

modulatory secretome (Rupp et al., in preparation). This angio-modulatory secretome is part 

of a larger signature, the AngioMatrix, that drives the angiogenic switch where TNC is one of 

the most highly induced matrisomal molecules (Langlois et al., 2014). There is evidence that 

TNC plays a functional role in the angiogenic switch since this is reduced in the absence of 

TNC and increased upon ectopic overexpression of TNC in the Rip1Tag2 model (Saupe et al., 

2013; Langlois et al., 2014). 

 

3.- TNC by modulating balance of GF in the TME could attract CAF (De Wever et al., 2004), 

EC and other cells that form the new vessels. TNC is expressed by tumor and stromal mural 

cells yet not by EC thus generating a TNC rich TME around the newly formed vessels (Rupp 

et al., in preparation; Martina et al., 2010: Herold-Mende et al., 2002). A better understanding 

of how TNC is repressed in EC may provide opportunities to develop novel strategies to 

counteract TNC expression in the TME. 

 

4.- TNC is continuously expressed and forms tracks that serve as local niches for CAF, 

immune cells and potentially cancer stem cells (Spenlé et al., 2015). 

 

5.- Due to its high abundance TNC may also get into close vicinity to EC. A direct contact 

with TNC challenges survival of EC presumably by a mechanism that involves impairment of 

YAP signaling. This impaired YAP signaling potentially promotes cell death due to 

downregulation of pro-angiogenic factors such as Cyr61 and CTGF that would maintain EC 

survival (Rupp et al., in preparation).  

 

6.- Those EC that do not die upon contact with TNC proliferate and migrate less which would 

impair their tubulogenic properties (Rupp et al., in preparation). TNC also appears to reduce 

EC cohesion and pericyte migration (Rupp et al., in preparation) that would lead to reduced 

coverage by pericytes (which we had seen in the Rip1Tag2 model (Saupe et al., 2013). 

Altogether these events may culminate in destabilized poorly functional vessels that would 

offer a poor barrier for cancer cells thus promoting metastasis. Indeed we saw increased 
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vessel leakage and enhanced lung micrometastasis in dependence of TNC in the Rip1Tag2 

model (Saupe et al., 2013). 

 

7.- Finally contact of tumor cells with TNC may contribute to their transdifferentiation into 

cells that integrate into the tumor vasculature. A potential role of TNC in vasculogenic 

mimicry had already been suggested by us and others (Kääriäinen et al., 2006; Pezzolo et al., 

2011; Spenlé et al., 2015).  
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E. CONCLUSION 

 

 

In conclusion, I had used several in vitro, ex vivo and in vivo models to study the roles 

of TNC in angiogenesis. These approaches were used to determine how TNC impacts on 

tumor angiogenesis at cellular and molecular level. Our results support that TNC has multiple 

and opposing roles in tumor angiogenesis. TNC promotes the angiogenic switch, and 

increases the formation of new vessels, yet these vessels are badly shaped and leaky, thus 

poorly functional. We have shown that TNC disturbs directly EC functions such as survival, 

proliferation, migration and tubulogenesis. Due to its adhesion inhibitory effect TNC impaired 

YAP signaling. Altogether this could explain how TNC contributes to vessel malformation. 

Moreover, we demonstrated that contact of tumor cells and CAF with TNC induces an angio-

modulatory secretome in these cells that promotes hallmarks of angiogenesis such as survival 

and tubulogenesis. This paracrine mechanism appears to be linked to LCN1 downregulation 

and LCN7 upregulation. In addition induction of CXCL12/SDF1 is largely responsible for 

TNC-induced EC tubulogenesis. In the future it will be important to determine whether 

targeting CXCR4 (or other identified TNC regulated pro-angiogenic molecules) is 

neutralizing the TNC promoting effect on tumor angiogenesis in vivo. Importantly, targeting 

CXCR4 signaling with the FDA-approved SDF1 inhibitor AMD3100 (also known as 

Plerixafor, Sanofi Aventis) (Lanza et al., 2015) together with Bevacizumab (blocking VEGFA 

signaling (Vredenburgh et al., 2007) is currently applied in a clinical study for recurrent high-

grade glioma (study number: NCT01339039). This approach could be superior over targeting 

VEGFA alone because additional targeting of CXCR4 may also counteract an important pro-

angiogenic activity of TNC. Thus targeting the inherently TNC-rich TME in GBM with anti-

angiogenic drugs in combination with drugs that block the TNC-related pro-angiogenic 

activities may lead to significantly reduced tumor angiogenesis and retarded tumor growth. 

Tumor vessels may also regress or normalize when the vessel corrupting activity of TNC is 

blocked (Jain, 2005) thus enhancing the delivery of adjuvant chemo-therapeutics such as 

temozolomide (Pedretti et al., 2010b) into the tumor tissue. Targeting TNC activities may also 

have an impact on the tumor bed promoting tumor relapse and malignancy but remains 

largely unaffected by any of the currently applied therapeutic approaches.  
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Abstract 

In human colorectal tumors LM�1 is the most highly expressed laminin isoform suggestive of 

a role of LM�1 in tumorigenesis. We describe the laminin �1 chain (LM�1) as driver of cross 

talk between tumor and stromal cells promoting tumorigenesis. LM�1 overexpression leads 

to increased colon tumor incidence, growth and angiogenesis. LM�1 attracts carcinoma-

associated-fibroblasts (CAF) and promotes CXCR4-dependent VEGFA secretion, which in 

turn stimulates tumor cell survival, proliferation and angiogenesis. 

 

Significance 

Tumor stroma remodeling is a key feature of malignant tumors and an important promoter of 

cancer progression. We describe that a basement membrane molecule, the laminin alpha1 

chain (LM�1), is overexpressed in human colon tumors. In mice, its overexpression leads to 

increased incidence, growth and angiogenesis of colon tumors. We also identified VEGFA 

and CXCR4 as key players. We provide a novel mechanism comprising tumor / stromal 

crosstalk with the LM�1-rich ECM to promote cancer cell survival, proliferation, endothelial 

cell expansion and pericyte coverage of new blood vessels. Overexpression of LM�1 in 

human colon cancer does not correlate with tumor stage and thus may represent an early 

event in tumorigenesis potentially useful for colon cancer diagnosis. 

 

Highlights 

• In human colon tumors laminin �1 (LM�1) is the most highly overexpressed isoform  

• In mice LM�1 increases tumor incidence, angiogenesis and growth of colon tumors  

• LM�1 exerts its effect on the tumor ecosystem through CXCR4 and VEGFA signaling 

• Binding of VEGFA to LM�1 stimulates proliferation and survival of cancer cells 
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Introduction 

Cancer progression is considered as a multistep process, where tumor cells acquire 

properties that enable their survival, proliferation and invasion, finally leading to 

dissemination and establishment of metastasis. Some steps are cell autonomous while 

others need the interactions with other cell types and the extracellular matrix (ECM) within 

the tumor stroma (Hanahan and Weinberg, 2011). Tumor cells and tumor associated cells 

such as endothelial cells, immune cells and carcinoma associated fibroblasts (CAF) secrete 

soluble factors as well as specific ECM that usually is very different from that of normal tissue 

and altogether provides a particular presumably tumor type specific tumor microenvironment 

(TME) (Bissell and Hines, 2011; Hynes, 2009).  

Laminins (LMs) are heterotrimeric glycoproteins that together with other ECM molecules form 

a highly organized basement membrane (BM), which serves as barrier between epithelial 

and mesenchymal cells (Hohenester and Yurchenco, 2013). The LM family comprises at 

least 15 isoforms. The LM trimers are composed of an �, � and � chain (Simon-Assmann et 

al., 2011). In particular LM�1 is present in LM111 and LM121. Importantly, LM111 is highly 

expressed in most BMs during embryonic development but its expression in the adult is 

restricted to a few sites (Falk et al., 1999). The function of LM�1 containing LMs in 

physiology and diseases is poorly understood. We and others have shown that mice with a 

complete LM�1 knockout die in utero due to the lack of the extra embryonic Reichert’s BM 

(Alpy et al., 2005; Miner et al., 2004). Recently, we have demonstrated that mice with a point 

mutation in the LN domain (Y265C) of LM�1 or with a Sox2-driven conditional knockout of 

LM�1 in embryonic tissues (LM�1cko) are viable (Edwards et al., 2010). However, they exhibit 

several defects in the retina and the central nervous system. In particular, these mice suffer 

from vision defects which may be due to the observed profoundly disorganized vasculature in 

the cerebellum and the retina and an aberrant localisation of Muller glial cells in the inner 

limiting retinal BM ( Edwards et al., 2010, 2011, Heng et al., 2011; Ichikawa-Tomikawa et al., 

2012). A high abundance of LMs has been noted in several cancers including 
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gastrointestinal, ovary and breast cancer (Aghcheli et al., 2012; Chu et al., 2002; Sidhom and 

Imam, 1999) and correlates with poor prognosis in particular in colorectal cancer (Saito and 

Kameoka, 2005) suggesting a role of aberrantly expressed LMs in colon cancer progression. 

However, which LM isoform(s) would be involved was unknown until recently, when we had 

discovered that LM�1 promotes tumorigenesis in an immune compromized colon cancer 

model (De Arcangelis et al., 2001). Nevertheless, the underlying molecular mechanisms 

remained elusive.  

To address how LM�1 promotes colon tumorigenesis here, we have established novel 

transgenic mouse models with ectopic expression of LM�1 in the intestinal epithelium. Using 

chemical (De Robertis et al., 2011) and genetic (Fodde et al., 1994) induction of colon 

tumorigenesis, we determined the impact of ectopically expressed LM�1 on stochastically 

arising tumors in immune competent mice. We observed that LM�1 promotes tumor 

formation and angiogenesis by triggering an intimate crosstalk between tumor and stromal 

cells and their LM�1 matrix. Notably, CAF are key players as they are attracted by LM�1. 

They respond to LM�1 by expression of VEGFA in a CXCL12/CXCR4 dependent manner. 

We demonstrate that in turn the matrix-bound form of VEGFA enhances tumor cell 

proliferation and survival. Thus, our data provide evidence for a causal link between high 

LM�1 abundance and enhanced angiogenesis and tumor growth, employing CXCR4 and 

VEGFA signaling. This link could be relevant for diagnosis and targeting of human colon 

cancer where LM�1 is highly expressed.  
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Results 

LM�1 is overexpressed in colon cancer 

Elevated LM levels in serum had been correlated with worsened prognosis of colon cancer 

patients (Saito and Kameoka, 2005). To identify the LM isoforms involved we determined 

expression levels of the eleven LM chains in 42 primary human colorectal cancer specimens 

(Supplemental Table S1) in comparison to matched adjacent apparently normal colonic 

tissue by quantitative reverse transcription PCR (qRTPCR). LM�1 was highly overexpressed 

(on average more than 10-fold) in cancer tissue compared to non-affected adjacent tissue 

and is the most abundantly expressed LM chain amongst all subunits tested (Fig. 1A). 

Notably, two other LM chains were also significantly but less abundantly overexpressed in 

tumor tissue, LM�1 (3-fold) and LM�5 (1.9-fold). In contrast, three other LM chains showed a 

decreased expression in tumors, LM�3 (3.6-fold), LM�3 (2.7-fold) and LM�3 (6-fold). Tissue 

staining revealed that LM�1 is expressed in the stroma and at the interface between cancer 

cells and the tumor stroma (Fig. 1B).  

 

LM�1 promotes survival and proliferation and increases colon cancer incidence and 

growth in transgenic murine models with intestine specific overexpression of LM�1  

To investigate the role of LM�1 in colon cancer we have generated transgenic mice where 

the LM�1 cDNA is expressed under the control of the villin promoter (vLM�1, Supplemental 

Fig. S1 A). The villin promoter drives specific and high expression of the transgene in the 

epithelium of the gut and along the entire intestinal crypt–villus axis (Pinto et al., 1999). By 

qRTPCR we confirmed that indeed LM�1 was strongly overexpressed at mRNA and protein 

level in colon of transgenic vLM�1 mice compared to wildtype littermates as determined by 

qRTPCR and Western blot, respectively (Supplemental Fig. S1D, E). Moreover, 

immunofluorescence (IF) analysis revealed that transgenic LM�1 was expressed in the BM 
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of the crypt region whereas endogenous LM�1 was only poorly expressed in control colon 

tissue (Supplemental Fig. S1B, C). However, LM�1 overexpression did not lead to 

abnormalities in gut morphology and homeostasis (data not shown). 

To investigate the consequences of LM�1 overexpression on colon cancer, we used 

the carcinogen azoxymethan (AOM) or a combination of AOM and dextran sulfate sodium 

(DSS) to induce colon carcinogenesis and observed intraepithelial carcinomas up to colon 

adenocarcinomas pT2 resembling the human pathology (Papanikolaou et al., 1998; De 

Robertis et al., 2011) (Supplemental Fig. S1I-J). To determine how LM�1 promotes colon 

tumorigenesis, we compared the tumor incidence in wildtype and vLM�1 transgenic mice 

(Fig. 2A). We observed that 100% of carcinogen (AOM, AOM/DSS) treated transgenic 

vLM�1 mice developed at least one tumor in the colon whereas control wildtype littermates 

only showed a tumor incidence of 36% (AOM) and 50% (AOM/DSS), respectively. When 

vLM�1 expressing mice were crossed with APC+/1638N mice lacking an allele of the APC 

tumor suppressor gene (Fodde et al., 1994) we observed a 75% tumor incidence in 

compound vLM�1/APC+/1638N mice in comparison to 17% tumor incidence in control 

littermates (Fig. 2A). Thus, gut specific overexpression of LM�1 significantly promotes 

tumorigenesis in both chemically and genetically induced carcinogenesis models.  

 

Since increased tumorigenesis was seen in all three models overexpressing LM�1, we 

focused our studies on the AOM/DSS tumor model. We first observed an increase in tumor 

size (Fig. 2B) and in tumor number (Supplemental Fig. S1K) in AOM/DSS treated vLM�1 

mice compared to wildtype control littermates. This was indeed correlated with an increased 

expression of LM�1 at mRNA (Supplemental Fig. S1F) and protein level as seen upon 

tissue staining (Supplemental Fig. S1G, H). In particular we observed high levels of LM�1 at 

the interface between cancer cells and the stroma both in control and transgenic tumors and 

within the stroma of vLM�1 tumors (Supplemental Fig. S1G, H).  
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To address whether the observed increased tumorigenesis is indeed linked to the 

abundance of LM�1, we analyzed tumorigenesis under conditions with lowered LM�1 

expression. Therefore, we established a HCT116 xenograft model with reduced LM�1 

expression upon knock down (HCT116shLM�1, Supplemental Fig. S1L). Upon 

subcutaneous injection into immunompromized mice, we observed that HCT116shLM�1 

cells induced significantly smaller (2.5-fold) tumors than HCT116 control cells (with a 

scrambled shRNA) (Fig. 2B). Altogether our results showed that tumor incidence and growth 

correlated with LM�1 abundance suggesting that LM�1 promotes tumorigenesis.  

 

We considered the possibility that LM�1 impacts on survival and/or proliferation which 

we addressed by signal quantification upon immunostaining for the apoptosis marker cleaved 

caspase 3 and the proliferation marker Ki67. We observed that colon tumors from AOM/DSS 

treated vLM�1 mice exhibited 1.4-fold more proliferating cells (Fig. 2C) and 1.3-fold less 

apoptotic cells (Fig. 2D) than tumors from control littermates. Although each effect is rather 

mild a synergism in survival and proliferation could explain enhanced tumor growth by LM�1.  

 

LM�1 promotes tumor angiogenesis and vessel maturation 

We had previously shown that overexpression of LM�1 in the HT29 human colon carcinoma 

xenograft model leads to increased tumor growth with strong vascularization (De Arcangelis 

et al., 2001). Now we quantified tumor angiogenesis upon CD31 staining and observed that 

increased LM�1 levels in HT29 tumors correlates with 2.5-fold enhanced angiogenesis (Fig. 

3A, Supplemental Fig. S2C-D). This result suggests that elevated LM�1 expression 

promotes tumor angiogenesis. To address this possibility further we quantified the CD31 

staining signal in our novel LM�1 tumor model and indeed observed a 2.5-fold increased 
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expression in AOM/DSS induced vLM�1 colon tumors in comparison to control tumors (Fig. 

3A, Supplemental Fig. S2A-B). We further confirmed a link of LM�1 abundance to the 

extent of tumor angiogenesis in another tumor grafting model with lowered LM�1 levels. In 

particular, we observed a 2.5-fold lowered CD31 signal in HCT116shLM�1 tumors in 

comparison to control tumors�(Fig. 3A, Supplemental Fig. S2E-F).  

 

Mature vessels are characterized by pericyte coverage. Thus next we assessed 

whether LM�1 had an impact on tumor vessel maturation by tissue staining for the pericyte 

marker NG2. We observed that whereas pericyte covered blood vessels (NG2/CD31 ratio) 

were significantly increased in vLM�1 (1.8-fold) and HT29LM�1 xenograft (1.5-fold) tumors 

they were 1.5-fold reduced in HCT116shLM�1 xenograft tumors� (Fig. 3B, Supplemental 

Fig.S2G-L).  

Together our data demonstrate that LM�1 expressed by tumor cells drives tumor 

angiogenesis characterized by a stronger pericyte coverage.  

 

CAF are attracted by LM�1 which are abundant in tumors with high LM�1 expression 

Carcinoma associated fibroblasts (CAF) play an important role in tumor progression by 

several mechanisms including promotion of angiogenesis. Therefore, we determined their 

abundance by immunostaining for �SMA. In LM�1 overexpressing tumors we observed a 

significant enrichment of these cells, as evidenced by a 1.7- and 1.6-fold increased signal in 

AOM/DSS induced vLM�1 and HT29LM�1 tumors, respectively (Fig. 3C, Supplemental Fig. 

S2A-D). In addition the �SMA positive signal was 2.2-fold decreased in HCT116shLM�1 

tumors (Fig. 3C, Supplemental Fig. S2A-F). A similar trend was observed for another CAF 

marker, S100A4/Mts1 (Grum-Schwensen et al., 2005) showing an 1.9-fold increase in the 

vLM�1 tumors in comparison to controls (Supplemental Fig. S2G-H, I). The enrichment of 
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CAF and endothelial cells (Fig. 3) led us to explore the possibility that LM�1 deposited by 

tumor cells attracted these cells to the TME. We tested this hypothesis by assessing 

transmigration of fibroblasts and endothelial cells in a Boyden chamber assay towards LMα1 

provided as condition medium (CM) derived from HT29LM�1 (or control cells), or towards 

purified LM111. We observed that purified LM111 (2.5-fold) and CM from HT29LM�1 cells 

(1.7-fold) enhanced CAF recruitment (Fig. 3D-E). In contrast LM�1 did not stimulate 

transmigration of HMEC, HUVEC or pericytes (Fig. 3D-E). We conclude that LM111 attracts 

CAF but not endothelial cells nor pericytes. 
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Expression of LM�1 is linked with an angiogenic signature in the tumor stroma  

In order to understand what mechanism underlies the increase of tumor blood vessels by 

LM�1, we performed a comparative RNAseq analysis of HT29LM�1 and HT29 control 

xenograft tumors. This approach allows to discriminate between the contributions from the 

human tumor cells and the murine stroma. By using the newly described Xenome tool 

(Conway et al., 2012) we analyzed and stratified the results according to human and murine 

origin. We identified 393 and 834 genes that are significantly up- or downregulated, 

respectively, in the stromal compartment of HT29LM�1 tumors, as well as 1741 and 2149 

genes that are significantly up- or downregulated, respectively in the tumor cells 

(Supplemental Table S4 (Excel file)). We focused our attention on genes that were 

upregulated in the stromal compartment, using the AMIGO on-line tool to assign gene 

functions by gene ontology annotation (Supplemental Fig. S4). This analysis revealed a set 

of 62 genes to be upregulated in HT29LM�1 tumors with a majority annotated for having an 

angiogenesis promoting activity (Supplemental Table S2). 

 

CAF are stimulated to express VEGFA by LM�1 

The RNAseq analysis identified VEGFA as a molecule that is highly expressed by stromal 

cells of HT29LM�1 tumors. VEGFA is a key factor driving tumor angiogenesis and promoting 

tumor cell survival (Chung et al., 2010; Goel and Mercurio, 2013). We confirmed increased 

expression of VEGFA in the stromal compartment by LM�1 at mRNA (2.4-fold) and protein 

level (1.5-fold) in HT29LM�1 tumors compared to control tumors by using species specific 

primers (Fig. 4A, Supplemental Fig. S5A). In contrast, VEGFA mRNA and protein levels of 

tumor cells were independent of LM�1 abundance and not altered. This result suggests that 

LM�1 expressed by tumor cells induces VEGFA expression in stromal but not in the tumor 

cells. We confirmed these data in the tumor models with abundant and poor LM�1 
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expression. We observed that both VEGFA mRNA (1.6-fold) and protein (1.4-fold) levels 

were significantly increased in AOM/DSS-induced vLM�1 tumors  in comparison to control 

tumors (Fig. 4A, Supplemental Fig. S5A). Consistently, VEGFA expression levels were 

significantly reduced in HCT116shLM�1 xenograft tumors in comparison to control tumors 

(Fig. 4A) suggesting that in these tumors VEGFA expression correlates with LM�1 

expression levels.  

 

Next we addressed which stromal cells were stimulated by LM�1 to express VEGFA. 

Therefore VEGFA expression was determined upon growth of endothelial cells, pericytes 

and cancer associated fibroblast (CAF) on a LM111 substratum. We observed that VEGFA 

expression levels were indeed significantly increased at mRNA (2.5-fold) and protein level (2-

fold) in CAF grown on LM111. Yet, VEGFA levels did not increase in normal fibroblasts, 

pericytes nor endothelial cells under the same conditions (Fig. 4B, Supplemental Fig. S5B). 

We next investigated which of the two major LM111 binding integrins �2�1 or �6�1 triggered 

VEGFA expression. Therefore, these integrins were inhibited in CAF grown on a LM111 

substratum with blocking antibodies against integrin �2, �6 or �1. We observed that these �2 

and �1 blocking antibodies caused a decrease in VEGFA expression at mRNA (1.9-fold) and 

protein level (1.9-fold) which was not the case with a blocking antibody against integrin �6 

(Fig. 4C, Supplemental Fig. S5C). This result points to an important role of CAF in the 

LM�1 rich TME and suggests that in these cells VEGFA is induced by cell binding to LM�1 

through integrin �2�1 (but not �6�1).  

 

Binding to LM�1 stimulates CXCL12/CXCR4 signaling in CAF to induce VEGFA in an 

integrin �2�1 dependent manner 

We further addressed the mechanism of VEGFA induction by a LM111 substratum through 

integrin �2�1 in CAF. Data from our RNAseq analysis (Table S5) supported published results 
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suggesting that LM111 promotes expression of CXCR4 through an integrin mediated 

mechanism (Grzesiak et al., 2007). Moreover, it has been reported that CXCL12/CXCR4 

signaling enhances VEGFA expression (Ping et al., 2011; Yang et al., 2005). To see whether 

LMα1 triggers CXCL12/CXCR4 signaling to promote VEGFA induction we determined 

SDF1/CXCL12 and CXCR4 expression in CAF and other stromal cells. We found that CAF 

were the only cell type that exhibited a detectable expression of SDF1/CXCL12 at protein 

and mRNA level, respectively which was in contrast to IMR-90, MEF, HMEC and pericytes 

that only poorly expressed these molecules (Supplemental Fig. S5D). To provide a potential 

link to VEGFA we used the specific CXCL12/CXCR4 pathway inhibitor AMD3100 and 

determined VEGFA expression in cells grown on LM111. We noticed that AMD3100 blocked 

VEGFA expression induced by a LM111 substratum in CAF (Fig. 4D, Supplemental Fig. 

S5E). Next we wanted to know whether this effect was mediated by integrin �2�1. Therefore, 

we determined SDF1/CXCL12 and CXCR4 expression in CAF upon growth on LM111. We 

observed that whereas SDF1/CXCL12 levels were not affected (not shown) CXCR4 mRNA 

(2.2-fold) and protein levels (1.9-fold) were significantly decreased with the integrin �2 

blocking antibody. This was specific since it did not occur with an integrin α6 blocking 

antibody (Fig. 4E, Supplemental Fig. S5F). Finally, to provide evidence for a mechanistic 

link of �2�1 specific signaling induced by LM111 to VEGFA induction through 

CXCL12/CXCR4, we determined VEGFA expression upon stimulation with SDF1/CXCL12 

and upon addition of an integrin �2 or �1 integrin blocking antibody. We observed that 

recombinant SDF1/CXCL12 triggered VEGFA expression at mRNA (2.2-fold) and protein 

level (1.4-fold) in CAF on a LM111 substratum. Moreover, CXCR4 and VEGFA expression 

was downregulated with the function blocking antibodies against integrins �2 and �1 (Fig. 

4F, Supplemental Fig. S5G). Thus, LMα1 triggers VEGFA expression only in CAF that were 

the only cells expressing CXCR4. Inhibition of CXCR4 signaling blocked VEGFA expression 

in CAF which occurred in an integrin �2�1 dependent manner.   
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Finally we tested whether CAF-derived VEGFA is able to trigger angiogenesis. Therefore, we 

used the classical HUVEC tubulogenesis assay. The CM was prepared from CAF that were 

grown on a LM111 substratum. This CM was tested whether it impacted on the proliferation 

of HUVEC which was not the case (Fig. 4G). In contrast to proliferation, CM of LM111 

instructed CAF increased HUVEC tubulogenesis by 25% in comparison to CM from CAF 

grown on plastic (Fig. 4H, Supplemental Fig. S6A-B). Moreover, this effect was VEGFA 

dependent since a treatment with the VEGFA blocking antibody Bevacizumab largely 

reduced the tubulogenesis promoting effect of the LM111 instructed CM (Fig. 4I, 

Supplemental Fig. S6A-C)  

Altogether, these results suggest that LM�1 expressed by tumor cells triggers VEGFA 

expression especially in CAF by a mechanism that involves integrin �2�1 and 

CXCL12/CXCR4.  

 

CAF derived VEGFA promotes cell proliferation and survival of tumor cells 

We asked whether increased VEGFA levels have also an impact on tumor cell survival 

and/or proliferation in our tumor models, as had been described in other tumor models 

(Chung et al., 2010). However, whether VEGFA expressed by CAF mediates these effects 

and whether this is regulated by LM�1 was unknown. Therefore we first investigated whether 

CM from CAF grown on LM111 impacted on tumor cell proliferation. We observed that this 

CM indeed increased the proliferation of LM�1 overexpressing tumor cells as more cells 

entered S and G2/M phases which was accompanied by a decrease of cells in the G0/G1-

phase (43% compared to 66% for control cells) in comparison to control CM (Fig. 5A). To 

investigate a potential effect of LM�1 on tumor cell survival, we induced apoptosis with 

staurosporine (Qiao et al., 1996). We observed that LM�1 promoted survival as only 9.5% 

HT29LM�1 were arrested in the subG1 fraction compared to 12.2% of control cells (Fig. 5B). 
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Notably, this LMα1 associated survival effect was further potentiated (16%) upon pre-

stimulation of cells with CM derived from CAF previously grown on LM111 (Fig. 5B).  

 

Next we asked whether LM111 associated enhanced survival/proliferation is linked to 

VEGFA binding to the ECM. We analyzed survival and proliferation by FACS analysis upon 

addition of VEGFA165, the major active and heparin binding isoform (Miralem et al., 2001), 

and observed that VEGFA165 enhanced entry in S and G2/M phases concomitant with a 

reduced number of cells in the G0/G1-phase (39% compared to 66% of control cells) (Fig. 

5C). In survival assays, we observed that in comparison to control cells HT29LM�1 cells 

were less prone to staurosporine-induced cell death (9.3% subG1 fraction versus 14.3% of 

control cells) (Fig. 5D). This effect was further potentiated by pre-stimulation of HT29LM�1 

cells with VEGFA165 resulting in an additional reduction of dying cells to 5.8%. This effect 

was not observed in the parental cells lacking LM�1 (Fig. 6D). These results suggest that 

LM111 and VEGFA165 collaboratively exert the pro-survival and proliferation stimulating 

effects. 

 

We wanted to know whether this collaboration potentially involves a physical interaction of 

both molecules. This possibility is supported by published work showing that growth factors 

such as VEGFA bind heparan sulfates and ECM molecules (Wu et al., 2009). Whether this 

also applies to LMα1 was unknown. Since LM�1 contains a heparin binding site in the G 

domain (Harrison et al., 2007) we addressed whether VEGFA165 binds to LM111 by 

Biacore. Indeed we observed a strong binding of VEGFA165 to LM111. This was not the 

case for VEGFA121, a non-ECM-binding VEGFA isoform (Fig. 5E). We showed that VEGFA 

165 binds LM111 in a dose dependent manner with a Kd of 4,7 10-8�M which is in a similar 

range as the previously reported binding of VEGFA165 to glycosaminogycans (2.4 x 10-8 M, 

Wu et al., 2009). To confirm that the observed VEGFA effect is dependent on binding to 
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LM�1 we compared survival and proliferation of HT29LM�1 cells with that of control cells 

upon stimulation with VEGFA121 and found no differences in the distribution between subG1 

and G0/G1, S and G2/M phases amongst the two cell types upon staurosporin treatment 

(Fig. 5F-G). Altogether our results indicate that VEGFA, whose expression is triggered by 

LM�1 in CAF, enhances tumor cell survival and proliferation involving binding of VEGFA to 

LMα1. 
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Discussion  

The molecular mechanisms underlying colon cancer have been intensively investigated for 

decades and important insights into the genetic alterations leading to malignant 

transformation of the intestinal epithelium have been discovered (Fearon and Vogelstein, 

1990). Recently, the formation of new blood vessels has been recognized as a key step in 

colon cancer progression (Rmali et al., 2007) prompting targeting of VEGFA as a second line 

treatment in colon cancer therapy. Unfortunatley, the success of this treatment is rather 

moderate (Saif, 2013). Thus an improved understanding of the roles of VEGFA and the TME 

in colon cancer progression is needed.  

 

LMs are components of BMs and deletion of some LMs leads to organ defect or death 

consistent with their crucial role in tissue homeostasis (Simon-Assmann et al., 2011). BMs 

are believed to serve as physical and chemical barrier. Therefore, one would anticipate high 

LM expression to strengthen BM barrier function and thus reducing tumorigenesis and 

cancer progression. But the situation seems more complicated. Increased levels of LM�5 

have been observed in progressed stages of human breast tumors and melanomas (Pouliot 

and Kusuma, 2013) and forced expression of LM�1 promoted tumor growth in a colon 

cancer model (De Arcangelis et al., 2001). Altogether these findings suggested that LMs 

expressed out of their normal context may acquire other than barrier functions (Spenle et al., 

2014). Despite an earlier publication, describing the presence of LM�1 only in one out of six 

human colon cancer specimens examined (Maatta et al., 2001), here we showed that in the 

majority of the analyzed 42 human colorectal cancer specimens, LM�1 is highly abundant in 

comparison to adjacent non-tumorigenic tissue and that LM�1 is the only LM chain with a 

high about 10-fold induction in the colon tumors. Differences in experimental approaches 

may explain this discrepancy. According to our results abundant LM isoforms are presumably 

representing LM111 and/or LM511, since LM�1, LM�5 and LM�1 are the only LM chains that 
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are more expressed in colon cancer tissue compared to healthy tissue. We observed that 

high LM�1 levels did not correlate with any genetic alterations in colon cancer (data not 

shown) which may argue for an induction of LM�1 before the appearance of gross genetic 

divergence. Thus LM�1 expression is potentially useful as marker of colon tumor onset. Yet 

high LM levels in serum of colon cancer patients were seen to correlate with poor prognosis 

(Saito and Kameoka, 2005). Since we had identified LM�1 as the most abundant LM isoform 

in colon cancer it needs to be seen in the future whether blood screening of colon cancer 

patients for LM�1 has diagnostic value.  

 

To mimic the effects of high LM�1 expression in human cancer, we developed three novel 

immune competent murine cancer models with ectopic expression of LM�1 where AOM, 

AOM/DSS (De Robertis et al., 2011) or APC1638N/+ (Fodde et al., 1994) drive stochastic 

intestinal tumorigenesis. In all three tumor mice we observed an enhanced tumor incidence, 

tumor growth and most importantly increased angiogenesis upon elevation of LM�1. We 

provide a molecular mechanism that can explain how LM�1 is promoting tumor growth. We 

demonstrated that abundant LM�1 promotes survival, proliferation and angiogenesis. 

Angiogenesis has been shown to promote tumor growth (Folkman, 1974) and thus may 

contribute to tumor growth by LM�1. We showed that LM�1 overexpressing tumors display 

elevated expression of several pro-angiogenic factors among them VEGFA. Now our in vivo 

tumor models and in vitro data (including CAF and endothelial cells) elucidate an intricate 

crosstalk of stromal cells with LM�1 expressing tumor cells that could explain the LM�1 

promoting effect on tumor angiogenesis and tumor growth. By using the xenograft model with 

human colon cancer cells we identified the cellular source and biological targets of LM�1. 

We revealed a signaling network of stromal cells with LM�1 overexpressing tumor cells 

leading to VEGFA stimulation in CAF that in turn promotes tumor cell survival, proliferation 

and angiogenesis (Figure 6). That VEGFA promotes survival also in colon tumors is novel 

and resembles observations made in skin tumors (Lichtenberger et al., 2010).  
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Upon adhesion to LM111, VEGFA was induced in CAF through integrin �2�1. This effect 

was specific for CAF as neither normal fibroblasts and endothelial cells nor tumor cells 

expressed VEGFA on a LM111 substratum. We further demonstrated that colon cancer cell 

survival and proliferation is enhanced on a LM111 substratum upon stimulation with VEGFA. 

This could be relevant in a LM�1 rich TME, a hypothesis that is supported by our observation 

of LM111 binding to VEGFA165 but not to VEGFA121. We showed that VEGFA165 binds 

LM111 with a Kd in the range described for binding of VEGFA to glycosaminoglycans (Wu et 

al., 2009), an interaction that presumably also applies here involving the heparin binding site 

in the LM�1 G domain (Harrison et al., 2007). Our result suggests that LM�1 containing LMs 

potentially sequester VEGFA in the TME and this binding may be necessary to achieve the 

biological effects of VEGFA. Indeed ECM bound VEGFA was shown to be active (Park et al., 

1993) and to induce proliferation of breast tumor cells (Miralem et al., 2001). In contrast 

VEGFA121 which is not ECM bound had no effect on colon tumor cell proliferation and 

survival. 

 

Tumor and stromal cells adhere to LM111 but which adhesion receptor mediates the 

interaction of cells with LM111 and LM121 in vivo was unknown. Candidates for this 

interaction are integrins �2�1 and �6�1 as they were shown to mediate cell adhesion of 

HUVEC (Estrach et al., 2011) and CAF on a LM111 substratum (our data). Our results 

support a crucial role of integrin �2�1 (and not �6�1) in CAF binding to a LM substratum 

containing LM�1. This induces VEGFA expression through CXCL12/CXCR4 thus 

presumably creating an autocrine loop (as had been reported in breast cancer (Kojima et al., 

2010)) and potentially accounting for an increase in CAF numbers in colon tumors with 

abundant LM�1.  
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In summary, here we have shown that ectopically expressed LM�1 promotes colon cancer 

incidence, tumor growth and tumor angiogenesis by triggering an intricate crosstalk between 

cells and the LM�1 matrix. LM�1 expressed by colon cancer cells attracts fibroblasts that 

secrete VEGFA in response to adhesion to the LM111 substratum. In turn a LM�1 matrix 

binds VEGFA that promotes tumor cell survival and proliferation. VEGFA signaling also 

promotes angiogenesis leading to more vessels that are well covered by pericytes in the 

presence of LM�1 (Fig. 6). Altogether in response to abundantly expressed LMα1 a tumor 

vasculature arises that may be functional thus supporting tumor growth. Such a vasculature 

may not support tumor cell dissemination and metastasis. This is in agreement with the 

absence of liver and lung metastasis in the three murine tumor models with ectopic LM�1 

expression. Our study provides important novel insights into signaling within the tumor 

ecosystem that offers anti-cancer treatment opportunities as e.g. interference with CXCR4 

and integrin �2�1 to block VEGFA expression by CAF. Targeting CAF as major stromal 

players might also present an opportunity. In addition, our novel murine tumor models may 

further our understanding of vascular BM assembly to develop strategies for improved anti 

cancer drug delivery and, for testing drugs targeting the LM�1 specific tumor ecosystem. 
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Experimental procedures  

Cloning of the villin-LM�1 vector  

The plasmid pBS-villin-promoter containing 3.5 Kb of the murine villin promoter, the first non 

coding exon, 5.5 kb of the first intron and 15 nucleotides of the second villin exon, was kindly 

provided by Sylvie Robine (Institute Curie, Paris, France). The EcoRI site in the multi cloning 

site was destroyed by fill in ligation with T4 polymerase according to the manufacturer`s 

instructions (NEB, OZYME, Saint Quentin Yvelines, France). Site directed mutagenesis 

(GeneEditor in vitro Site-Directed Mutagenesis system, Promega, Charbonnières-les-Bains, 

France) was then used to introduce a BsiWI site before the start codon of the villin coding 

sequence using the 5’ phosphorylated primer: 5’CCTTCTCCTCTAGGCTC 

GCGTACGATGACGTCGGACTTGCGG3’. A double strand annealed oligonucleotide, 

5’GGCCGGACGCGTGAATTCGTCGACGC3’ and 5’GGCCGCGTCGACGAATTCACGC 

GTCC3’ containing restriction sites for MluI, EcoRI and SalI were inserted in the NotI site 

(present in the multi cloning site), generating the plasmid pBS-villin-promoter-MES. The 

SV40 polyA region of the pEGFP plasmid (Clontech, OZYME, Saint Quentin Yvelines, 

France) was amplified by PCR using primers 5’GGCGCCTCTAGATCATAATCAGCCATA3’ 

and 5’GGCGCCCTTAAGATACATTGATGAGTT3’ before subcloning into the pGEMTeasy vector 

(Promega, Charbonnières-les-Bains, France). After EcoRI digestion, the SV40 polyA 

fragment was purified with NucleoSpin Extract II kit (Machery-Nagel, Hoerdt, France) and 

then subcloned into the EcoRI site of the plasmid pBS-villin-promoter-MES.  Site directed 

mutagenesis was used to introduce a BsiWI site (5’ phosphorylated 

AGCGCAGGGAGCGGCGGCCGTACGATGCGCGGCAGCGGCACG3’) before the initiation 

codon and a MluI site (5’ phosphorylated CCCGGGCCTGAGCCCTAAACGCGTGCC 

AGCCTCTGCCCTTGG3’) after the stop codon in the full length cDNA coding for the mouse 

LM�1 in the pCIS vector (kindly provided by Peter Yurchenco, Piscataway, USA). The BsiWI-

MluI fragment containing the LM�1 cDNA was gel purified and subcloned into the BsiWI-MluI 
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sites of the pBS-villin-promoter-MES-SV40-polyA vector giving rise to plasmid pBS-villin-

LM�1. 

Generation of vLM�1 transgenic mice 

From the pBS vLM�1 plasmid a SalI fragment containing the 9 kb villin promoter region 

followed by the mouse LM�1 cDNA and the SV40 polyA was obtained, purified and used for 

injection into pronuclei of fertilized oocytes (F1 hybrid C57Bl/6 x DBA/2, transgenic facility of 

the IGBMC, Strasbourg, France). Germline transmission was determined by PCR analysis of 

tail DNA, using the villin1 primer present in the villin promoter 

(5’ATAGGAAGCCAGTTTCCCTTC3’) and the LM17 primer present in the 5’ region of the 

LM�1 cDNA (5’TGACCCAGAGCACCGAGGCCA3’) generating a fragment of 152 bp. For 

confirmation a second PCR was done obtaining a 166 bp product with primer LM116 present 

in the 3’ region of the Lama1 cDNA (5’GCCTCATTCCGGGGCTGTGTG3’) and primer SV40 

3’ (5’AATGTGGTATGGCTGATTATG3’) encompassing the SV40 polyA sequence. Two 

founders villin-LM�1 (vLM�1) out of 68 showed stable integration and expression and were 

further used in parallel for all experiments. Heterozygous vLM�1 mice were kept in a CD1 

background (Charles River, L'Arbresle Cedex, France). 

 

Azoxymethan (AOM) and AOM/ Dextran Sulfate Sodium (DSS) treatment 

Eight week old wildtype (WT) mice and vLM�1 littermates were injected intra-peritoneally 

(i.p.) with AOM (10 mg/kg, Sigma Aldrich, Lyon, France) once a week for 5 weeks. Animals 

were sacrificed 9 months after the last AOM injection. For a combined AOM/DSS treatment 

eight week old WT and vLM�1 littermates were injected i.p. with a single dose of AOM. The 

day after, 3 % DSS (molecular weight 36000-50000, MP Biomedicals, Illkirch, France) was 

provided in the drinking water for 5 days. Afterwards mice obtained regular water for 2 

months before sacrifice. Tumor size was measured with a caliper and tumor volume was 

determined using the following calculation V= (width)2 x length/2. 
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Colon tumor tissue were prepared, immediately snap frozen for RNA or protein extraction in 

liquid nitrogen or was embedded into OCT (Labonord, Templemars, France) for tissue and 

immunofluorescence analysis. Samples were stored at -80°C.  

 

Generation of vLM�1/APC+/1638N mice  

vLM�1 mice were crossed with APC+/1638N mice (Fodde et al., 1994). Double transgenic mice 

were kept on a CD1 background.  

 

Cell culture  

HT29 control and HT29LM�1 cells were cultured as previously described (De Arcangelis et 

al., 2001). A primary cancer associated fibroblast (CAF) culture (Wever et al., 2004) was 

infected with a pBABE retroviral vector expressing the hTERT open reading frame, and a 

pool was selected. The replicative life span of hTERT transduced pool was examined and 

compared with that of mock-transduced pool. Growth in control CAF populations typically 

plateaued by population doubling 15, whereas hTERT populations continued to divide far 

beyond the senescence point of control cells. These CAF hTERT immortalized fibroblasts, 

Mouse Embryonic Fibroblasts (kindly provided by Pr. Ruth Chiquet-Ehrissman, Basel, 

Switzerland) and IMR90, a human normal lung fibroblasts (CCL-186, ATCC, France) were 

cultured in DMEM supplemented with 10% fetal calf serum, penicillin-streptomycin 1% 

(Gibco, USA). Human immortalized dermal microvascular endothelial cells (HMEC, a gift 

from Dr E. Van Obberghen-Schilling, Nice, France) were maintained in MCDB 131 medium 

(Invitrogen) supplemented with 12.5% fetal calf serum, glutamin (10 mM; Invitrogen, Life 

Technologies, Saint Aubin, France), EGF (10 ng/mL), bFGF (10 ng/mL), heparin (10 µg/mL) 

and hydrocortisone (1 µg/mL), all compounds from Sigma Aldrich, Lyon, France. The Human 

Umbilical Vein Endothelial Cells (HUVEC) were purchased at Promocell (Promocell, 
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Heidelberg, Germany) and grown according to the manufactory instructions. Human Brain 

Vascular Pericytes (ScienCell, CliniSciences, France) were maintained in pericyte medium 

(CliniSciences, France), containing basal medium, fetal bovine serum 2%, penicillin-

streptomycin 1% and pericyte growth supplement 1%. 

For surface coating, cell culture dishes were coated with LM111 (L2020, Sigma Aldrich, 

Lyon, France) or fibronectin (FN), purified from horse serum as previously described (Huang 

et al., 2001). Both ECM molecules were used at a concentration of 10µg/cm2.  

CAF, HMEC and pericytes were plated onto uncoated, LM111 or FN coated plastic dishes for 

up to 24 hours in their appropriate medium. After 24 hours, CAF plated onto uncoated and 

LM111 plastic dishes were incubated for 4 hours with AMD3001 (Merck, Darmstadt, 

Germany) and mouse monoclonal function-blocking antibodies against human integrins �2 

(10µg/mL, BHA2.1, Millipore), integrin �1 (10µg/mL, 4B4, Beckman Coulter, Fullerton, CA) 

and rat monoclonal function-blocking antibody against human integrin �6 (10µg/mL,GoH3, 

Santa Cruz Biotechnology) in absence and presence of recombinant human CXCL12/SDF1α  

(100 nM, R&D system ),  then RNA and protein were extracted.  

For Boyden chamber chemo-attraction assays, the conditioned media from HT29 control and 

HT29LM�1 cells were collected, centrifuged to remove cell debris and stored at -20o C for up 

to 2 months before use.  

 

Generation of LM�1 knock-down cells 

HEK293T cells were transfected with pGFP-sh LM�1 Lenti Vector (TL311806D: 5’-

GAGATGTGCAGATGGTTACTATGGAAACC-3’) or pGFP-sh control Lenti Vector (TR30021) 

containing non-effective 29-mer scrambled shRNA cassette (OriGene, Cliniscience, 

Nanterre, France)) together with the vectors of pLP1, pLP2, and pLP/VSVG vectors 

(Invitrogen, Life Technologies, Saint Aubin, France) to obtain lentiviral particules. After 48h, 
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conditioned media from HEK293T were collected, filtrated through a 0.22 µm filter  to remove 

cell debris and used to transduce HCT116 cells in the presence of 5µg/mL polybrene (Sigma 

Aldrich, Lyon, France), followed by selection with puromycin (1.6 µg/mL, Sigma Aldrich, 

Lyon, France) in DMEM supplemented with 10% fetal calf serum, penicillin-streptomycin 1% 

(Gibco, USA). Expression of LMα1 was determined by qRTPCR and ELISA. 

 

Protein extraction, immunoblotting and ELISA 

Proteins were extracted from cells and tissue using lysis buffer (50mM Tris pH 7, 150 mM 

NaCl, 1 % NP-40, and 1% protease inhibitors, Roche, Meylan, France). 50 µg of protein 

lysate (quantified by Bradford assay) was separated by SDS PAGE (6%) and transferred 

onto nitrocellulose membrane (Millipore, Molsheim, France). Membranes were incubated 

(see Supplemental Table S3) with primary and secondary antibodies and bound HRP-

coupled secondary antibodies were detected with ECL (Amersham, GE Healthcare, Velizy-

Villacoublay, France).  

Murine or human specific ELISA kits were used to determine the amount of VEGFA 165, 

CXCL12/SDF1α from R&D systems (R&D systems Minneapolis, USA), CXCR4 (reference 

CSB-E12825h) from Cusabio  company (Cusabio, CliniSciences, Nanterre, France) using  

total protein lysates of tumors or conditioned medium from CAF, MEF, IMR90, HMEC and 

pericytes, following the manufacturer’s instructions and measuring absorbance at 450 nm 

(Biotek plate reader E800, Biotek, Colmar, France).  

 

Boyden chamber chemo-attraction assay  

Chemo-attraction assays were performed in 24 well Boyden Chambers with a polycarbonate 

filter of 8 µm pore size (Falcon, Dutcher, Brumath, France). Conditioned media from HT29 

control or HT29LM�1 cells were put in the lower chamber or LM111 (10µg/cm2) was coated 
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on the lower surface of the insert. CAF, HMEC, HUVEC, IMR90, MEF or Pericytes were 

cultured in the upper chamber (3x103 cells) and incubated for 6 hours at 37°C in 5% CO2. 

Transmigrated cells were fixed, stained with DAPI and quantified using the ImageJ software 

and the analyze particles modules (National Institutes of Health, USA). Three independent 

experiments with triplicates were done.  

 

Matrigel tubulogenesis assay 

Matrix was prepared by adding 10 �l of Matrigel (Corning, New York, USA) into 15 well 

dishes (IBIDI �-Slide Angiogenesis, Biovalley, Nanterre, France) followed by solidification at 

37°C in a humidified incubator for 1 houre. HUVEC (140`000 cells/ml) were trypsinized and 

resuspended in condition medium from CAF grown on plastic or LM111 (Sigma,� Lyon, 

France). After incubation for 7h at 37°C, bright field mosaic pictures were taken (Zeiss 

Imager Z2 inverted microscope and AxioVision software, Carl Zeiss, Le Pecq, France) at 40X 

magnification (with a total of 9 pictures per condition) and tube-like structures (defined as 

closed loop) were assessed by using the AxioVision or ZEN Blue software (Carl Zeiss, Le 

Pecq, France). A minimum of three independent experiments were done with five replicates 

per experiment. 

 

Cell cycle and apoptosis analysis�

HT29 control and HT29LM�1 cells were plated in 24-well plates (10.000 cells per well) during 

3 days and then treated for 24 hours with recombinant VEGFA 165 (10ng/µL, R&D systems, 

Minneapolis, USA) or VEGFA 121 (10ng/µL, Prospecbio, East Brunswick, USA). For 

apoptosis quantification, HT29 and HT29LM�1 cells were treated for 4 hours with the 

apoptosis inducing agent staurosporine as previously described (Qiao et al., 1996), and then 

treated for 24 hours with VEGFA. After collection, cells were resuspended in 300 �L 
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hypotonic fluorochrome solution (5 �g propidium iodide, 3.4 mmol/L sodium citrate, and 0.1% 

Triton X-100 in PBS). DNA content was analyzed by a fluorescence activated cell sorter 

(FACS, Becton Dickinson, San Diego, USA). Ten thousand events per sample were 

acquired, and cell cycle repartition was determined using the ModFit software. The subG1 

apoptotic cell population was quantified by the CellQuest computer software. 

Apoptosis were measured using protein lysates from tumors and the Apoptag apoptosis 

detection kit following the manufacturer’s instructions (Millipore, Molsheim, France). 

 

Surface Plasmon Resonance 

Surface Plasmon Resonance—Binding experiments were performed by surface plasmon 

resonance measurements on a Biacore 2000 instrument (Biacore Inc., GE Healthcare, 

Velizy-Villacoublay, France) at 25 °C. VEGFA165 (Millipore, Molsheim, France) or VEGFA 

121 (Prospecbio, USA) was immobilized at high surface density (5.000 response units) on an 

activated CM5 chip using standard amine-coupling procedures, as described by the 

manufacturer. LM111 was injected at a concentration of 10 �g/mL in 10 mM sodium acetate, 

pH 5.0, and at a flow rate of 5 �L/min during 20 min. Unreacted groups were blocked by 

injecting 1M ethanolamine. To perform binding assays, LM111 at different concentrations 

(from 5 to 20µg in 200µL) was injected in 10 mM MES, pH 6.0, 150 mM NaCl, 0.005% (v/v) 

surfactant P20, at a flow rate of 10 �L/min. Blank surfaces were used for background 

corrections. Injections of 10 mM glycine, pH 2.0, at 100 �L/min for 1 min were used to 

regenerate surfaces between two binding experiments. Steady state analysis was used to 

estimate the affinity of VEGF165 to LM111. Dissociation constants (Kd) were estimated 

using 1:1 Langmuir association model as described by the manufacturer. 

 

Tumor xenograft experiments 
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10 million cells of each cell line HT29 control, HT29LM�1 or 4 million cells of HCT116 control 

sh and HCT116 shLM�1 were injected subcutaneously into eight week old nude MRF1 

female mice (Janvier, La plaine Saint Denis, France). Mice were sacrificed 4 weeks after 

injection. Tumor tissue was fixed overnight in 4% PFA and embedded in paraffin or directly 

frozen in OCT or frozen on dry ice or liquid nitrogen for RNA or protein extraction. All material 

was preserved at - 80° C. 

 

Colorectal cancer specimens 

Primary human colorectal tumors and matched adjacent tissue with no signs of 

tumorigenesis (considered as normal) were obtained from 42 patients with a written consent 

according to conventional ethic standards. All surgical specimens were evaluated and 

histologically analyzed by an experienced pathologist. MIN (microsatellite instability) and CIN 

(chromosomal instability) signature of all surgical specimens was determined and provided 

by the Centre de Ressources Biologiques, (Hôpitaux Universitaires de Strasbourg, Hôpital de 

Hautepierre, Strasbourg, France). Patient information is listed in Supplementary Table S1. 

Tumor material and healthy tissue were isolated, immediately snap frozen for RNA and 

protein extraction or were embedded into OCT (Labonord, Templemars, France) for tissue 

and immunofluorescence analysis. 

 

Gene expression analysis 

RNA was extracted with the TriReagent according to manufacturer instructions (Molecular 

Research Center Inc., Euromedex, Souffelweyersheim, France). For RNAseq, the RNA 

extracted from the tumors were sequenced on Illumina HiSeq2000. The separation of RNA 

sequencing reads coming from the human tumor and the mouse host was performed in silico 

using the Xenome software (Conway et al., 2012), that is designed to discriminate species 
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specific sequences in a xenograft environment. Each Fastq file was separated into mouse 

specific and human specific sequencing reads. These were subsequently aligned using 

Tophat2 (Kim et al., 2013) and processed using the Cufflinks (Roberts et al., 2011) pipeline 

to generate the final expression files.  

For qRTPCR, RNA was treated with DNaseI and reverse transcribed using the High Capacity 

cDNA RT Kit. qRTPCR was performed using the Power SYBR Green PCR Master Mix or 

TaqMan Gene Expression Master Mix. All compounds were from Life Technologies (St 

Aubin, France). Primer sequences or probes are listed in Supplemental Table S4. Two sets 

of primers/probes were used for determination of expression of LM�1 in human tumors, one 

located in the 5' and the other in the 3' region of the gene, giving similar results. All data were 

normalized to the reference gene GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) for 

colon tumors. Relative expression level 2-��ct was calculated for each individual sample. A 

primer design approach was used to obtain species specific real-time qRTPCR primers. The 

coding regions of the mouse and human homologous cDNA sequences were aligned 

(www.ensembl.org). Regions of low homology were chosen for selection of species specific 

primers that always were spanning an intron. Primer specificity was confirmed by using 

cDNA from human or mouse tissues. Only primers giving an efficiency value between 93 to 

108% were used. When calculating murine or human gene expression in the xenograft 

tumors, primers for mouse or human PBDG (porphobilinogen deaminase) were used for 

normalization respectively. 

 

 

Immunohistochemistry and immunofluorescence analysis   

For histological analysis 7 µm paraffin sections were deparaffinized with toluene and stained 

with periodic acid-Schiff reagent and hematoxylin. The list of primary antibodies used is listed 

in the Supplemental Table S3. For immunohistochemistry, tissue sections were 
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deparaffinized with toluene, then boiled with the antigen retrieval sodium citrate buffer (pH 6) 

for 10 minutes. Sections were incubated with primary antibodies overnight at 4°C. Slides 

were thereafter incubated with biotinylated secondary antibodies (Vector Laboratories, 

Eurobio/Abcys, Les Ulis, France), amplified with the ABC Elite Vectorstain kit and developed 

with the DAB kit from Vector Laboratories. Slides were examined using Zeiss Axio Imager A1 

microscope equipped with an A-Plan x5/0.12, an A-Plan x20/0.45 objective and a Zeiss 

Axiocam Icc3 color camera (Carl Zeiss, Le Pecq, France). For immunofluorescence staining, 

7 µm cryosections were incubated overnight with primary antibodies, washed three times in 

PBS and incubated for 1 hour with Alexa 488- or cyanine3-conjugated secondary antibodies 

(Jackson ImmunoResearch Laboratories, West Grove, PA). After washing, nuclei were 

stained with DAPI (1/30000) and mounted using the FluorSave reagent (Calbiochem-Merck, 

Lyon France). Slides were examined using an epifluorescence Zeiss axio imager 2 

microscope equipped with a Plan Apochromat x20/0.8, a Plan Apochromat x40/0.95 

objectives and an apotome module. Pictures were taken with a Zeiss Axiocam MRm black 

and white digital camera. Control sections were processed as above with omission of the 

primary antibodies. All images were acquired using the Zeiss Axiovision software. 

Quantification of immunofluorescence and immunohistochemistry surface signals was done 

using the ImageJ software and the analyze particles module (National Institutes of Health, 

USA). Several images per tumor were taken using a 20x objective to cover most of the tumor 

surface. Data are presented as average area fraction per tumor in all defined groups. The 

following calculation was used to quantify pericyte coverage of vessels: area fraction of 

NG2/area fraction of CD31 = area fraction of pericyte positive vessels.  

 

 

Statistical analysis 
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Statistical significance of results was analysed by using the GraphPad Prism program 

version 5.0 and the R open source software version 3.0. The Shapiro-Wilk normality test was 

used to confirm the normality of the data, the difference in variance was analyzed using the 

F-test and the statistical difference of the mean was analyzed using the Student unpaired 

two-tailed t test, with Welch's correction in case of unequal variances. The one way ANOVA 

test followed by a Tukey's multiple comparison post-test was used for multiple data 

comparison. For data not following a Gaussian distribution, the non-parametric permutation 

test was used. The one way ANOVA test followed by the permutation multiple comparisons 

post-test was used for multiple data comparison. Illustrations of these statistical analyses are 

displayed as the mean +/- standard deviation (SD) using columns. Contingency was 

analysed using the chi-square test. p-values smaller  than 0.05 were considered as 

significant. *, p<0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001. 
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ABSTRACT

Angiogenesis represents a rate-limiting step during tumor progression. Targeting 

angiogenesis is already applied in cancer treatment, yet limits of anti-angiogenic 

therapies have emerged, notably because tumors adapt and recur after treatment. 

Therefore, there is a strong need to better understand the molecular and cellular 

mechanisms underlying tumor angiogenesis. Using the RIP1-Tag2 transgenic murine 

 !"#$%&'#&("#)*(+#"&,-.&/#)#0&*12*&23#&"#3#/4$2*#"&"43()/&*1#&2)/(!/#)(5&0'(*51%&
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cells and pericytes, but also macrophages and perivascular mesenchymal cells. 

<2)!)(52$&=>?@A&0(/)2$()/&(0&49@3#/4$2*#"&"43()/&*1#&2)/(!/#)(5&0'(*51%&#09#5(2$$;&

()& *4 !3@200!5(2*#"&  253!912/#0& 2)"& +B3!B$20*0C& =1#&  2*3(0! #%& 5! 93(0()/&

#8*325#$$4$23& 2*3(8&DE<FG&2)"&E<F@200!5(2*#"& !$#54$#0%&(0&0(/)(+52)*$;&#)3(51#"%&

'1(51&2$$!'#"&40&*!&"#+)#&*1#&H)/(!F2*3(8&0(/)2*43#&20&*1#&IIJ& 2*3(0! 2$&/#)#0&

induced during the RIP1-Tag2 angiogenic switch. Several AngioMatrix molecules were 

validated at expression level. Ablation of tenascin-C, one of the most highly induced 
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important role. In human glioma and colorectal samples, the AngioMatrix signature 

correlates with the expression of endothelial cell markers, is increased with tumor 

93!/3#00(!)&2)"&+)2$$;&5!33#$2*#0&'(*1&9!!3&93!/)!0(0&"# !)0*32*()/&(*0&"(2/)!0*(5&

and therapeutic potential.

INTRODUCTION

Angiogenesis, a fundamental biological process 

by which novel blood vessels are formed from pre-

existing ones [1], represents a rate-limiting step during 

tumor progression [2]. Studies from murine models have 

indicated that angiogenesis occurs relatively early along 

tumor formation and progression [2]. In particular, the 

murine RIP1-Tag2 model of pancreatic neuroendocrine 

tumorigenesis (PNET; ref. [3]) has recurrently allowed 

to gain novel insights into the molecular and cellular 

mechanisms governing tumor angiogenesis and 

progression. In this model of multistep tumorigenesis, 

pancreatic beta cells of the Langerhans islets over-express 

the SV40 T antigen oncogene which stochastically drives 

the sequential transformation of a fraction of normal islets 

into hyperplastic, angiogenic and macroscopic tumor 

islets [2]. This in vivo PNET model was key to provide 

evidences demonstrating that a fraction of islets undergoes 

an angiogenic switch early during tumor progression [4]. 
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Several molecular and cellular mechanisms were described 

to promote the RIP1-Tag2 angiogenic switch. These 

include the crucial role of VEGFA and its signaling [5] and 

in particular, the matrix metalloprotease MMP-9-mediated 

regulation of VEGF bioavailability [6]. Neutrophils appear 

to be a source of MMP-9 hereby promoting the angiogenic 

switch [7, 8].

The RIP1-Tag2 model is widely used in a pre-

clinical setting to evaluate anti-tumor therapeutic 

strategies, including angiogenesis inhibitors [9�15]. 

Importantly, several key conceptual advances in our 

understanding of how tumors adapt and become resistant 

to anti-angiogenic therapies, a major clinical challenge 

that has emerged [16, 17], were also obtained using this 

model [18, 19].

Here we used a genome-wide gene expression 

 !"#$%&'()*!+*,'-(*"(.&/"0,!( "*,&*%+$(&"0,$(1,/2+&%)1)(

underlying the angiogenic switch during RIP1-Tag2 

tumor progression. We show that the angiogenic switch 

is associated with the deregulation of a limited number 

"3( ',&,)4( )"1,( "3( 52%/2( !,6,/*( *2,( ,7 +&)%"&( +&8(

ingression of stromal cells and the activation of canonical 
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encodes ECM and ECM-associated molecules, together 
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signature correlates with endothelial cell (EC) markers and 

tumor progression in human colorectal cancer (CRC) and 

glioma. Finally, its high expression correlates with poor 

prognosis for CRC, low grade glioma and glioblastoma 

(GBM) patients.

RESULTS
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We used the RIP1-Tag2 mouse model as a 

prototypical in vivo model of the tumor angiogenic 

switch [2, 20] to comprehensively address the underlying 

mechanisms. We chose an early time point (8 weeks)  

when a subset of pancreatic islets has undergone 

the angiogenic switch (Fig. 1A and Supplementary 

Fig. S1A) but had not yet progressed into macroscopic 

tumors. Islets were isolated from RIP1-Tag2 mice and 

/$+))%#,8( +)( +&'%"',&%/( "!( &"&( +&'%"',&%/( >+),8( "&(

their appearance. RNA was extracted from the isolated 

islets to determine genome-wide gene expression levels 

using microarrays (Fig. 1B). The comparison of the 

transcriptome of non angiogenic versus angiogenic islets 
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that this signature included several markers of stromal 

cells (Fig. 1C). Characteristic markers of EC (e.g. 

Pecam1 and Cdh5 encoding CD31 and VE-cadherin, 

respectively), perivascular cells (Acta2 encoding  

+$ 2+<)1""*2(1.)/$,(+/*%&("!(IGA@4(Cspg4 encoding 

NG2, Pdgfrb) and monocytes/macrophages (Emr1

encoding F4/80, Csf1r) were found up-regulated 
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RT-qPCR (Fig. 1D) and tissue staining (Fig. 1, E-G and 

Supplementary Fig.S1, B-D).
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genes were found up-regulated, including ligands and 

extracellular regulators, Cd105 (encoding endoglin, a 
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92,( . <!,'.$+*%"&( "3( ',&,)( ,&/"8%&'( 9:;<=( $%'+&8)(

(Tgfb1 and Tgfb3) and prototypical SMAD2/3 target 

genes (Tgfbi, Serpine1 and Plat encoding PAI-1 

+&8( *<M@4( !,) ,/*%0,$-J( 5+)( /"&#!1,8( >-( N9<OMPN(

L;%'?(CQJ?(B,(2- "*2,)%R,8(*2+*(9:;<=()%'&+$%&'(1+-(

occur preferentially within stromal cells, as a previous 

)*.8-(!,0,+$,8( *2,( !,),&/,("3(@STU(L9'3<=(!,/, *"!(

1)-positive cells of presumably stromal origin within 

RIP1-Tag2 angiogenic islets [21], which suggested 

*2+*( *2,),( .&%8,&*%#,8( )*!"1+$( /,$$( *- ,L)J( /".$8(

.&8,!'"( /+&"&%/+$( 9:;<=( )%'&+$%&'?( B,( .),8( :,&,(

Set Enrichment Analysis (GSEA) to determine the 

,&!%/21,&*( "3( )*!"1+$( /,$$<) ,/%#/( 9:;<=( !,) "&),(

signatures (TBRS; ref [22]) and found that the 

#>!">$+)*<( +&8( *2,( 1+/!" 2+',<) ,/%#/( 9QNG( 5,!,(

)%'&%#/+&*$-( ,&!%/2,8( %&( +&'%"',&%/( %)$,*)( L;%'?( CPJ4(

suggesting that these stromal cell types may undergo 

/+&"&%/+$(9:;<=()%'&+$%&'?(9"(*,)*(*2%)(2- "*2,)%)4(5,(

analyzed the expression and sub-cellular localization of 

SMAD3 phosphorylated on S423/S425 (pSMAD3), as 

!,+8".*(3"!(9:;<=()%'&+$%&'(+/*%0+*%"&4( %&(NVMW<9+'C(

tissue sections co-stained with stromal markers. While 

in non angiogenic islets an exclusively cytoplasmic 

staining was observed in some cells, within angiogenic 

islets pSMAD3 expression and nuclear localization was 

recurrently detected in some tumor cells but also more 

)*!%K%&'$-(%&(>"*2(IGA@< ")%*%0,(#>!">$+)*)(+&8(;XYEZ<

positive macrophages (Fig. 2, D and E), demonstrating 

*2+*( *2,),( )*!"1+$( /,$$)( .&8,!'"( /+&"&%/+$( 9:;<=(

signaling in the angiogenic islets.

C%;&!,0+2.()"#)-#7DE#2"9#7DE;2'')3(2.!9#

,!"!'#90&(",#./!#?@5A;82,B#2",(),!"(3#'4(.3/F#

(9!".(*32.()"#)-#./!#G",()E2.&($#'(,"2.0&!

We then addressed whether groups of functionally-

related genes are over-represented in the AngioSwitch 

signature using GeneOntologies (GO). This revealed 

)%'&%#/+&*( ,&!%/21,&*( "3( +&'%"',&,)%)<!,$+*,8( :[(

categories, supporting the biological relevance of the 

 !"#$%&'(8+*+4(>.*(+$)"("3(),0,!+$(:[(/+*,'"!%,)(!,$+*,8(*"(
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12&H!&'I#(A) patterns of non-angiogenic (left) and angiogenic (right) islets in H&E stained tissue sections from RIP1-Tag2 pancreata. 

Examples of normal capillaries in a non angiogenic islet (arrows) and of a dilated vessel (arrow) and micro-hemorrhaging (asterisk) in the 

angiogenic islet. (B)()*!+*,'-(.),8(*"(/"1 +!,(+&'%"',&%/(+&8(&"&(+&'%"',&%/( +&/!,+*%/(*.1"!(%)$,*)(>-(',&,(,7 !,))%"&( !"#$%&'(. "&(

their differential isolation, sorting and RNA extraction. (C)(. <!,'.$+*%"&("3() ,/%#/()*!"1+$(/,$$(1+!K,!)(%&(*2,(*!+&)/!% *"1,("3(NVMW<9+'C(

angiogenic (red) compared to non angiogenic (blue) islets: markers for EC (Cdh5, Cd34, Vcam1, Pecam1, Tek or Tie2, also expressed by 

macrophages), macrophages/monocytes (Emr1, Tek and Csf1r) perivascular and smooth muscle cells (Acta2, Pdgfrb, Rgs5, Vim, Des and 

Cspg4(,&/"8%&'(\:CJ?(A,+).!,)(!, !,),&*(*2,(1,+&(,7 !,))%"&($,0,$(3!"1(*5"(%&8, ,&8,&*( !"#$%&'(,7 ,!%1,&*)4(,!!"!(>+!)(*2,(G]A?(^^(

p < 5x10�3. (D)(N9<OMPN(/"&#!1+*%"&("3(*2,(. <!,'.$+*%"&("3()*!"1+$(/,$$(1+!K,!)(LVcam1, EC; Tek: ECs and macrophages/monocytes; 

Pdgfrb: pericytes; Vim: perivascular SMC) in angiogenic (red) compared to non angiogenic (blue) islets. Measures represent the mean 

,7 !,))%"&($,0,$(3!"1(*5"(%&8, ,&8,&*(,7 ,!%1,&*)4(,!!"!(>+!)(*2,(G]A?(^^( (_(U7WZ�3. 

(Continued )

ECM and secreted molecules (Fig. 3A). By RT-qPCR we 

validated the up-regulation of 12 of these genes (Fig. 3B), 

$,+8%&'(*"(+(*"*+$("3(CU(0+$%8+*,8(',&,)(5%*2(+()%'&%#/+&*(

correlation between array and RT-qPCR data (Fig. 3C).

As GO analysis revealed enrichment of several 

ECM-related categories, we examined the overlap of the 

AngioSwitch signature with the matrisome [23, 24], a 

comprehensive list of genes coding for ECM molecules 

and regulators. Of note, 37% of the genes composing 

the AngioSwitch signature encode matrisomal proteins 

(Fig. 3D), and core matrisomal genes are particularly over-

represented (Supplementary Fig. S2). Moreover, GSEA 

!,0,+$,8( )%'&%#/+&*( ,&!%/21,&*( "3( *2,( 52"$,( 1+*!%)"1,(

and its subclasses the core matrisome and matrisome-

+))"/%+*,8(8%0%)%"&)(L;%'?(`4(](+&8(;J?(B,(3.!*2,!(8,#&,8(

the AngioMatrix signature as the 110 matrisomal genes 

induced during the RIP1-Tag2 angiogenic switch (Table 1). 

The expression of several AngioMatrix molecules, including 

vascular basement membrane components (collagen IV, 

$+1%&%&(IXJ(+&8(]PA('$-/" !"*,%&)(L#>!"&,/*%&4( ,!%")*%&4(

*,&+)/%&<P(+&8( ) +!/J4(5+)( /"&#!1,8(>-( *%)).,( )*+%&%&'4(

which revealed their strong and stromal perivascular 

expression in angiogenic islets (Fig. 4 and Supplementary 

Fig. S3). Furthermore, we generated RIP1-Tag2 mice 

knocked-out for tenascin-C (TNC; ref. [25]), an ECM 

glycoprotein that was among the most highly up-regulated 
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AngioMatrix genes (Fig. 3B and Table 1). We compared 

the number of angiogenic islets and the relative proportion 

of non-angiogenic and angiogenic islets from control and  

TNC-depleted RIP1-Tag2 mice on tissue sections, which 

!,0,+$,8( +( )%'&%#/+&*( 8,/!,+),( %&( *2,( +>),&/,( "3( 9\P(

(Fig. 4, F and G).

7$%&!''()"#)-#./!#G",()E2.&($#'(,"2.0&!#

3)&&!+2.!'#4(./#2",(),!"!'('#12&H!&'L#.01)&#

%&),&!''()"#2"9#%))&#%&),")'('#-)&#D?DL#+)4#

,&29!#,+()12#2"9# ME#%2.(!".'

To address the potential relevance of the 

AngioMatrix signature for cancer patients, we analyzed 

transcriptomic datasets, as this strategy enables 

investigating large and independent patient cohorts. Since 

insulinoma is rare and mostly benign (and no dataset could 

be retrieved), we focused on colorectal cancer and glioma, 

as their incidence is higher, angiogenesis is known to drive 

their progression and several independent datasets could 

be retrieved for CRC [26�30] and glioma [31�33].

We addressed whether expression of the AngioMatrix 

signature correlates with surrogate markers of blood 

vessels and angiogenesis in CRC. We determined for each 

sample the AngioMatrix signature expression level by 

averaging the expression levels of the 110 genes forming 

the signature, thereafter referred to as �AngioMatrix 

,7 !,))%"&H4( +&8( ">),!0,8( )%'&%#/+&*( /"!!,$+*%"&)( 5%*2(

the expression of the EC markers PECAM1 (Fig. 5A) 

and CDH5 (Fig. 5B). We next analyzed the pattern of 

AngioMatrix expression along CRC formation and 

progression. This revealed higher expression in normal 



Oncotarget10533www.impactjournals.com/oncotarget

A B

E

D

C

ligands

non angiogenic angiogenic

F4/80

αSMA

pSMAD3

A islets

NA islets

0

1

2

3

4

5

**

ns

**

** **

**

R
e
la

ti
v
e
 g

e
n
e
 e

x
p
re

s
s
io

n
 l
e
v
e
l

target genes
Tgf-β

Tg
fb
1

Tg
fb
3

Tg
fb
2

Tg
fb
i

S
er
pi
ne
1

P
la
t

Fibroblast-TBRS

stromal-specific TGF-β Response Signatures (TBRS)

non

angiogenic

angiogenic 

Macrophage-TBRS

non

angiogenic

angiogenic 

NES = 1.77

 q < 5 x 10ˉ³

NES = 1.82

q < 5 x 10ˉ³

pSMAD3

 !"#$%&'(&)* +,&-!"./0!."&/12!3/2!4.&5#$!."&26%&789:+)/"'&/."!4"%.!1&-;!216<&(A) schematic depiction of gene expression 

 !"#$%&'()*+*("&(*(,-./0(1%'&*$%&'(-2&3*  4(-2&21(5!2 !212&+2)(67(6"8219(%&(!2)(%&)%:*+2('2&21(1%'&%#:*&+$7(; /!2';$*+2)(%&(*&'%"'2&%:(
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encoding CD105), together with target genes are up-regulated in angiogenic islets. (B)(B,/CDEB(*&*$71%1("F(,-./0($%'*&)1(*&)(+*!'2+('2&2(

expression in non angiogenic (blue) and angiogenic (red) islets. The Tgfb1 and Tgfb3('2&21(*!2(1%'&%#:*&+$7(; /!2';$*+2)(%&(*&'%"'2&%:(

islets together with the prototypical Smad2/3 target genes Tgfbi, Serpine1 and Plat. Measures represent the mean of two independent 

28 2!%G2&+1A( 2!!"!( 6*!1( +=2(?H3A(II( (J(K8LM�3A( &1( &"+( 1%'&%#:*&+4( (C)(-?HN()2G"&1+!*+21( 1%'&%#:*&+( 2&!%:=G2&+( "F(#6!"6$*1+/( *&)(

G*:!" =*'2/( 1 2:%#:(,-./0( !21 "&12( 1%'&*+;!21( %&( +=2( +!*&1:!% +"G2( "F( *&'%"'2&%:( %1$2+14(,=2(<"!G*$%O2)(H&!%:=G2&+( ?:"!2( 5<H?9(

*&)( +=2(.PB(C/@*$;2(*11211%&'( +=2(1%'&%#:*&:2("F(2&!%:=G2&+(*!2( %&)%:*+2)4 =>+?@ co-staining of phosphorylated SMAD3 (pSMAD3) 
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indicated. (D) overlap between the AngioSwitch signature and the matrisome: 37% of genes induced during the angiogenic switch 
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matrisome (E) and its divisions (F) in the transcriptome of angiogenic islets. The Normalized Enrichment Score (NES) and the FDR 
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U%C/P/ :<T: A<:TOA?+RP

*E1P :<T: Q<ROAS?+RS

 -20: '<Q' :<R'NR?+RO

U%1$%2%5& /124$-

)"HFA '<RQ O<'S:T?+RS

8"H: :<QA O<NNNA?+RS

UH$E: :<NR T<R:OO?+RA

GB10Q :<PA N<SOTQ?+RA

G10A :<OS '<:SOS?+RA

U:RR/P :<OT :<SARN?+RT

I."E20' :<TO :<':T:?+RT

G10' :<TO :<SPNP?+RT

95"H1 :<T' Q<OTOO?+RT

)"HF: :<T' :<N:'N?+RA
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 !"#$%&T(&I./0K-!-&4H&I."!4J/2$!B&E$42%!.&%BE$%--!4.&/.5&H#.12!4./0&3/0!5/2!4.&4H&2%./-1!.+G&$40%&!.&26%&789:+)/"'&

/."!4"%.!1& -;!216<& =I+?@( 28 !211%"&( *++2!&("F( +=2(@*1:;$*!(6*12G2&+(G2G6!*&2(:"G "&2&+1(:"$$*'2&( U]( 5N9(*&)( $*G%&%&(QR( 5^9A(

*&)("F(+=2(HE3('$7:" !"+2%&1(#6!"&2:+%&(*&)(+2&*1:%&/E(5E9A(1 *!:(5P9(*&)( 2!%"1+%&(5H9<&Dashed lines encircle islets; non angiogenic: 

$2F+(:"$;G&A(*&'%"'2&%:Z(G%))$2(:"$;G&(*&)(=%'=2!(G*'&%#:*+%"&( %:+;!21(:"!!21 "&)%&'(+"(+=2(6"82)(*!2*1(>%+=%&(*&'%"'2&%:(%1$2+1(*!2(

 !212&+2)(5!%'=+(:"$;G&94(?:*$2(6*!1A(LMM([G4

(Continued )



Oncotarget10538www.impactjournals.com/oncotarget

GF

TNC +/+ TNC -/-
0

5

10

15 *

RIP1-Tag2

N
u
m

b
e
r 

o
f 

a
n
g
io

g
e
n
ic

 i
s
le

ts

TNC +/+ TNC -/-
0

50

100
NA

A

RIP1-Tag2

*

F
re

q
u
e
n
c
y
 (

%
)

 !"#$%&T( = +*@ functional validation of tenascin-C contribution to the angiogenic switch. The number (F) and relative proportion (G) 

"F(*&'%"'2&%:(%1$2+1(*!2(1%'&%#:*&+$7()2:!2*12)(%&(BUDL/,*'V(,<E(/S/(G%:2(5&(_(T(G%:29(*1(:"G *!2)(+"(,<E(XSX(:"&+!"$1(5&(_(K(G%:294(

NZ(*&'%"'2&%:(%1$2+1A(<NZ(&"&(*&'%"'2&%:(%1$2+14(I( (J(K8LM�2.

tissue compared to adenoma and up-regulation during 

the adenoma-carcinoma transition (Fig. 5C), which was 

:"&#!G2)(%&(*&(%&)2 2&)2&+(:"="!+(5?;  $2G2&+*!7(.%'4(

?RN94( 2̀( "612!@2)( 1%'&%#:*&+$7( =%'=2!( N&'%"3*+!%8(

28 !211%"&(%&( !%G*!7(EBE(:$*11%#2)(*1(P;a2(^("!(P;a2(E(

(versus A; Supplementary Fig. S4B), and higher expression 

in advanced primary CRC in an independent cohort (stage 3 

or 4 versus 0, TNM; Supplementary Fig. S4C). We next 

asked if AngioMatrix expression could vary according to 

EBE(G"$2:;$*!(1;6+7 21(bVcA(WRd(*&)(F";&)(*(1%'&%#:*&+$7(

=%'=2!(N&'%"3*+!%8(28 !211%"&(%&(+=2(U&e*GG*+"!7(1;6+7 2(

(compared to the Goblet-like or the Transit-amplifying 

subtypes) and in the Stem-like subtype compared to 

any other subtype (Fig. 5D). Furthermore, AngioMatrix 

28 !211%"&(>*1(1%'&%#:*&+$7($">2!(%&(+=2(EW(*&)(+=2(EL(

subtypes and higher in the C4 subtype (Fig. 5E). We then 

wondered if AngioMatrix expression may vary during 

the ultimate steps of CRC progression. We found slightly 

increased AngioMatrix expression in metastatic (compared 

to non-metastatic) primary CRC (Supplementary Fig. S4D). 

In CRC metastasis, while no difference is observed in the 

lung (Supplementary Fig. S4E), AngioMatrix expression 

%1(1%'&%#:*&+$7(; /!2';$*+2)(%&($%@2!(G2+*1+*1%1(:"G *!2)(

to normal tissue (Fig. 5F). The recurrent link between 

increased AngioMatrix expression and CRC progression 

prompted us to test a potential correlation with CRC patient 

survival. We used datasets from two independent cohorts of 

 *+%2&+1(bVTA(VcdA(>=%:=(>2!2(1+!*+%#2)(;1%&'(:;+/"FF(@*$;21(

into AngioMatrix low or high groups and survival analysis 

was performed to compare the outcome of these groups.  

N(=%'=(28 !211%"&("F(+=2(N&'%"3*+!%8(1%'&*+;!2(1%'&%#:*&+$7(

correlated with a shorter relapse-free survival in the 

two CRC cohorts (Fig. 5, G and H, and Supplementary  

Figure S4, F and G).
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E$4".4-!-&!.&6#C/.&G7G<&=I+X@ correlation between AngioMatrix expression level and PECAM1 (A) or CDH5 (B) expression in 
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 !"#$%&O(&=GD& @ analysis of AngioMatrix expression during CRC progression. Comparison of normal colon, adenoma, primary CRC 

and CRC metastasis (C) and CRC metastasis versus normal liver (F). =>+?@ analysis of AngioMatrix expression in the different primary 

EBE(G"$2:;$*!(1;67+ 214(<"+2(+=2(1%'&%#:*&+(=%'=2!($2@2$1("F(N&'%"3*+!%8(%&(+=2(?+2G/$%a2(5P9(*&)(ER(5H9(1;6+7 214(U&(E/.A(III*&)(II(

indicate p-values < 10�3 and 10�2, respectively. =*+[@(f* $*&/32%2!(1;!@%@*$(*&*$71%1("F(EBE( *+%2&+14(D*+%2&+1(>2!2(1+!*+%#2)(*::"!)%&'(

to the average expression of the AngioMatrix signature as AngioMatrix high or low using a cutoff value. In each cohort, high AngioMatrix 

28 !211%"&(1%'&%#:*&+$7(:"!!2$*+21(>%+=( ""!( !"'&"1%1(F"!( *+%2&+14(D/@*$;21(%&)%:*+2(+=2(1%'&%#:*&:2("F(1;!@%@*$()%FF2!2&:2(62+>22&(+=2(

groups of individuals. In C-H, n indicates the number of samples per group.
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We analyzed AngioMatrix expression in 

independent glioma datasets and observed again a 

1%'&%#:*&+(:"!!2$*+%"&(62+>22&(N&'%"3*+!%8(28 !211%"&(

and the EC markers PECAM1 (Fig. 6A) and CDH5 

(Supplementary Fig. S5A). Comparing glioma histological 

subtypes revealed higher AngioMatrix expression in 

GBM compared to astrocytoma or oligodendroglioma 

5.%'4( g^9A( >=%:=( >*1( :"&#!G2)( %&( *&( %&)2 2&)2&+(

cohort (Supplementary Fig. S5B). Also, AngioMatrix 

expression increased with grade (Fig. 6C). Differences 

in AngioMatrix expression were observed between the 

GBM molecular subtypes [35], of which the highest 

expression in the mesenchymal subtype was the most 

1%'&%#:*&+(5.%'4(gP94(,=2(!2:;!!2&+(:"!!2$*+%"&(62+>22&(

AngioMatrix expression and glioma progression led us to 

test the potential use of the signature to stratify glioma 

patients and analyze their survival. High AngioMatrix 

28 !211%"&( 1%'&%#:*&+$7( :"!!2$*+2)(>%+=(  ""!(  !"'&"1%1(

for all glioma patients (Supplementary Fig. S5C) and 

for subgroups of low-grade glioma: astrocytoma, 

oligodendroglioma, grade II, grade III or combined grade 

II and III glioma (Supplementary Fig. S5D-H). Finally, we 

analyzed GBM from two independent cohorts and found 

+=*+(=%'=(N&'%"3*+!%8(28 !211%"&(1%'&%#:*&+$7(:"!!2$*+2)(

with shortened patient survival (Fig. 6, E and F, and 

Supplementary Figure S5, I and J).
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 !"#$%& P(& G4$$%0/2!4.& F%2;%%.&I."!4J/2$!B& -!"./2#$%& %BE$%--!4.& /.5& ?G& C/$^%$D& 2#C4$& E$4"$%--!4.& /.5& E44$&

E$4".4-!-&!.&6#C/.&"0!4C/<& (A) correlation between AngioMatrix expression and PECAM1 in glioma samples. The Pearson correlation 

:"2F#:%2&+(5!9(*&)(+=2( /@*$;2(*!2( %&)%:*+2)4((B) comparison of AngioMatrix expression between non tumor brain samples and glioma 

histological subtypes. Note the higher levels of AngioMatrix expression in GBM compared to normal brain tissue, oligodendroglioma or 

astrocytoma. =G+>@ analysis of AngioMatrix expression according to glioma grade (C) and the different GBM molecular subtypes (D). 

<"+2(+=2(1%'&%#:*&+$7(=%'=2!($2@2$1(%&('!*)2(U]('$%"G*(5E9(*&)(%&(+=2(-^3(G212&:=7G*$(1;6+7 2(5P94(U&(^/PA(I(*&)(III(%&)%:*+2( /@*$;21(

< 5x10�2 and 10�3, respectively.
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 !"#$%&P(& =?+ @(f* $*&/32%2!(1;!@%@*$(*&*$71%1("F(-^3( *+%2&+14(D*+%2&+1(>2!2(1+!*+%#2)(*::"!)%&'( +"( +=2(*@2!*'2(28 !211%"&("F( +=2(

N&'%"3*+!%8( 1%'&*+;!2( *1(N&'%"3*+!%8( =%'=( "!( $">( ;1%&'( *( :;+"FF( @*$;24( U&( 2*:=( :"="!+A( =%'=(N&'%"3*+!%8( 28 !211%"&( 1%'&%#:*&+$7(

:"!!2$*+21(>%+=( ""!( !"'&"1%1(F"!( *+%2&+14(D/@*$;21(%&)%:*+2(+=2(1%'&%#:*&:2("F(1;!@%@*$()%FF2!2&:2(62+>22&(+=2('!"; 1("F(%&)%@%);*$14(U&(

B-F, n indicates the number of samples per group.

DISCUSSION

We have used a strategy based on gene expression 

 !"#$%&'( +"( :"G !2=2&1%@2$7( )21:!%62( +=2( *&'%"'2&%:(

switch in a prototypical murine cancer model [2, 4]. 

\;!(G%:!"*!!*7(*&*$71%1(#!1+(!2@2*$2)(+=2(; /!2';$*+%"&(

"F( :2$$( +7 2( 1 2:%#:( G*!a2!1( %&( +=2( *&'%"'2&%:( %1$2+1A(

suggesting an expansion of stromal cells. This was 

:"&#!G2)( *+( +%11;2( $2@2$( ;1%&'( 1 2:%#:( G*!a2!1( F"!(

endothelial cells, pericytes and macrophages. Of note, 

no neutrophil marker was retrieved, although neutrophils 

have been functionally implicated in the RIP1-Tag2  

angiogenic switch [7, 8]. Since we have extracted RNA 

F!"G(>="$2(%1$2+1(F"!('2&2(28 !211%"&( !"#$%&'A(>2(G*7(

have missed the low abundant neutrophils (0.4% of 

RIP1-Tag2 islet cells; ref. [7]). At the molecular level, 

we noted a recurrent overlap between the AngioSwitch 

signature and several cellular signaling pathways that 

have been functionally implicated in RIP1-Tag2 tumor 

 !"'!211%"&A(%&:$;)%&'(+=2(DP-.(!2:2 +"!(0(*&)(%+1($%'*&)(

PDGF-BB [36] or endoglin [37]. We also observed and 

:"&#!G2)( ; /!2';$*+%"&( "F( 12@2!*$( '2&21( 2&:")%&'(

:*&"&%:*$(,-./0(1%'&*$%&'( *+=>*7(G2G62!1A(1;''21+%&'(

+=*+(,-./0(1%'&*$%&'(%1(*:+%@*+2)();!%&'(+=2(BUDL/,*'V(

angiogenic switch. This is in line with a previous report 

showing the up-regulation of Tgfb1 and the presence of 

NhfK/ "1%+%@2(:2$$1A(528 !211%&'(,-./0(!2:2 +"!(L(*&)(

+=2!2F"!2( 1;1:2 +%6$2( "F( ;&)2!'"%&'( :*&"&%:*$( ,-./0(

signaling in the presence of ligand) within RIP1-Tag2 

angiogenic islets, and presumably representing stromal 

:2$$1(bVLd4( 2̀(F";&)(1%'&%#:*&+(2&!%:=G2&+("F(#6!"6$*1+/(

*&)( G*:!" =*'2/1 2:%#:( ,^B?A( >=%:=( 1;''21+2)( +=*+(

these tumor-associated stromal cells may undergo 

signaling. Accordingly, we demonstrated their presence 

*&)( +=*+( +=27( ;&)2!'"( :*&"&%:*$( ,-./0( 1%'&*$%&'( *1(

revealed by the nuclear localization of phosphorylated 

SMAD3 within these stromal cells in angiogenic but 

not in non angiogenic RIP1-Tag2 islets. Altogether, 

these observations strongly support the notion that the 

AngioSwitch signature is biologically and functionally 

G2*&%&'F;$A(*&)(+=*+(+=2(*:+%@*+%"&("F(:*&"&%:*$(,-./0(

signaling within stromal cells may represent a key event 

driving this transition. Mechanistically it remains to be 

)2+2!G%&2)(>=%:=(1 2:%#:(1%'&*$1(+!%''2!(,-./0(1%'&*$%&'(

);!%&'(+=2(BUDL/,*'V(*&'%"'2&%:(1>%+:=(*&)(=">(1 2:%#:(

AngioMatrix molecules are implicated. MMP-9 and 

MMP-2 represent candidate drivers of the transition 

since both are induced during the RIP1-Tag2 angiogenic 

switch and MMP9 in particular exerts a crucial role [6] 

*&)(6"+=(33D1(*!2(*6$2(+"(*:+%@*+2($*+2&+(,-./0(bWTd4(

Furthermore we uncovered that the RIP1-Tag2 angiogenic 

switch is associated with the up-regulation of genes 

encoding ECM and ECM-associated molecules. This is 

%&($%&2(>%+=(";!(*&)("+=2!1(#&)%&'1A(*1(:*&"&%:*$(,-./0(

signaling regulates the production of ECM and regulators 

in the microenvironment of tissue under various physio-

pathological conditions including cancer [39, 40]. 

Although beyond the current scope, it will be important to 

2@*$;*+2(%&(+=2(F;+;!2(>=2+=2!(6$":a%&'(,-./0(1%'&*$%&'(

potentially impinges on the angiogenic switch affecting 

the expression of AngioMatrix molecules.

Using an elegant approach combining in silico 

*&)( !"+2"G%:(*&*$71%1A(<*6*(*&)(:"/>"!a2!1()2#&2)(

the matrisome, a comprehensive list of ECM and ECM-

associated molecules [23, 24]. Using this resource we 

assessed the overlap with the AngioSwitch signature 

+"( )2#&2( +=2( N&'%"3*+!%8( 1%'&*+;!2( *&)( @*$%)*+2)(

the induction of expression for several AngioMatrix 

proteins during the angiogenic switch, including the 

HE3('$7:" !"+2%&1(#6!"&2:+%&A(+2&*1:%&/EA(1 *!:(*&)(

periostin. Functionally, we demonstrated that TNC 

ablation impairs the RIP1-Tag2 angiogenic switch, in 

line with our macroscopical characterization of the two 

islet classes [25]. These data again support the notion 

that components of the AngioMatrix signature promote 

the RIP1-Tag2 angiogenic switch.
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To evaluate the potential translational relevance 

of the AngioMatrix signature for cancer patients, we 

1=">2)( +=*+( N&'%"3*+!%8( 28 !211%"&( 1%'&%#:*&+$7(

correlated with EC markers in human CRC and glioma, 

supporting the notion that this signature also correlates 

with the angiogenesis status within human tumors. 

During CRC progression, AngioMatrix expression 

is increased at the adenoma-carcinoma transition, 

in partial agreement with previous studies showing 

that the angiogenic switch occurs early along the 

adenoma-carcinoma sequence [41, 42]. In glioma, 

N&'%"3*+!%8( 28 !211%"&( %1( 1%'&%#:*&+$7( ; /!2';$*+2)(

in GBM compared to lower grade glioma. This may 

!2e2:+( @*1:;$*!( :"/" +%"&( %&( $">/'!*)2( '$%"G*( %&(

contrast to angiogenesis that is more important for 

GBM vascularization [20]. AngioMatrix expression 

varies according to primary CRC molecular subtypes 

[29, 34]. Although these studies have followed 

)%FF2!2&+(*  !"*:=21(+"()2#&2(EBE(1;6+7 21A(>2(F";&)(

1%'&%#:*&+$7(=%'=2!($2@2$1("F(N&'%"3*+!%8(28 !211%"&(%&(

the stem-like [34] and the C4 [29] subtypes, the latter 

being also enriched in stem cell-like signatures [29]. We 

speculate that higher AngioMatrix expression in stem-

$%a2(EBE(!2e2:+1(*( "+2&+%*$(!"$2("F(1"G2(N&'%"3*+!%8(

molecules not only in angiogenesis but also in the 

regulation of cell fate within (cancer) stem cell niches. 

Moreover, tenascin-C and periostin are both expressed 

in the hair follicle stem cell niche in murine skin and are 

crucial for metastatic breast cancer stem cells colonizing 

the lung [43�45]. It will be interesting to determine if 

other AngioMatrix molecules represent normal and 

cancer stem cell niches components. We found lower 

AngioMatrix expression levels in the C1 and C3 

subtypes, and higher level in the C4 subtype, which 

correlates with the respective enrichment of the GO 

sprouting angiogenesis category within these subtypes 

[29], reinforcing the notion that this signature correlates 

with angiogenesis in human CRC. Also, higher 

AngioMatrix expression levels are found in the GBM 

mesenchymal subtype, described as enriched in EC and 

angiogenesis markers [35]. Finally, the AngioMatrix 

signature allows to identify CRC, low-grade glioma 

and GBM patients with a poorer prognosis. It will be 

important to determine whether this can be extended to 

"+=2!(+;G"!(+7 21(*&)(%F(1 2:%#:(N&'%"3*+!%8(1;612+1(

G*7(%G !"@2(1+!*+%#:*+%"&("F( *+%2&+1(*+(=%'=2!(!%1a("F(

tumor relapse.

ECM molecules and regulators exert key 

functions during vascular remodeling in tumors and 

play instrumental roles in promoting tumor progression 

by multiple mechanisms as e.g. providing pro-

angiogenic niches and favoring tumor cell survival and 

dissemination. Importantly, ECM molecules represent 

potential therapeutic targets as functional studies have 

underlined their importance in the process of blood 

vessel regrowth after anti-angiogenic therapy [12]. 

Whether AngioMatrix molecules are potentially relevant 

in tumor vessel regrowth is unknown and important 

to be addressed in the future. It is interesting to note 

+=*+( +=2( HE3( '$7:" !"+2%&1( #6!"&2:+%&A( +2&*1:%&/E(

and periostin, that were found here among the most 

highly up-regulated genes during the angiogenic switch, 

=*@2( *$1"( 622&( %)2&+%#2)( *1( :!;:%*$( F"!( G2+*1+*+%:(

colonization in other cancer models in vivo [44�46]. 

Further studies are warranted to assess if additional 

AngioMatrix molecules also contribute to the generation 

of metastatic niches. Finally, AngioMatrix expression 

%1(1%'&%#:*&+$7(=%'=2!(%&(=2 *+%:(G2+*1+*121A( +=2(G"1+(

common metastatic site for CRC. It will be interesting 

to determine if some AngioMatrix molecules represent 

G2+*1+*1%1/1 2:%#:(:"G "&2&+1(*1(+=212(:";$)(!2 !212&+(

novel opportunities to develop targeted therapies.

In summary, we have shown that the angiogenic 

switch, a rate-limiting and early step during PNET 

progression in a murine model, is associated with a 

1 2:%#:( +!*&1:!% +"G2,( >=%:=( *$$">2)( ;1( +"( )2#&2( +=2(

AngioMatrix signature and show that it correlates with 

tumor progression and poor prognosis for CRC, low-

grade glioma and GBM patients. Our study paves the 

>*7(F"!(+=2(%)2&+%#:*+%"&("F(&"@2$(G"$2:;$*!(*&)(:2$$;$*!(

mechanisms that are key to tumor angiogenesis and might 

unravel novel opportunities for diagnosis and therapeutic 

targeting.

J?)[Y>U

A detailed description is available from the 

Supplementary methods.

789:+)/"'&C!1%

Experiments involving RIP1-Tag2 animals [3] were 

done at 8 weeks and in accordance with the guidelines 

from INSERM (National Institute for Health and Medical 

Research), as described [25].

*%.4C%+;!5%&"%.%&%BE$%--!4.&E$4\0!."&/.5&5/2/&

C!.!."

Pools of angiogenic and non angiogenic pancreatic 

islets were sorted as described [25] and RNA was 

extracted for labeling and hybridization (Affymetrix 

arrays). Data are deposited in the Gene Expression 

\G&%6;1(5<E^UA(-?HKLgWi94(?%'&%#:*&+$7()2!2';$*+2)(

genes were selected using the BRB-ArrayTools software 

(NCI, USA). The matrisome [23, 24] was used to 

compare the overlap with the AngioSwitch signature and 

)2#&2(+=2(N&'%"3*+!%8(1%'&*+;!24(H&!%:=G2&+1("F(,^B?(

F!"G(1 2:%#:(1+!"G*$(:2$$(+7 21(bVVdA(+=2(G*+!%1"G2(*&)(

%+1()%@%1%"&1(bVWd(%&(+=2( !"#$%&'()*+*12+("F(BUDL/,*'V(



Oncotarget10543www.impactjournals.com/oncotarget

angiogenic and non angiogenic islets we generated 

(GSE51637) were analyzed using GSEA [47]. 

Correlations between AngioMatrix expression and 

various parameters were analyzed in independent 

cohorts of CRC [26�30] and glioma [31�33]. 

Molecular subtypes of CRC [29, 34] and GBM [35] 

>2!2(  !2@%";1$7( )2#&2)4( f* $*&/32%2!( 1;!@%@*$(

analysis was performed by analyzing transcriptomic 

datasets from independent cohorts of human CRC 

[28, 29], glioma and subtypes [31] and glioblastoma 

[31, 33].

U2/2!-2!1/0&/./0K-!-&/.5&"$/E6!1/0&

$%E$%-%.2/2!4.

Analysis was performed using GraphPad Prism 

(GraphPad Software, Inc. USA), Epi Info (Centers for 

Disease Control and Prevention, USA), BRB-ArrayTools 

(NCI, USA) and GSEA [47]. Histograms represent 

)*+*( 28 !2112)( *1( G2*&( XS/( ?H34(`=2&( :"G *!%&'(

two groups, data were analyzed using two-tailed Mann 

Whitney U or unpaired Student t tests. When comparing 

three groups or more, data were analyzed using one-way 

ANOVA (with Tukey�s post-test) or Kruskal-Wallis (with 

Dunn�s post-test) tests. In box plots, whiskers represent 

the 10th and 90th centiles, and data points outside this 

interval are represented. The false discovery rate (FDR) 

q-value and the log-rank test were used to assess the 

1%'&%#:*&:2( "F( -?HN( 2&!%:=G2&+1( *&)( "F( 1;!@%@*$(

differences, respectively. P-values and q-values < 0.05 
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SUPPLEMENTARY METHODS, FIGURES 

AND TABLE

RIP1-Tag2 mice

C57BL/6 RIP1-Tag2 mice, obtained from G. 

Christofori (Basel University, Switzerland), were bred and 

housed according to standard protocols and were given 

food and water ad libidum. Genotyping was performed 

by PCR on DNA extracted from mouse tail. The presence 

 !"#$%"&'()*+,-."#/,01-%0%"2,1"34%0#35%4"6130-"7/38%/1"

�Tag1�: 5¢-GGA CAA ACC ACA ACT AGA ATG CAG-3¢ 

and �Tag2�: 5¢-CAG AGC AGA ATT GTG GAG TGG-3¢. 

+9:*4%5;3%0#" 83;%" <)=" 2%/%" >,;?;/ 11%4" ! /" #%0"

generations into the C57BL/6 mouse strain. These mice 

were bred with wild-type TNC expressing (TNC+/+) mice 

 /"83;%" @,;?30-" A+9:*B*CD"+$%" 7/%1%0;%"  /" 4%@%#3 0"  !"

TNC was determined using primers �TNCKO_TNCup�: 

5¢-CTG CCA GGC ATC TTT CTA GC-3¢, �TNCKO_

TNCdown�: 5¢-TTC TGC AGG TTG GAG GCA AC-3¢ 

and �TNCKO_TNCNeoPA�: 5¢-CTG CTC TTT ACT 

GAA GGC TC-3¢.

Isolation of pancreatic islets

Langerhans islets were isolated from 8 (7.9�8.4) 

2%%?* @4"&'()*+,-."83;%" 6130-"E3>%/,1%" A&'"  /"+EF"

Roche), dissolved in DMEM (1 g/l glucose) and diluted 

# "GDH.I)DG"JK01;$"603#1B8@D"L3;%"2%/%"1,;/35;%4">M"

cervical dislocation and pancreata were perfused via 

the bile duct with 2 ml Liberase solution, removed and 

digested at 37°C for 17�24 min. Digestion was stopped 

>M",443#3 0" !"NLOLB)PQ"R:S",04" 1#/ 0-" 1$,?30-D"

+$%"43-%1#%4"#3116%"2,1"2,1$%4"23#$"NLOLF"5@#%/%4"

#$/ 6-$","8%1$"A23#$"THG"U8"7 /%1CF"83V%4"23#$")G"8@"

Histopaque 1077 (Sigma) and covered with 10 ml of 

DMEM to create a gradient. Islets were separated by 

centrifugation (30 minutes, 1500 g at room temperature), 

recovered from the gradient interphase, washed with 

DMEM and transferred into islet culture medium 

(RPMI 1640 containing 11.1 mM glucose, 15% FCS, 

)Q" 7%03;3@@30B1#/%7# 8M;30F" WDPQ" 9,X:YTF" ZZ" UL"

[*8%/;,7# %#$,0 @CD"'0#,;#"31@%#1"2%/%" >1%/\%4"604%/","

1#%/% 83;/ 1; 7%"AE%3;,CF";@,1135%4"30# "0 0*,0-3 -%03;"

(completely white appearance) or angiogenic (few 

reddish spots up to completely reddish) and, were hand-

73;?%4",04" 31 @,#%4D"R /"%,;$"8 61%F"0 0*,0-3 -%03;"

and angiogenic islet pools were collected separately 

in sterile microcentrifuge tubes. Samples were shortly 

centrifuged, medium removed, washed with PBS, snap 

!/ ]%0"30"@3^634"03#/ -%0",04"?%7#",#"*HG_:D

 !"!#!$%&!''()"#%&)*+(",#)-#(')+./!0# 

RIP1-Tag2 islets

Pools of non-angiogenic and of angiogenic 

31@%#1"31 @,#%4"!/ 8"H"2%%?* @4"&'()*+,-."83;%"2%/%"

prepared and total RNA was extracted (NucleoSpin 

&9 "̀ aS" ?3#F" L,;$%/%M*9,-%@F" NK/%0F" b%/8,0MCD"

Isolated islets from 1 to 4 mice were pooled to obtain 

63 to 211 non-angiogenic islets or 23 to 93 angiogenic 

31@%#1"! /"%,;$"1,87@%"7/ 5@%4" 0","83;/ ,//,MD"c6,@3#M"

of extracted RNA was assessed using the Agilent 2100 

Bioanalyzer (RNA 6000 Nano Kit). All microarray 

experiments were performed by the IGBMC Microarray 

!,;3@3#M" A'@@?3/;$F" R/,0;%C" ! @@ 230-" 8,06!,;#6/%/"

A`!!M8%#/3VC" 301#/6;#3 01D" d/3%eMF" ! /" %,;$" 1,87@%F"

200 ng RNA was used to prepare labeled cRNA 

probes hybridized to Mo-Gene 1.0 ST arrays. For each 

experiment, three biological replicates (3 pools of 

non-angiogenic islets and 3 pools of angiogenic islets) 

2%/%"7/ 5@%4D"+$%"%V7%/38%0#"A!/ 8"31@%#1"31 @,#3 0"# "

&9 "̀7/ 5@30-"6130-"83;/ ,//,M1C"2,1"/%7%,#%4"#23;%"

independently, giving rise to 6 microarrays for each 

condition (NA or A) in total, that were normalized and 

analyzed together. Raw data were normalized by the 

RMA method using the Expression Console software 

(Affymetrix, build 1.2.1.20). Data are deposited 

in the NCBI Gene Expression Omnibus repository 

(GSE51637). The BRB-ArrayTools software (NCI, 

fS`C" 2,1" 61%4" # " 1%@%;#" 13-035;,0#@M" 4%/%-6@,#%4"

genes (ratio angiogenic/non-angiogenic > 1.4 - fold, 

7*\,@6%"g"GDGPCD"+$%"L @%;6@,/"S3-0,#6/%"4,#,>,1%"<.="

2,1"61%4"# ",0,@M]%"#$%"b%0%"Y0# @ -3%1"13-035;,0#@M"

enriched in the AngioSwitch signature. The matrisome 

<TFh=F" ," @31#"  !" -%0%1" ?0 20" ,04" 30!%//%4" # " %0; 4%"

ECM molecules was used to compute overlaps with 

the AngioSwitch signature, in order to generate the 

AngioMatrix signature (110 murine genes induced 

during the RIP1-Tag2 angiogenic switch and belonging 

# "#$%"8,#/31 8%"43\313 0CD"bSO "̀<.FP="A\%/13 0".DGD)TC"

was used to analyze enrichment of the matrisome and 

its divisions in the angiogenic versus non-angiogenic 

islets microarray dataset we generated. Mapping of 

+bR*"["13-0,@30-",11 ;3,#%4"-%0%1"30"#$%"`0-3 S23#;$"

signature was performed using a custom-built map in  

b%0L`(("."<Z=D
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RT-qPCR analysis

Expression validation of genes found deregulated 

from the microarray analysis were done on 3 islets pools 

#$,#" 2%/%" 61%4" ! /" #$%" 83;/ ,//,M" 7/ 5@30-" # -%#$%/"

with 3 islets pools that were independently prepared, 

comparing in total 6 pools of non-angiogenic islets to 6 

pools of angiogenic islets. Reverse Transcription reactions 

were performed on 200 ng of RNA using MultiScribe 

reverse transcriptase (Applied Biosystems) and following 

the manufacturer�s instructions. Primer sequences 

A+,>@%" S)C" 2%/%" 4%13-0%4" 6130-" & ;$%" (/ >%504%/"

(v2.45 or later). Primer pairs were initially tested and 

\,@34,#%4" ! /" 17%;35;3#M" ,04" %!5;3%0;M" 6130-" ;N9 "̀

dilutions prepared from RIP1-Tag2 tumor derived RNA. 

c6,0#3#,#3\%" (:&" 2%/%" 7%/! /8%4" 6130-" ," WPGG" &%,@"

Time PCR System (Applied Biosystems) using SYBR 

green reagent (Applied Biosystems) and results analyzed 

using the 2"ii:#"8%#$ 4"<W=D"+$%"Rpl19 gene was used as 

reference gene as it was found to be the gene with the most 

stable expression (compared to the other reference genes 

tested, Hmbs and Tbp) in RIP1-Tag2 pools of angiogenic 

and non angiogenic islets. Relative expression levels 

(2*ii;#) were calculated for each individual sample, and 

compared between non-angiogenic and angiogenic islet 

pools. All RT-qPCR experiments were performed twice 

independently and measures subsequently were averaged.

Tissue analysis

(,0;/%,#,"2%/%"5V%4"! /".$",#"/  8"#%87%/,#6/%"

in 4% paraformaldehyde in PBS 1X, immersed in 20% 

16;/ 1%" ! /" ).$" ,#" h_:" ,04" %8>%44%4" 30" +3116%*+%?"

Y:+"AS,?6/,"R30%"+%?CD"`@#%/0,#3\%@MF"7,0;/%,#,"2%/%"

5V%4"! /".$",#"h_:"30"hQ"7,/,! /8,@4%$M4%"30"(dS")aF"

4%$M4/,#%4",04"%8>%44%4" 30"7,/,!50D"+3116%"2,1";6#"

and sections were routinely stained with hematoxylin 

and eosin (H&E), or used for immuno-staining analysis. 

c6,0#35;,#3 0"  !" 0 0*,0-3 -%03;" ,04" ,0-3 -%03;"

islets was performed using a histological analysis of 

XjO" 1#,30%4" #3116%" 1%;#3 01" !/ 8" 7,/,!50" %8>%44%4"

pancreata, comparing tissue from 5 TNC+/+ and 8 RIP1-

Tag2 TNC-/- mice. Islets were considered as angiogenic 

2$%0" #$%3/">3--%1#"43,8%#%/"2,1",> \%"TPG"U8D"+$31"

cutoff was chosen as it was enabling to correctly classify 

all angiogenic islets and with a minimal number of 

!,@1%" 7 13#3\%" A0 0" ,0-3 -%03;" 31@%#1" 831;@,1135%4" ,1"

angiogenic; < 2%) from a setup analysis comparing a 

7/%\3 61@M"4%1;/3>%4"1%#" !";/3#%/3,"<H="# "#$%"8%,16/%" !"

islet biggest diameter in a series of tissue sections from 

5\%"H*2%%?" @4"&'()*+,-."83;%D"R /"38860 1#,3030-1F"

primary antibodies used were: rat monoclonal anti-CD31 

(BD Pharmingen 550274, 1/50), rabbit monoclonal anti-

vimentin (Epitomics 2707-1, 1/500), rabbit polyclonal 

anti-NG2 (Millipore AB5320, 1/200), rat monoclonal 

anti F4/80 (AbD serotec MCA497G, 1/200), Cy3-

; 0k6-,#%4" 8 0 ;@ 0,@" ,0#3*l*S8  #$" L61;@%" `;#30"

AlSL`F"S3-8,":Z)mHF")BhGGCF"/,>>3#"7 @M;@ 0,@",0#3*

7$ 17$ *Sh.TBSh.P" SL`NT" A& ;?@,04F" ZGG*hG)*

919, 1/100), rabbit polyclonal anti-Fibronectin (Sigma 

F3648, 1/200), goat polyclonal anti-SPARC (R&D 

1M1#%81F" )B.GGCF" /,#" 8 0 ;@ 0,@" ,0#3*+%0,1;30*:" <m="

AL+0").F"76/35%4"!/ 8"$M>/34 8,";6@#6/%"167%/0,#,0#1n"

.GU-B8ECF" /,>>3#" 7 @M;@ 0,@" ,0#3*: @@,-%0" 'o" .,"

<)G=" A)B.GGCF" /,>>3#" 7 @M;@ 0,@" ,0#3*E,83030*lh" <))="

A)BPGGCF" 8 61%" 8 0 ;@ 0,@" ,0#3*(%/3 1#30" <).=" 61%4"

! /" 'X:" A)BPGGCD" R /" 38860 e6 /%1;%0#" 4%#%;#3 0"

primary antibodies were incubated overnight at 4°C, 

:MT*; 0k6-,#%4",0#3*lSL "̀,04" 1%; 04,/M",0#3> 43%1"

(Interchim Dylight488-anti-rabbit, Cy3-anti-rat, Cy3-

anti-goat, Cy5-anti-rabbit 1/2000) were incubated for 1h 

at room temperature and cell nuclei were stained with 

DAPI. Immunohistochemistry for detection of periostin 

2,1" 7%/! /8%4"  0" 7,/,!50*%8>%44%4" 1%;#3 01" 6130-"

o%;#,1#,30" 4%\%@ 730-" 1M1#%8" Ao%;# /" E,> /,# /3%1C"

followed by tissue staining with hematoxylin. For 

analysis of nuclear localization of phosphorylated 

SMAD3, Z-series acquisitions (seven Z-plans with a 

1#%7" !"GDThU8C"2%/%"7%/! /8%4"23#$",0"̀ V3 "'8,-%/Dp."

microscope (Zeiss) equipped with 40x objective and an 

ApoTome module. Pictures presented correspond to one 

p*1%;#3 0"23#$"06;@%,/"! ;61"30"lSL "̀ /"RhBHG"7 13#3\%"

cells.

Analysis of AngioMatrix signature expression 

("#%12+(3+45.6.(+.2+!#,!"!#!$%&!''()"#0./.'!/'#

)-#718."#'.8%+!'9#'/&./(*3./()"#)-#%./(!"/'#."0#

survival analysis

+$%" 86/30%" `0-3 L,#/3V" 13-0,#6/%" 2,1" 5/1#"

converted to human homologs using the Homologene 

database (release 67; NCBI, USA). AngioMatrix 

expression level was calculated by averaging the 

expression level of the 110 genes forming the signature 

in a given sample.

To analyze AngioMatrix expression along CRC 

7/ -/%113 0","5/1#"4,#,1%#"; 87/3130-"; @ /%;#,@",4%0 8,F"

7/38,/M" :&:"  !" 43!!%/%0#" N6?%" 1#,-%F" @3\%/" ,04" @60-"

metastases, and corresponding normal tissue samples was 

61%4"<)T=D"'0",443#3 0F"304%7%04%0#"4,#,1%#1"; 87/3130-"

0 /8,@F",4%0 8,",04"7/38,/M":&:"<)h=F",04"8%#,1#,#3;"

versus" 0 0" 8%#,1#,#3;" 7/38,/M" :&:" <)P=" 2%/%" ,@1 "

analyzed. Correlation between AngioMatrix expression 

levels and PECAM1 or CDH5 expression was determined 

in normal intestinal mucosa, adenoma and primary CRC 

1,87@%1"<)T=D"+$%"7/38,/M":&:"; $ /#")"<)Z="2,1"61%4"

# " ,0,@M]%" `0-3 L,#/3V" %V7/%113 0" @%\%@1" 30" #$%" 5\%"
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43!!%/%0#":&:"8 @%;6@,/"16>#M7%1"34%0#35%4",04"4%50%4"

>M" S,4,0,04,8" %#" ,@D" <)W=D" +$%" 7/38,/M" :&:" ; $ /#"

."<)H="2,1"61%4"# ",0,@M]%"̀ 0-3 L,#/3V"%V7/%113 0"@%\%@1"

30"#$%"13V"43!!%/%0#":&:"8 @%;6@,/"16>#M7%1"34%0#35%4",04"

4%50%4">M"#$%1%",6#$ /1"<)H=D

Correlations between AngioMatrix expression 

level and PECAM1 or CDH5 expression, and  

AngioMatrix expression levels in different glioma 

16>#M7%1"2%/%",0,@M]%4"30"#$%"-@3 8,"; $ /#")"<)m=D"'0"

addition, AngioMatrix expression level in different glioma 

histologic types was determined in an independent cohort 

<.G=D"`0,@M131"  !"`0-3 L,#/3V" %V7/%113 0" @%\%@" 30" #$%"

43!!%/%0#"bdL"8 @%;6@,/"16>#M7%1"<.)="2,1"7%/! /8%4"

6130-"#$%"bdL"; $ /#"."<..=D

Kaplan-Meier analysis of cancer patient survival 

2,1"7%/! /8%4",1"7/%\3 61@M"4%1;/3>%4" <.T=F"6130-"O73"

Info (version 3.5.4; Centers for Disease Control and 

Prevention, USA) and GraphPad (GraphPad Software, Inc. 

USA) to analyze genome-wide gene expression datasets 

!/ 8" $68,0" ; @ /%;#,@" ;,0;%/1" A; $ /#" )F" /%!D" <)Z=n"

; $ /#".F"/%!D"<)H=CF",@@"-@3 8," /"-@3 8,"16>-/ 671"<)m="

,04"-@3 >@,1# 8,"A; $ /#")F"/%!D"<)m=n"; $ /#".F"/%!D"<..=CD"

For each cohort, a cutoff was used to assign a tumor/patient 

to the AngioMatrix high group if the average expression of 

#$%"))G"-%0%1"4%5030-"#$%"$68,0"̀ 0-3 L,#/3V"13-0,#6/%"

was above the cutoff, and conversely to the AngioMatrix 

low group if this value was below the cutoff. The cutoff 

values were either empirically determined as to provide 

#$%" >%1#" 7 113>@%" 1#/,#35;,#3 0" >%#2%%0" `0-3 L,#/3V"

high and low groups for each cohort (Figure 5 and 6) or 

the median as a cutoff based on data distribution in the 

cohorts (Supplementary Figure 4 and 5). Note that both 

1#/,#35;,#3 0"8%#$ 41"-,\%"1383@,/"/%16@#1q"30"%3#$%/";,1%"

a poorer prognosis was observed for the AngioMatrix 

$3-$"7,#3%0#"-/ 67D"+$%"@ -*/,0?"#%1#"2,1"61%4"# ",11%11"

#$%"13-035;,0;%" !"16/\3\,@"43!!%/%0;%1">%#2%%0"7,#3%0#"

groups.
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:1%%+!8!"/.&4#;(,1&!#:<=#>('/)+),(3.+#%.//!&"'#)-#?@A<5B.,C#.",(),!"!'('#."0#("3&!.'!0#!$%&!''()"#)-#'/&)8.+#
3!++#8.&D!&'#01&(",#/7!#.",(),!"(3#'E(/37F  (A) patterns of non-angiogenic (left) and angiogenic (right) islets in H&E stained 

7,0;/%,#,"#3116%"1%;#3 01"!/ 8"H"2%%?" @4"&'()*+,-."83;%D"OV,87@%1" !"0 /8,@";,73@@,/3%1"30"0 0",0-3 -%03;"31@%#1"A,// 21C",04" !"

$%8 //$,-30-B>@  4"@,?%1"A,1#%/31?1C"30",0-3 -%03;"31@%#1",/%"$3-$@3-$#%4D"(B-D)"38860 e6 /%1;%0;%",0,@M131" !"1#/ 8,@";%@@"8,/?%/1"

in non angiogenic and angiogenic RIP1-Tag2 islets. Representative composite images obtained after CD31 (EC) and NG2 (pericyte) 

co-staining (D), F4/80 (macrophages) (E), and vimentin (perivascular smooth muscle cells) and CD31 (EC) (F) are shown. Nuclei 

2%/%"; 60#%/1#,30%4"23#$"N,73"A>@6%CD"&'()*+,-."7,0;/%,#3;"31@%#1",/%"%0;3/;@%4">M"4,1$%4"@30%1D"S;,@%">,/1F")GG"U8D
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:1%%+!8!"/.&4#;(,1&!#:C=#G)8%)'(/()"#)-#/7!#H",()I./&($#'(,"./1&!#.33)&0(",#/)#0(6('()"'#)-#/7!#8./&(')8!F#  (A) 

a majority of genes forming the AngioMatrix signature belong to the core matrisome division (56%, 62 genes), and a minority to the 

matrisome-associated division (44%, 48 genes). (B) the relative proportion of core matrisome (25%, 274 genes) and matrisome-associated 

(75%, 824 genes) components in the entire murine matrisome are shown for comparison.
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Supplementary Figure S3: Analysis of AngioMatrix protein expression patterns in the RIP1-Tag2 angiogenic 

'E(/37F# (A-B)"OV7/%113 0"7,##%/0" !"#$%"\,1;6@,/">,1%8%0#"8%8>/,0%"8 @%;6@%1": @@,-%0"'o"A`C",04"E,83030"lh"AdC"# -%#$%/"23#$"#$%"
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Ogn aggaattaaagcaaacacattcaa tttctggtaaattaggaggcaca

Pdgfb cggcctgtgactagaagtcc gagcttgaggcgtcttgg

Pdgfrb tcaagctgcaggtcaatgtc ccattggcagggtgactc
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SUMMARY

The extracellular matrix molecule tenascin-C (TNC) is

a major component of the cancer-specific matrix,

and high TNC expression is linked to poor prognosis

in several cancers. To provide a comprehensive un-

derstanding of TNC’s functions in cancer, we estab-

lished an immune-competent transgenic mouse

model of pancreatic b-cell carcinogenesis with

varying levels of TNC expression and compared

stochastic neuroendocrine tumor formation in abun-

dance or absence of TNC. We show that TNC

promotes tumor cell survival, the angiogenic switch,

more and leaky vessels, carcinoma progression, and

lung micrometastasis. TNC downregulates Dick-

kopf-1 (DKK1) promoter activity through the blocking

of actin stress fiber formation, activates Wnt

signaling, and induces Wnt target genes in tumor

and endothelial cells. Our results implicate DKK1

downregulation as an important mechanism underly-

ing TNC-enhanced tumor progression through the

provision of a proangiogenic tumor microenvi-

ronment.

INTRODUCTION

Manifestation of cancer requires many steps in which the micro-

environment plays an essential role (Bissell and Labarge, 2005).

A group of tumor cells with oncogenic mutations does not readily

cause cancer, a phenomenon known as tumor dormancy

(Aguirre-Ghiso, 2007). Angiogenesis presents an important

step in awakening quiescent tumors and in driving their develop-

ment into metastatic cancer (Almog, 2010). Tumor cells secrete

soluble factors that attract endothelial cells (Kerbel, 2008). In

addition, the extracellular matrix (ECM) constitutes a major frac-

tion of cancer tissue and contributes to tumor angiogenesis and

metastasis (Lu et al., 2012). An important component of the

tumor-specific ECM is tenascin-C (TNC). TNC is known to pro-

mote malignant tumor progression and lung metastasis; yet,

the underlying mechanisms are poorly understood (Midwood

et al., 2011).

Because no stochastic and immune-competent in vivo model

existed that would recapitulate the roles of TNC in tumor pro-

gression, we generated mouse lines with different expression

levels of TNC (overexpression, wild-type, knockout) in the Rip1-

Tag2 (RT2) model of pancreatic b-cell carcinogenesis (Hanahan,

1985). This model recapitulates multistage tumorigenesis as

observed in most human cancers (Nevins, 2001; Pipas and Lev-

ine, 2001).
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Here, we demonstrate that TNCpromotes several steps in RT2

tumorigenesis including the angiogenic switch and lung micro-

metastasis. We provide a mechanistic basis showing that TNC

downregulates expression of the soluble Wnt inhibitor Dick-

kopf-1 (DKK1) (Glinka et al., 1998) by blocking actin stress fiber

formation and induces canonical Wnt signaling in tumor and

endothelial cells. Our data suggest that DKK1 downregulation

by TNC in tumor and stromal cells may provide a tumorigenesis

signaling promoting microenvironment. Given that Wnt signaling

is a crucial pathway driving angiogenesis and is activated by

TNC, this pathway may play an important role in promoting

tumor angiogenesis and metastasis by TNC. Thus, targeting

TNC or its associated signaling pathways may represent a strat-

egy to counteract tumor progression.

RESULTS

Tenascin-C Promotes TumorCell Survival, Proliferation,

and Invasiveness

To address whether TNC potentially plays a role in the RT2

model (Hanahan, 1985), we determined TNC expression during

RT2 tumorigenesis by immunofluorescencemicroscopy analysis

(immunofluorescence [IF]). In normal pancreatic islets, TNC

expression was undetectable, whereas a large fraction of hyper-

plastic and almost all angiogenic and tumorigenic islets ex-

pressed TNC (Figure S1A), suggesting a potential role of TNC

during RT2 tumor progression. Therefore, we generated RT2

mice with overexpression of TNC (RT2/TNC) and a lack of TNC

(RT2/TNCKO) (Figures S1B–S1G).

We performed tissue analysis to address whether ectopically

expressed TNC had an effect on cell proliferation. We quantified

the proportion of cells positive for phosphohistone-H3 by IF

(Figure S2A) and observed that tumors of RT2/TNC mice ex-

hibited 1.4-fold more proliferating cells than those from RT2

mice (Figure 1A) with a significant difference in hyperplastic is-

lets (Figure S2C). Surprisingly, a similar difference was also

seen in RT2/TNCKO tumors (Figures 1B and S2D). We also

investigated a potential impact of ectopically expressed TNC

on apoptosis by staining for cleaved caspase-3 (Figure S2B).

RT2/TNC tumors exhibited 2.8-fold less apoptotic cells than

RT2 wild-type tumors (Figures 1C and S2E). In contrast,

apoptosis was unchanged in RT2/TNCKO tumors in comparison

to RT2 controls (Figures 1D and S2F). However, no difference

was seen in tumor multiplicity or tumor volume between geno-

types (Figures S2G and S2H). Interestingly, upon tumor grading

we observed that the frequency of carcinomas and the ratio of

carcinomas over adenomas were higher in RT2/TNC mice

(1.8) than in RT2 controls (0.8) (Figure 1E; Table S1). We

conclude that transgenic TNC increases proliferation and sur-

vival in RT2/TNC mice and more importantly promotes tumor

progression.

Tenascin-C Promotes the Angiogenic Switch and the

Formation of Leaky and Abnormal Tumor Vessels

To address whether TNC has an effect on RT2 tumor angiogen-

esis, we isolated islets at the age of 8weekswhen the angiogenic

switch takes place in a subset of neoplastic islets (Hanahan et al.,

1996; Parangi et al., 1996) (Figure S2I). We noticed that the num-

ber of angiogenic islets was 2.4-fold higher in RT2/TNC and 2.9-

fold lower in RT2/TNCKO mice in comparison to RT2 littermates

(Figures 1F and 1G; Table S2). By quantification of CD31-posi-

tive endothelial cells (Figure S2J) in tumor sections of 12-

week-old RT2 mice, we observed that the abundance of blood

vessels was 2.6-fold higher and 1.6-fold lower in tumors of

RT2/TNC and RT2/TNCKO mice, respectively, than in RT2 con-

trols (Figures 1H and 1I).

We next addressed the question of a potential impact of TNC

on vessel anatomy by scanning electron microscopy in Mercox

corrosion casts of the tumor vasculature of multiple tumors of

RT2 and RT2/TNC mice. Using this descriptive approach, we

observed a highly aberrant vessel phenotype in some RT2/

TNC tumors that has not been seen in RT2 tumors. These ves-

sels were irregularly shaped, wider, discontinued, and bifurcated

(see arrows), reminiscent of high vessel branching and/or

leakage (Figures 1J and S2K). Because this approach is not suit-

able for quantitative determinations, we then studied vessel

lining by pericytes using NG2 staining as readout for vessel

functionality and maturation (Figure S2L). Despite more abun-

dant pericytes in RT2/TNC tumors (Figure S2M), quantification

of combined NG2 and CD31 staining signals revealed a 23.7%

reduced ratio of NG2 over CD31 in RT2/TNC tumors (Figure 1K),

which is indicative of a reduced pericyte coverage of vessels

(Song et al., 2005). Finally, we assessed vessel functionality by

analyzing fibrinogen (FBG) leakage in tumors upon PBS perfu-

sion of tumor vessels followed by FBG staining (Huijbers et al.,

2010) (Figure S2N).Whereas FBG leakage was slightly increased

(close to significance, p = 0.064) in RT2/TNC over control tumors

(Figures 1L and S2O), this analysis revealed a 1.7-fold signifi-

cantly reduced FBG staining in RT2/TNCKO tumors over RT2

wild-type tumors (Figures 1M and S2P).

Altogether, our results suggest that, whereas TNC promotes

the angiogenic switch and increases tumor blood vessel density,

it decreases vessel coverage by pericytes and increases

leakage, thus perturbing tumor vessel functionality.

Tenascin-C Increases Lung Micrometastasis

In a C57Bl/6 background, RT2 mice do not exhibit macroscopi-

cally visible metastasis. To address whether TNC had an effect

on micrometastasis formation, we determined expression of

insulin (as tumor cell-specific marker) in liver and lung tissue of

tumor-bearing mice. Upon tissue staining, we detected cohorts

of insulinoma cells within liver and lung tissue confirming their

metastatic nature (Figures 2A and S3A). Hematoxylin and eosin

(H&E) staining revealed their parenchymal localization. In a

subset of mice, we compared quantification of insulin by im-

munostaining and quantitative RT-PCR (qRT-PCR). This showed

a good correlation between both methods and indicates that

quantification by qRT-PCR reflects parenchymal localization of

micrometastasis rather than circulating tumor cells. We then

analyzed a larger sample size of liver and lung tissue by qRT-

PCR. Although we did not observe differences in liver tissue

between genotypes (Figures S3B and S3C), insulinmRNA levels

in lungs of RT2/TNC mice were 5.4-fold higher in comparison

to lungs of RT2 controls (Figure 2B). Moreover, we observed

28.3-fold lower insulin mRNA levels in lungs of mice lacking

TNC in comparison to control littermates carrying one TNC allele
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(Figure 2C). Our results suggest that in the RT2 model TNC does

not affect liver metastasis but increases lung micrometastasis

formation.

TNC Expression Correlates with Low Dkk1 Levels and

Increases Wnt Target Gene Expression

Because we had noticed downregulation of the Wnt pathway

inhibitor DKK1 in T98G glioblastoma cells cultivated on a TNC-

containing substratum (Ruiz et al., 2004), we assessed a poten-

tial impact of TNC on Dkk1 expression in tumors of the different

RT2 genotypes. By qRT-PCR, we noticed that 12 times more

RT2/TNC tumors (46.1%) lacked Dkk1 expression as compared

to RT2 controls (3.7%) (Figure 3A). In RT2/TNC tumors with

detectable Dkk1 expression, the levels were 16.1-fold reduced

in comparison to RT2 controls (Figure 3B). In contrast, Dkk1

levels were 2.6-fold higher in tumors lacking TNC as compared

to control tumors with one TNC allele (Figure 3C). These obser-

vations demonstrate an inverse correlation between TNC and

Figure 1. TNC Enhances Proliferation, Survival, and Tumor Progression in RT2 Tumors

(A and B) Quantification of proliferating cells in tumor sections as PH3-positive nuclei in 12-week-old mice. (A) RT2 (n = 9 mice, n = 150 islets), RT2/TNC (n = 8,

n = 140). (B) RT2 (n = 6, n = 131) and RT2/TNCKO (n = 6, n = 137).

(C and D) Quantification of apoptotic cells as cleaved caspase-3-positive cells in tumor sections of 12-week-old mice. (C) RT2 (n = 6mice, n = 84 islets), RT2/TNC

(n = 8, n = 123). (D) RT2 (n = 4, n = 95) and RT2/TNCKO (n = 4, n = 83).

(E) Tumor grading into adenoma or invasive carcinoma (H&E-stained tumor sections) of RT2 tumors (n = 26 mice, 78 adenomas, 79 carcinomas) and RT2/TNC

(n = 22, 44 adenomas, 76 carcinomas). See Table S1.

(F and G) Number of angiogenic islets per mouse normalized to RT2 controls. See Table S2.

(H and I) Tumor blood vessel quantification upon CD31 staining of tumor sections from 12-week-old mice as CD31-positive area fraction per tumor normalized to

RT2 controls. (H) RT2 (n = 6 mice, n = 34 tumors, 203 images) and RT2/TNC (n = 4, n = 17, 106 images). (I) RT2 (n = 3, n = 71) and RT2/TNCKO (n = 3, n = 111).

(J) Morphology of the tumor vasculature in Mercox perfusion casts from 12-week-old RT2 and RT2/TNC mice. Arrows point at break point, branching, and

constriction. Scale bars, 50 mm.

(K) Pericyte coverage of tumor blood vessels upon quantification of the ratio of NG2 over CD31 staining signals. RT2 (n = 6 mice, n = 155 tumors) and RT2/TNC

(n = 8, n = 204).

(L andM) Quantification of tumor blood vessel leakage upon fibrinogen staining of tumor sections from 12-week-old mice as fibrinogen-positive area fraction per

tumor. (L) RT2 (n = 5mice, n = 62 tumors) and RT2/TNC (n = 3, n = 50). (M) RT2 (n = 4, n = 60) and RT2/TNCKO (n = 5, n = 125). Error bars represent SEM. *p < 0.05.

See also Figures S1 and S2 and Tables S1 and S2.
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Dkk1 expression and suggest that TNC may activate Wnt

signaling through Dkk1 repression. To address this possibility,

we determined the expression of Wnt target genes by qRT-

PCR. We observed an increased expression of the bona fide

Wnt signaling target Axin2 (1.4-fold) in RT2/TNC tumors (Fig-

ure 3B), whereas its expression was unchanged in RT2/TNCKO

tumors (Figure 3C). This result suggested that ectopic TNC

expression induced Wnt signaling, prompting us to analyze

expression of other Wnt target genes. Indeed, other Wnt targets

such as Cyclin D1 (2.0-fold), CD44 (2.0-fold), and Slug (1.8-fold)

were upregulated in small differentiated tumors of RT2/TNC

mice (Figure 3D; Table S3). These results suggest that TNC

may contribute to Wnt signaling activation in RT2/TNC tumors

through downregulation of the inhibitor Dkk1.

Wnt Activation and DKK1 Inhibition by TNC in Cultured

Tumor and Stromal Cells

We then designed in vitro experiments to evaluate a potential

Wnt activation by TNC involving DKK1. We used a Wnt reporter

(TOPFlash) assay where the expression of the luciferase gene is

driven by a promoter containing TCF/LEF binding sites. Upon

growth of Wnt-3A-stimulated osteosarcoma KRIB cells on a

TNC-containing substratum, we observed a 3.5-fold increased

Wnt reporter activity (Figure 4A) and a 2.0-fold increased expres-

sion of AXIN2 (Figure 4B), demonstrating that TNC activates the

Wnt pathway.

Next, we determined whether TNC affects secretion of soluble

factors regulating Wnt signaling in KRIB cells. Therefore, we

measured Wnt reporter activity of Wnt-3A-stimulated KRIB cells

upon incubation with conditioned medium (CM) from the same

cells previously grown on fibronectin (FN) or FN/TNC and

observed that, indeed, Wnt activity was higher with CM from

cells cultured in the presence of TNC (Figure 4C). These results

suggest that TNC activates Wnt signaling through modulating

the secretion of activators or inhibitors of the Wnt pathway.

To address whether Wnt inhibitors are regulated by TNC, we

investigated their expression by qRT-PCR in cells grown on

FN/TNC and FN. Although some inhibitors (DKK4 and SFRP2)

Figure 2. Lung Micrometastasis in RT2 Mice

Insulin expression in a lung RT2 micrometastasis (A) and quantification by

qRT-PCR (B and C). (A) Detection of metastasized insulin-positive tumor cells

in lung parenchyma (RT2 mouse) by immunostaining (upper panel) and H&E

staining (adjacent section, lower panel). Scale bar 50 mm. Detection of insulin

expression in RT2 (9/24) and RT2/TNC mice (11/24) (B) and in RT2/TNC+/�

(8/13) and RT2/TNCKO littermates (4/13) (C). Error bars represent SEM. *p <

0.05. See also Figure S3.

Figure 3. Dkk1 Expression in RT2 Tumors

(A) Tumors were stratified according to Dkk1 levels, as Dkk1 expressing

(Dkk1+) or not expressing (Dkk1�). Dkk1was found to be expressed in 26 of 27

RT2 tumors and in 7 of 13 RT2/TNC tumors. Difference between genotypes,

p < 0.05.

(B) Dkk1 expression was largely reduced in those RT2/TNC tumors with

detectable Dkk1 expression. Axin2 expression was enhanced in RT2/TNC

tumors.

(C) In RT2/TNCKO tumors (15 of 24 tumors were Dkk1 positive) Dkk1

expression was higher compared to RT2/TNC+/� tumors (16 of 23 tumors were

Dkk1 positive). Axin2 expression was not changed.

(A–C) Dkk1 and Axin2 expression was analyzed by qRT-PCR.

(A–D) Wnt target gene expression in all RT2/TNC and RT2/TNCKO tumors

(A–C) or in small differentiated tumors (D), see Table S3. Error bars represent

SEM. *p < 0.05.
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were not expressed, no consistent effect of TNC was observed

on the expression of other analyzed Wnt inhibitors (DKK2,

DKK3, SFRP1, SFRP3, SFRP4) in KRIB, T98G, andMDA-MB435

cells (Figure S4A). In contrast, we observed a robust downregu-

lation of DKK1 in all five analyzed tumor cell lines of different

origin after 24 hr on the TNC-containing substratum (Figures

4D and S4A). DKK1 downregulation was observed at both

RNA and protein levels, with a fast (5 hr) and long-lasting (up to

12 days) effect in T98G cells (Figures S4B and S4C).

To determine whether modulation of DKK1 expression

contributes to TNC-dependent Wnt signaling in KRIB cells,

TOPFlash activity was measured upon overexpression and

knockdown of DKK1, respectively (Figures S4D–S4G). Indeed,

activity of the Wnt signaling reporter was DKK1 dependent

because it was increased upon DKK1 knockdown and

decreased upon Dkk1 overexpression (Figure 4E) and was

repressed by Dkk1-containing CM in a dose-dependent manner

(Figure S4H). When KRIB cells were incubated with Dkk1 CM on

Figure 4. TNC Leads to DKK1 Downregulation and Wnt Signaling Activation in Tumor Cells and Endothelial Cells

(A–C) Enhanced Wnt signaling in Wnt-3A-treated KRIB cells by TNC. TOPFlash activity of cells grown on FN or FN/TNC for 48 hr (A) or treated for 48 hr with Wnt-

3A CM and CM of cells grown on FN or FN/TNC (C). (B) AXIN2 mRNA levels (qRT-PCR, 5 hr).

(D)DKK1 expression (qRT-PCR, 24 hr) in the indicated tumor cell lines (KRIB, T98G, MDA-MB-435 [MDA], MCF-7, and Caco2) on FN/TNC is represented relative

to its expression on FN.

(E) Cell autonomous impact of low (knockdown) and high (overexpression) DKK1 on Wnt signaling as analyzed by TOPFlash activity after 48 hr.

(F) Repression of TNC-mediated Wnt signaling activation by Dkk1. TOPFlash luciferase activity was performed as in (A) except the addition of CM from KRIB

control or Dkk1-overexpressing cells after 5 hr of cell seeding on the indicated substrata. Note that the TNC-containing substratum still induced Wnt signaling

activity in presence of Dkk1-containing CM, but to a lesser extent (1.8-fold) than in the control conditions (3.1-fold).

(G–I) DKK1 and Axin2 mRNA levels in pericytes (G and H) and two human colorectal-cancer-derived CAF primary lines (I) seeded on FN or FN/TNC (5 hr). TNC

leads to downregulation of DKK1 in pericytes and CAFs (G and I), but AXIN2 expression remains unchanged in pericytes (H).

(J–L) EnhancedWnt signaling by TNC inHUVECs. qRT-PCR for DKK1 and AXIN2 (5 hr) (J and L) andDKK1 immunoblotting (24 hr) (K). Data from three independent

experiments (except D: MCF-7 and Caco2 cell lines, one and two experiments, respectively; and I: two experiments) are shown as mean ± SEM. *p < 0.05.

See also Figure S4.
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FN/TNC and FN, Wnt reporter activity was largely reduced

(Figure 4F), suggesting that TNC-induced repression of DKK1

facilitates Wnt pathway activation.

Next, we determined whether stromal cells also downregu-

lated DKK1 on a TNC substratum. Therefore, DKK1 expression

was determined in two monocytic/macrophage cell lines, pri-

mary human brain pericytes, two colorectal cancer derived

carcinoma associated fibroblasts (CT5.1, CT14), and human

umbilical vein endothelial cells (HUVECs) upon growth on FN/

TNC and FN. We noticed that in contrast to the two macrophage

lines that did not at all express DKK1, pericytes (5-fold), CAFs

(3.0- and 1.6-fold), and HUVECs (2.2-fold) significantly downre-

gulated DKK1 mRNA (Figures 4G, 4I, and 4J) and protein (Fig-

ure 4K) on a TNC substratum. Whereas Axin2 expression was

not affected in pericytes (Figure 4H), Axin2 mRNA was 2.3-fold

increased in HUVECs on FN/TNC in comparison to FN (Fig-

ure 4L). Altogether, our results show that TNC induces downre-

gulation of DKK1 in tumor and stromal cells and activates Wnt

signaling in tumor and endothelial cells.

Mechanism of DKK1 Downregulation by TNC

First, we determined whether DKK1 mRNA stability is substra-

tum dependent. Therefore, T98G cells were treated with the

RNA polymerase II inhibitor Actinomycin D, but DKK1 mRNA

levels were equally low in cells on FN and FN/TNC, suggesting

that DKK1 is not regulated by mRNA stabilization (Figure S5A).

Next, we addressed whether TNC downregulates DKK1 at tran-

scriptional level. Therefore, we performed reporter assays by

measuring luciferase activity under control of a 3.2 kbDKK1 pro-

moter sequence. Indeed, we observed a 2.5-fold reduced DKK1

promoter activity in cells grown for 48 hr on a TNC-containing

substratum (Figure 5A).

Because TNC blocks actin stress fiber formation (Huang et al.,

2001; Midwood et al., 2004; Murphy-Ullrich et al., 1991; Orend et

al., 2003), we investigated whether disruption of the actin cyto-

skeleton has an impact on DKK1 mRNA levels. Treatment with

Latrunculin B (LB) andCytochalasin D (CD) disrupted actin stress

fibers and focal adhesions and, importantly, reduced DKK1

expression (Figures 5B–5D). To address the converse whether

more actin stress fibers stimulate DKK1 expression, we treated

KRIB and T98G cells with lysophosphatidic acid (LPA) and

observed an increased and dose-dependent DKK1 mRNA

expression similar to serum response factor (SRF), a known actin

stress fiber-regulated gene (Gineitis and Treisman, 2001;

Spencer and Misra, 1999) (Figures S5B–S5F). Moreover, LPA

(30 mM) restored cell spreading, actin stress fibers, and focal

Figure 5. Mechanism of DKK1 Downregulation

(A) Reduced DKK1 promoter activity by TNC. DKK1 promoter driven luciferase activity in T98G cells is shown upon growth for 48 hr on the indicated substrata.

(B and E) Phalloidin (red) and vinculin (green) stainings of serum-starved T98G cells upon CTR, CD (2 mM), or LB (5 mM) treatment for 3 hr (B). Nuclei are stained in

blue (DAPI). Scale bar 20 mm.

(C and D) DKK1 mRNA levels in serum-starved T98G upon LB (5 mM, 3 hr) (C) or CD (2 mM, 3 hr) (D) treatment.

(E) IF staining of T98G cells upon control or LPA (30 mM) treatment. Serum-starved T98G were plated on fibronectin (FN) or fibronectin/tenascin-C (FN/TNC), and

after 1 hr LPAwas added for 4 hr. Although cells are poorly spread under control conditions on FN/TNC (no actin stress fibers, few focal adhesions), LPA treatment

restored cell spreading associated with the formation of focal adhesions and actin stress fibers. Scale bar, 20 mm.

(F) DKK1 mRNA expression determined by qRT-PCR upon treatment with 30 mM LPA. LPA restores DKK1 expression on FN/TNC.

(G–I)DKK1mRNA expression determined by qRT-PCR upon ectopic expression of chicken syndesmos (G) andmouse TPM1 (H) or upon knockdown of TPM1 (I).

Syndesmos or TPM1 overexpression induces DKK1 mRNA expression, whereas TPM1 knockdown leads to DKK1 downregulation.

Data are shown as mean ± SEM. *p < 0.05. See also Figure S5.
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adhesions in T98G cells on a FN/TNC substratum and most

importantly largely restored DKK1 levels on this substratum to

that on FN (Figures 5E and 5F). Because LPA can trigger RhoA

signaling (Mills and Moolenaar, 2003), and RhoA expression

(Lange et al., 2007) and function (Wenk et al., 2000) are impaired

by TNC, we determined whether overexpression of a constitu-

tively active (CA) RhoA molecule impacts on DKK1 expression.

Whereas, CA-RhoA increased SRF target gene expression (Fig-

ures S5G–S5J), it did not alter DKK1 expression (Figures S5K

and S5L), suggesting that LPA triggers DKK1 expression by a

RhoA-independent pathway.

Because tropomyosin-1 (TPM1) and syndesmos overexpres-

sion bypass the cell adhesion blocking and actin stress-fiber-

disrupting effect of TNC on a FN/TNC substratum (Lange et al.,

2008), we determinedwhether ectopic expression of syndesmos

and TPM1 have an impact on DKK1 expression. Whereas

shTPM1 blocked DKK1 expression, overexpression of syndes-

mos and TPM1 increased DKK1 mRNA levels to 4.7- and 3.6-

fold, respectively (Figures 5G–5I and S5M–S5P).

Altogether, these results demonstrated that DKK1 expression

is regulated at the promoter level and that actin stress fibers and

focal adhesion signaling drive DKK1 transcription independently

of RhoA. We conclude that TNC downregulates DKK1 transcrip-

tion by blocking focal adhesion and actin stress fiber formation.

Repression of Tumor Angiogenesis by DKK1

As we observed that TNC promotes tumor angiogenesis and

downregulates DKK1 expression, we addressed whether

DKK1 impacts on tumor angiogenesis in xenografted tumors of

KRIB cells with different DKK1 levels. We found that upon

Dkk1 overexpression (Figure S6A) tumors were significantly

smaller (Figure 6A) and pale (Figure 6B). Quantification of micro-

vessel density upon CD31 staining revealed that Dkk1-overex-

pressing tumors were less vascularized (Figure 6C), suggesting

that Dkk1 overexpression impaired tumor angiogenesis. In addi-

tion, conditioned medium from KRIB cells overexpressing Dkk1

inhibited HUVEC tubulogenesis on Matrigel in vitro (Figure S6D).

We addressed whether Dkk1 potentially had an impact on tumor

growth through inhibiting tumor cell proliferation and found no

statistically significant difference in proliferation in cultured cells

or in the tumorswith elevatedDkk1 levels (Figures S6B andS6C).

Figure 6. Dkk1 Overexpression Inhibits

Osteosarcoma Growth and Angiogenesis

(A)Mean tumor volume of control (CTR, n = 10) and

Dkk1-overexpressing (n = 9) KRIB tumors upon

subcutaneous injection of the corresponding cells

into nude mice.

(B) Representative tumor images.

(C) Tumor microvessel density, as determined by

CD31 staining and quantification, was 2.2-fold

reduced in KRIB:Dkk1 tumors (n = 8) as compared

to control KRIB tumors (n = 10).

Error bars represent SEM. *p < 0.05. See also

Figure S6.

Because Dkk1 influenced proliferation of

tumor cells neither in vitro nor in vivo,

our data suggest that Dkk1 overexpres-

sion impairs angiogenesis and thereby inhibits KRIB tumor

growth. Because DKK1 blocks angiogenesis in a VEGFA context

(Min et al., 2011), we investigated whether full-length TNC binds

VEGFA. Indeed, by surface plasmon resonance we observed a

dose-dependent binding of VEGFA to TNC (Figure S7), extend-

ing data on binding of VEGFA to the fifth FNIII domain in TNC

(De Laporte et al., 2013) by providing a Kd of 2.73 10�7M,which

is in the range of a VEGFA/glycosaminoglycan interaction (2.43

10�8 M) (Wu et al., 2009).

TNC Expression in Human Insulinomas

As we demonstrated a tumor-promoting effect of TNC in the

murine RT2 insulinoma model, we assessed a potential clinical

relevance by determining TNC expression in human insulinomas

using qRT-PCR and immunohistochemical staining of patient

tumor tissue. Of note, insulinomas are rare and most are benign,

yet a few (10%–15%)metastasize to lymph nodes and liver (Metz

and Jensen, 2008). At RNA level, we found that TNC expression

was detectable in all analyzed human insulinomas (Figure 7A).

Most importantly, we observed the highest TNC expression

levels (3/14) in tumors from patients with metastasis to liver or

lymph nodes (Figures 7A and 7B), suggesting that a high TNC

expression correlates with metastasis formation in human

insulinomas.

DISCUSSION

We have used the RT2 model of multistage pancreatic b-cell

tumorigenesis with abundant and no TNC expression to obtain

a better understanding of TNC contribution to tumor progression

and we have observed multiple effects. Enhanced TNC levels in

TNC transgenic RT2mice correlate with an increase in tumor cell

proliferation and survival, carcinoma formation, angiogenesis,

and lung micrometastasis. On the contrary, the absence of

TNC results in reduced angiogenesis and lung micrometastasis.

These results confirm a crucial role of TNC in tumor progression

as has been suspected in human cancer.

There is much evidence for an important role of TNC in pro-

moting tumor angiogenesis (Midwood et al., 2011). However,

despite the fact that TNC has been extensively investigated for

almost three decades (Chiquet-Ehrismann et al., 1986), it is not
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resolved how TNC impacts tumor angiogenesis at the molecular

level. Whereas TNC can have stimulatory effects on endothelial

cell migration, conflicting reports exist concerning its impact

on tubulogenesis. A proangiogenic effect of TNC linked to

VEGFA expression was seen in humanmelanoma xenografts im-

planted into immune-compromised mice lacking TNC (Tanaka

et al., 2004). Of note, in the RT2/TNC tumors we did not observe

an increased VEGFA expression (M.K., F.S., G.O., unpublished

data). Our study addresses the role of TNC on tumor angiogen-

esis systematically by using a stochastic genetic tumor model

with an intact immune system. Here, we investigated the angio-

genic switch, tumor blood vessels, and their functionality. Most

importantly, our study shows that TNC promotes the angiogenic

switch, a rate-limiting step along tumor progression (Hanahan

and Folkman, 1996), and the abundance of endothelial cells.

However, TNC seems to impair vessel functionality because tu-

mor vessels of RT2/TNC mice are morphologically aberrant and

less covered by pericytes. Moreover, vessels in RT2 tumors

lacking TNC are less leaky than those with TNC, suggesting a

role of TNC in the formation of more but less functional tumor

vessels.

We have identified DKK1 as an important TNC target in RT2

tumors. Our in vivo and in vitro results suggest that TNC pro-

motes tumor progression involving DKK1 downregulation and

activation of Wnt signaling. First, the TNC copy number inversely

correlates with DKK1 expression in RT2 tumors, and a TNC sub-

stratum downregulates DKK1 expression in tumor and several

stromal cell types (CAFs, pericytes, and endothelial cells). Sec-

ond, Wnt signaling is increased by TNC in the RT2 model and

in cultured endothelial and tumor cells. Third, TNC-induced

Wnt activation is reduced in tumor cells by DKK1. Finally, down-

regulation ofDKK1 by TNCmay be a key event because no other

major Wnt inhibitor is consistently regulated by a TNC-contain-

ing substratum (our data; Ruiz et al., 2004).

Several transcriptional regulators, epigenetic silencing, and

tissue tension were shown to regulate DKK1 expression (Agui-

lera et al., 2006; Barbolina et al., 2013; Liao et al., 2008; Menezes

et al., 2012; Pendás-Franco et al., 2008; Zhou et al., 2012). Here,

we demonstrate that TNC downregulates DKK1 expression by

promoter inhibition. Because TNC blocks actin stress fiber for-

mation (Huang et al., 2001; Midwood et al., 2004; Murphy-Ullrich

et al., 1991; van Obberghen-Schilling et al., 2011), we investi-

gated whether DKK1 expression is regulated by the actin poly-

merization state and demonstrated that TPM1 antisense and

drug-induced disruption of the actin cytoskeleton reduced

DKK1mRNA levels. On the contrary, enforcing actin polymeriza-

tion and stress fiber formation by overexpression of syndesmos,

bridging integrin a5b1 and syndecan-4 in focal adhesions (Bass

and Humphries, 2002), largely increased DKK1 expression. We

further showed that LPA rescued focal adhesion and actin stress

fiber formation and cell spreading on FN/TNC, whichwe linked to

restored DKK1 expression in a RhoA-independent manner. How

TNC downregulates DKK1 expression at promoter level is

currently unknown and requires further investigation, but it

does not appear to be exclusively dependent on the SRF cotran-

scription factor MKL1 that is regulated by actin polymerization

(Miralles et al., 2003) (A.S. and G.O., unpublished data). Previ-

ously, it was shown that a stiffened collagen substratum, impli-

cating integrin adhesion signaling (Levental et al., 2009), induces

DKK1 downregulation in several cell types including endothelial

cells (Barbolina et al., 2013). Here, we report a mechanism

whereby TNC blocks DKK1 transcription through disruption of

actin stress fibers.

The role of DKK1 in developmental and tumor angiogenesis

appears to be context dependent, because DKK1 can pro-

duce pro- and antiangiogenic effects (Aicher et al., 2008; De

Langhe et al., 2005; Min et al., 2011; Oh et al., 2012; Reis

Figure 7. TNC Expression Correlates with Metastasis Formation in

Human Insulinomas

(A) TNCmRNA expression was determined by qRT-PCR in two patient groups

(group 1, Munich cohort; group 2, Strasbourg cohort) and is displayed as

relative expression upon normalization toGAPDH. Upon combining data of the

two groups, TNC expression in patients with metastasis is increased over that

in patients without metastasis (p < 0.05).

(B) TNC expression was determined by IHC in all tumors of the two groups of

insulinomas. Representative pictures of the three metastatic and three non-

metastatic insulinomas are shown. Scale bar, 100 mm.
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et al., 2012; Smadja et al., 2010). Interestingly, the growth factor

context seems to be particularly critical for the outcome,

because, for example, DKK1 promotes basic fibroblast-

growth-factor-induced angiogenesis (Aicher et al., 2008; Reis

et al., 2012; Smadja et al., 2010) but blocks VEGFA-induced

(Min et al., 2011) angiogenesis in Matrigel plug assays in vivo.

We here confirm that DKK1 inhibits HUVEC tubulogenesis

in vitro (Min et al., 2011) and tumor angiogenesis in an osteosar-

coma xenograft model in vivo.

Employing the RT2 model, we show that TNC promotes

metastasis formation to the lung but not to the liver. This is remi-

niscent of breast cancer where TNC is part of a gene expression

signature specifically associated with lung but not bone metas-

tasis (Minn et al., 2005), an initial observation that has been

subsequently confirmed and functionally validated using xeno-

graft models (Oskarsson et al., 2011; Tavazoie et al., 2008).

Mechanistically, TNC expression was linked to an increased

tumor cell survival and activation of Wnt and Notch signaling,

as revealed by increased expression of Lgr5 and Msi1, respec-

tively (Oskarsson et al., 2011). Although we have shown that

Wnt signaling is activated in TNC-overexpressing RT2 tumors

and in cellular models comprising tumor and endothelial cells

in vitro, the expression of Lgr5 and of several Notch pathway

members are unaffected in the in vivo and in vitro models we

used (Table S3; F.S. andG.O., unpublished data). Multiple expla-

nations for these differences may exist, such as difference in

model systems and in organ and tissue context. We have shown

that the ectopic expression of TNC leads to DKK1 downregula-

tion andWnt signaling activation in RT2/TNC tumors as revealed

by the upregulation of other Wnt target genes, including the

prototypical Wnt target Axin2. Conversely, in RT2/TNCKO tu-

mors DKK1 levels were increased, but Axin2 expression was

unchanged. This result is in line with a previous report showing

that the Wnt pathway has minimal basal activity in pancreatic

beta tumor cells and is dispensable for RT2 tumor progression

(Herzig et al., 2007). In addition to canonical Wnt signaling, the

DKK1 receptor LRP6 was shown to promote PDGF-BB, TGF-b

and CTGF signaling in pericytes and fibroblasts. Importantly,

these signaling activities were blocked by DKK1 through binding

to LRP6 (Ren et al., 2013). We suggest that a TNC-rich matrix

induces a microenvironment with low DKK1 levels that is

susceptible to angiogenic signaling from Wnt and other path-

ways regulated by DKK1. This possibility is supported by our re-

sults that have shown an inverse correlation of TNC and DKK1

expression, promotion of the angiogenic switch by TNC, and a

strong downregulation of DKK1 by TNC in tumor and several

stromal cell types.

In the TNC transgenic RT2 model, we observed that TNC

promotes multiple early events such as proliferation and survival

in hyperplastic islets, Wnt target upregulation in small, differ-

entiated tumors, and the angiogenic switch. A major role of

TNC early in tumorigenesis combined with a less functional

vasculature may explain why macroscopically visible RT2

tumors of the different genotypes did not differ in size. A po-

tential early role of TNC in tumorigenesis has not received

much attention because cancer patient data with a correlation

of high TNC expression and malignancy (Midwood and Orend,

2009; Oskarsson et al., 2011) rather suggested a major role of

TNC in late events. In human cancer tissue, early events cannot

be easily addressed, which might explain why we did not see a

correlation of TNC and DKK1 mRNA expression levels in human

cancer tissues. TNC promotes metastasis (Minn et al., 2005; Os-

karsson et al., 2011; Tavazoie et al., 2008), which has also been

recapitulated here in the RT2 model and in human insulinomas

where the highest TNC expression levels were observed in the

few available metastatic insulinomas.

In summary, we have shown that DKK1 expression is depen-

dent on actin stress fibers that are disrupted by TNC. We have

established a transgenic immune-competent tumor mouse

model that mimics the high expression of TNC observed in

human cancer. Our results prove that TNC plays crucial roles

along tumor progression by promoting early and late events.

We demonstrate that TNC levels determine the extent of tumor

cell survival, invasion, tumor angiogenesis, and metastasis.

These phenotypes appear to be linked to DKK1 downregulation

creating a proangiogenic tumor microenvironment. Finally, our

human TNC-expressing transgenic tumor mice offer a model

for human insulinoma progression and for the preclinical evalua-

tion of drugs that target human TNC.

EXPERIMENTAL PROCEDURES

Mice

Generation of transgenic RipTNC mice, breeding, genotyping, xenograft ex-

periments, and analysis of tumor material are specified in the Supplemental In-

formation. RT2mice developing pancreatic neuroendocrine tumors (Hanahan,

1985) were crossed with RipTNC (this study) or TNCKO (Forsberg et al., 1996)

mice to generate double-transgenic mice with forced expression of TNC (RT2/

TNC) or lacking TNC expression (RT2/TNCKO). Experiments comprising ani-

mals were performed according to the guidelines of INSERM and the Swiss

Federal Veterinary Office.

Histopathological Analysis of Mouse and Human Tissue

Tumor incidence per mouse was determined as the number of all visible tu-

mors with a minimal diameter of 1 mm. Tumor volume was calculated

assuming a spherical shape with formula V = 1/6 3 p 3 d3 (d = tumor diam-

eter). Pancreata, liver, and lung tissue were isolated, fixed in 4% paraformal-

dehyde (PFA) overnight followed by embedding in paraffin, fixed for 2 hr in

4% PFA, immersed in 20% sucrose overnight, and embedded in Tissue-Tek

O.C.T. (Sakura Finetek) or freshly embedded in O.C.T. and frozen on dry ice.

Histological analysis was performed on 5 mm (paraffin embedded) and 7 mm

(cryopreserved) tissue sections by staining with H&E or immunostaining. Pri-

mary antibodies were incubated overnight at 4�C. Immunohistochemical

(IHC) detection was performed on paraffin-embedded tissue using Vectastain

developing system (Vector Laboratories), followed by staining with hema-

toxilin. Detection by IF was performed on fixed or fresh-frozen tissue using

fluorescein-isothiocyanate- or Cy3-coupled secondary antibodies (Jackson

ImmunoResearch Laboratories); cell nuclei were stained with DAPI. Primary

antibodies detecting the following molecules were used: phosphohistone H3

(PH3, 1:200, Upstate 06-570), cleaved caspase-3 (1:50, Cell Signaling Tech-

nology 9661), CD31 (1:50, BD Pharmingen 550274, Acris BM4086), NG2

(1:200, Millipore AB5320), insulin (1:200, Dako Cytomation A0564), glucagon

(1:1000, Sigma G2654), KI67 (1:200, clone SP6, Thermo Scientific, RM-

9106-S1), human TNC (BC-24, 1:3000, Sigma T2551), and fibrinogen (1:500,

Dako A0080). Anti-mouse TNC MTn12 (Aufderheide and Ekblom, 1988) and

anti-human TNCB28.13 antibodies (Schenk et al., 1995) were purified from hy-

bridoma culture supernatants.

Quantification of IF microscopic pictures was done using ImageJ (National

Institutes of Health) software. Staining protocols (fixation, blocking, antibody

dilution) and image acquisition setting (microscope, magnification, light inten-

sity, exposure time) were kept constant per experiment. Data were quantified
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as counted events over analyzed tumor area (PH3), as area fraction over

analyzed DAPI-positive cell area (cleaved caspase-3, PH3, and KI67) or as

area fraction over analyzed tumor area (CD31, NG2, and fibrinogen).

Cell-Culture Experiments

Coating of cell-culture dishes with FN and TNC was performed as described

earlier (Huang et al., 2001; Lange et al., 2007). Cells were seeded on the coated

surfaces and analyzed using standard protocols as described. mRNA was ex-

tracted from paraffin-embedded tissue and analyzed by qRT-PCR.

Human Insulinomas

Tumor material was obtained from the Klinikum rechts der Isar (Munich, Ger-

many) or the Hôpital de Hautepierre (Strasbourg, France). Analysis of the hu-

man insulinomas had been approved by the respective ethics committees.

All samples were obtained after prior patient informed written consent. Tumor

tissue was obtained from 14 patients (group 1, Munich, and group 2, Stras-

bourg) with endocrine pancreatic cancer and was histopathologically

confirmed as insulinoma by an experienced pathologist. Presence of metas-

tasis was diagnosed in three patients (liver or lymph node n = 2, group 1; liver

and lymph node n = 1, group 2).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2013.09.014.
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Extended Experimental Procedures  

 

Generation of transgenic RipTNC mice 

The human TNC cDNA sequence (GenBank X78565.1) comprising all but AD1 and AD2 

extra domains was removed from the HxBL.pBS plasmid (Aukhil et al., 1993) and cloned 

into the Rip1 expression vector (Hanahan, 1985) for insulin promoter driven expression 

by using the intermediate pcDNA3.1/Hygro(-) vector (Figure S1B). Successful cloning 

was confirmed by restriction enzyme analysis and partial sequencing. Expression and 

secretion of TNC was determined in a RT2 cell line by immunostaining and sandwich 

ELISA. The TNC expression vector was injected into the pronucleus of fertilized oocytes 

giving rise to transgenic RipTNC mice with stable transmission and expression of the 

transgene. Transgenic mice were healthy and fertile and did not exhibit any detectable 

alterations in tissue morphology (Figure S1F) nor blood glucose homeostasis (Figure 

S1G). All experimental procedures involving mice were done according to the guidelines 

of INSERM and the Swiss Federal Veterinary Office.  

 

Generation of tumor mice with different TNC expression levels  

RT2 mice (Hanahan, 1985) were bred with RipTNC mice (three lines) or TNCKO mice 

(Forsberg et al., 1996) to generate RT2/TNC or RT2/TNCKO mice respectively, with 

different TNC expression levels (Figure S1D, E). TNC expression analysis confirmed that 

tumors of RT2/TNC mice expressed transgenic human TNC (Figure S1D), whereas those 

from RT2/TNCKO mice lacked the TNC protein (Figure S1E). Starting at the age of 10 



 2 

weeks the drinking water was supplemented with 5% (w/v) glucose (FLUKA). Most data 

were obtained from mice in a C57Bl6 background except results in Figure 2C, Figure 3C 

and Figure S3C that were derived from RT2/TNCKO mice and littermates with one TNC 

copy (RT2/TNC+/-) in a mixed 129/Sv-C57Bl6 background. For genotyping by PCR the 

following primers were used, RipTNC ( !"#$%&-TAA TGG GAC AAA CAG CAA AG-'&($)*+#$

%&-GAA AGA CAC CTG CCA ACA GC-'&,($-./0$123$4 !"#$%&-GGA CAA ACC ACA ACT AGA 

ATG CAG-'&($)*+#$%&-CAG AGC AGA ATT GTG GAG TGG-'&,$25"$16789$4 !"$!:#$%&-CTG 

CCA GGC ATC TTT CTA GC-'&($ !"$16789#$%&-CTG CTC TTT ACT GAA GGC TC-'&($)*+#$

%&-TTC TGC AGG TTG GAG GCA AC-'&,;$ 

 

Tumor grading  

Tumor grading was performed on H&E stained paraffin sections and classified into 

adenomas (differentiated tumor cells, encapsulated tumors) and Grade 1 carcinomas 

(differentiated tumor cells, one invasive tumor front), Grade 2 carcinomas (partially 

dedifferentiated tumor cells, more than one invasive tumor front) and Grade 3 

carcinomas (heterogeneous appearance and loss of differentiated tumor cells, many 

invasion sites). 

 

Human insulinomas 

Tumor material was obtained from the Klinikum rechts der Isar (Munich, Germany) or the 

Hôpital de Hautepierre (Strasbourg, France) with prior patient informed written consent. 

Patients underwent surgical resection at the Department of Surgery, Klinikum rechts der 

Isar, Munich, Germany (between 1991 and 2011) (Group 1) and at the Hôpital de 

Hautepierre, Strasbourg (between 1994 and 2007) (Group 2). Tissue specimens were 

transferred into liquid nitrogen and stored until further processing for mRNA extraction, 

embedded in Tissue-Tek (Sakura, Labonord) and stored at -80°C, or fixed in formalin and 

embedded in paraffin. The median age of patients from Group 1 was 52 years (35 to 82 

years, 5 male and 2 female patients) and of patients from Group 2 was 46 years (13 to 

69 years, 2 male and 5 female patients). Presence of metastasis was diagnosed in three 
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patients (liver or lymph node n = 2, Group 1; liver and lymph node n = 1, Group 2). 

Analysis by qRTPCR, IF and IHC was performed as described. 

 

Oral glucose tolerance test 

12 week old mice (14 RipTNC and 15 wildtype) were starved overnight in clean cages 

with free access to water. Tail vein blood glucose concentration was measured at time = 

0 using Glucofix sensor for Glucofix mio (A. Menarini Diagnostics). 2 mg glucose per g 

body weight was orally administered by gavage and blood glucose levels (mg/dl) were 

measured every 15 minutes for 1.5h.  

 

Perfusion, fibrinogen staining and quantification of tumor vessel leakiness 

Twelve week old mice were anesthesized by i.p. injection of pentobarbital (5%, 4µl/g 

body weight). The chest was opened and the right atrium was cut. The left heart 

ventricle was perfused with 10 ml of 4% paraformaldehyde (PFA) followed by 10 ml of 

PBS through a 23G syringe connected to a peristaltic pump at constant pressure. The 

pancreas was dissected, incubated overnight in 20% sucrose at 4°C and frozen in O.C.T. 

Seven µm sections were processed for fibrinogen and CD31 immunofluorescent staining 

as described. Fibrinogen immunoreactive areas were measured by using the ImageJ 

software and were expressed as percentage of tumor/islet total area (area fraction). 

 

Gene expression analysis of mouse tissue and human insulinomas 

Tissue from isolated tumors, liver and lung was snap frozen in liquid nitrogen. Total RNA 

extracted with NucleoSpin RNA II kit (Macherey-Nagel) from liver, KRIB tumors (1 µg), 

RT2 tumors or lung tissue (2 µg) was treated with DNase I (Invitrogen) and reverse 

transcribed (MultiScribe reverse transcriptase, Applied Biosystems). qRTPCR was done on 

cDNA diluted 1:5 (liver, lung) or 1:10 (tumors) with specific primers (Roche Probefinder 

v2.45, see primer list) on a 7500 Real Time PCR machine (Applied Biosystems) using 

SYBR green or Taqman reaction mixtures (Applied Biosystems). Data were normalized 

versus TBP (liver, lung), HMBS (KRIB tumors), GAPDH (human insulinoma) or a combined 
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value of RPL19, TBP and GAPDH (RT2 tumors). Relative expression levels (2-<<=:) were 

calculated for each individual sample. 

 

Isolation of pancreatic islets  

Langerhans islets were isolated from 8 week old RT2 mice by using Liberase RI (Roche) 

(RT2/TNC and RT2) and Liberase TL (Roche) (RT2/TNCKO and RT2). The pancreas was 

perfused via the bile duct with 2 ml Liberase solution (0.82 (RI), 1 (TL) Wünsch units/ml), 

collected and digested at 37°C (24 minutes (Liberase RI), 17 minutes (Liberase TL)). 

Upon recovery from the interphase of a Histopaque 1077 (Sigma)/DMEM centrifugation 

gradient (30 minutes, 1500 x g) intact islets were handpicked under a stereomicroscope 

and quantified as non-angiogenic (white) or angiogenic (red).  

 

Methylmethacrylate (Mercox) casting and SEM analysis 

Anaesthetized mice were perfused through the thoracic aorta with a 0.9% sodium 

chloride/1% heparin/1% procaine solution followed by a freshly prepared Mercox solution 

(Vilene Japan Hospital Co. Ltd.) containing 0.1 ml accelerator per 5 ml resin. After 

solidification pancreata were excised and kept for 3 weeks in 7.5% KOH for tissue 

dissolution. Casts were dehydrated in ethanol and vacuum dried. Samples were mounted 

on aluminum stubs, sputtered with gold and examined in a Philips XL-30 SFEG scan 

electron microscope.  

 

Cell culture, gene expression and immunoblotting 

Human brain vasculature pericytes (ScienCell 1200), tumor cell lines, 

monocyte/macrophage cell lines (J774.A1 and RAW264.7) and L cells (fibroblasts, control 

and overexpression of Wnt-3A) (American Type Culture Collection, Rockville, MD, 

(ATCC)) were maintained in DMEM/4.5g/l glucose/10% FCS. Cancer associated 

fibroblasts (CAF) CT5.1 and CT14 were cultured in DMEM/1g/l glucose/10% FCS. BOSC 

cells (ATCC) were maintained in DMEM/10% FCS supplemented with 1 mM sodium 

pyruvate/10 mM Hepes and, HUVEC (Promo cell, C-12203) were maintained in 
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Endothelial cell growth medium (PromoCell, C-22010). T98G:TPM1, T98G:Syndesmos 

and T98G:shTPM1 cells (Lange et al., 2008; Ruiz et al., 2004) were cultured in 

DMEM/10%FCS with 400 µg/ml G418.  

Human CAFs were isolated from colorectal adenocarcinoma resection specimens from 2 

patients that were obtained in accordance with the local ethics committee (Ghent 

University Hospital) (De Boeck et al., 2013; De Wever et al., 2004). Tissue fragments 

were cut in 1-2 mm3 pieces and transferred into a pre-scratched 6-well plate with 100 l 

FCS supplemented antibiotica DMEM. Cultures were incubated at 37°C with 10% CO2 in 

air for 24h. DMEM containing 10% FCS was added into each well. Cell outgrowth was 

observed after 3-6 days. After 15 days, adherent cells were transferred to 25 cm2 tissue 

culture flasks.  

Conditioned medium containing Wnt-3A or mDKK1 was collected from L cells 

overexpressing Wnt-3A and from KRIB cells overexpressing mDKK1, respectively after 3 

to 4 days of culture. Medium was filter-sterilized and stored at -20°C. Cells starved in 

DMEM/1% FCS (tumor cells, pericytes, CAF) or M199/1% FCS/1µg/ml hydrocortison/10 

ng/ml heparin/10 ng/ml mEGF/10 ng/ml bFGF (HUVEC) were seeded onto matrix coated 

dishes as published (Huang et al., 2001; Lange et al., 2007). Briefly, FN and TNC were 

sequentially coated in PBS/0.01% Tween-20 at 1 µg/cm2 before saturation of the non-

coated surface with 10 mg/ml BSA/PBS.  

Cells were starved overnight before treatment with 1, 10 or 30 µM LPA for 3-4h on FN or 

FN/TNC substrata (Santa Cruz, H2O), 5 µg/ml Actinomycin D for 30, 60 or 90 minutes 

(Sigma-Aldrich, DMSO), 5 µg/ml Latrunculin B for 3h (Calbiochem, DMSO) and 2 µg/ml 

Cytochalasin D four 3h (Calbiochem, DMSO). 

 

Gene expression analysis of cultured cells 

RNA was isolated (NucleoSpin RNA extraction kit, Macherey-Nagel or Trizol, Life 

1*=>5?@?3A*B,$2==?C"A53$:?$:>*$D25EF2=:EC*C&B$ A5B:CE=:A?5B;$)6G$!2B$C*+*CB*$:C25BCAH*"$

(MultiScribe reverse transcriptase, Applied Biosystems) and qRTPCR was done on cDNA 

diluted 1:2.5 in water with specific primers (see primer list) on a 7500 Real Time PCR 
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machine (Applied Biosystems) using SYBR green reaction mixture (Applied Biosystems). 

Data were normalized versus ß2-microglobulin expression and relative expression levels 

was calculated (2-<<=:).  

 

 

Immunoblotting 

For immunoblotting cells were lysed in Laemmli buffer (Laemmli, 1970). Antibodies 

against the following molecules were used: DKK1 (n-terminal, Sigma-Aldrich, D3195, 

1:1500), DKK1 (R&D, AF1096, 1:500),  6x His-tag (Abcam, ab18184, 1:1000), RhoA 

(Santa-Cruz, sc-418, 1:5000), -tubulin (CP06, Oncogene, Boston, MA, USA, 1:2000). 

Secondary antibodies were ECL horseradish peroxidase linked whole anti-rabbit (NA934V) 

and anti-mouse (NXA931) (GE Healthcare, Buckinghamshire, UK) and donkey anti-goat 

IgG (sc-2020, Santa Cruz, Biotechnology). Amersham ECL (RPN2106) or Amersham ECL-

Plus Western blotting detection system (RPN2132) (GE Healthcare, Buckinghamshire, UK) 

was used.  

 

Immunofluorescence staining of cultured cells 

Cells were fixed in 1% PFA for 10 minutes and permeabilized in PBS-Triton 0.1% for 10 

minutes. Cells were stained with anti-vinculin (Abcam; 1/50; 2h) and anti-mouse Alexa-

488 (Jackson ImmunoResearch; 1/800; 1h). For phalloidin staining cells were incubated 

for 20 minutes with phalloidin-tetramethylrhodamine B isothiocyanate (Sigma P1951; 

1/200). Nuclei were stained with DAPI (Sigma D9542).  

 

Retrovirus construction and infection, plasmid transfection and reporter assays  

For generating mDKK1 cDNA with a V5-His-tag the mDKK1 cDNA (Ruiz et al., 2004) was 

cloned into the pcDNA3.1-V5-His-TOPO vector (Invitrogen) according to the 

D25EF2=:EC*C&B$ 3EA"*@A5*B;$  ?C$ 3*5*C2:A53$ :>*$ IJ7KIP-mDKK1-V5-His vector a BamHI 

and an EcoRI site were added in pcDNA3.1-mDKK1-V5-His-TOPO plasmid before the ATG 

or the stop codon of the mouse DKK1 cDNA respectively, using :>*$L*5*M"A:?CN$A5$+A:C?$



 7 

site-"AC*=:*"$DE:23*5*BAB$BOB:*D($!A:>$:>*$ICAD*CB$%&-GGT GGA ATT GCC CTT GGA TCC 

ACA TGA TGG TTG TGT-'&$25"$%&-P-ACC ATC ACC ATT GAG AAT TCA CCC GCT GAT CAG 

CC-'&;$ PI?5$ Q2DRS-EcoRI cleavage, the mDKK1-V5-His fragment was gel purified 

(NucleoSpin® Extract II, Machery-Nagel, France) and cloned in the BamHI-EcoRI site of 

the pQCXIP retroviral vector (Clontech, Ozyme, France) generating the pQCXIP-mDKK1-

V5-His vector. BOSC cells were transfected with the pQCXIP-mDKK1-V5-His vector or 

empty control (CTR) vector to obtain retroviruses for transduction of KRIB cells followed 

by selection with puromycin (2.5 µg/ml). Expression of mDKK1 was determined by 

qRTPCR and immunoblotting. 

 

T98G were transiently transfected (JetPEI, Polyplus, Strasbourg, France) with plasmids 

encoding RhoA wt (Addgene Plasmid 12962: pRK5-myc-RhoA-wt), RhoA-Q63L (Addgene 

Plasmid 12964: pRK5-myc-RhoA-Q63L) and RhoA-T19N (Addgene Plasmid 12963: pRK5-

myc-RhoA-T19N). Empty pCB6 plasmid was used for control transfection. 

 

Luciferase reporter assays 

For the -catenin luciferase reporter assay, cells were transiently transfected (JetPEI, 

Polyplus, Strasbourg, France) with the Super-8xTOPFlash or control Super-8xFOPFlash 

plasmids (mutant TCF/LEF binding sites) (Veeman et al., 2003) (obtained from Addgene, 

plasmids 12456 and 12457). Upon seeding for 5h on matrix coated dishes, CM containing 

Wnt-3A, mDKK1 or CTR medium was added for a total of 48h. TOPFlash luciferase activity 

was calculated after normalization to Renilla and FOPFlash activity (Dual-luciferase 

reporter assay system, Promega, Madison, WI, USA). 

 

For SRF luciferase reporter assays T98G cells were transfected with the 3DA.Luc plasmid 

(provided by Guido Posern, University Halle-Wittenberg, Halle, Germany) encoding c-fos 

derived SRF binding sites and a pRL-TK plasmid for normalization of the luciferase signal.  

 

A 3177 bp human DKK1 promoter sequence was cloned from HCT116 genomic DNA into 
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the multiple cloning site of the pGL3-basic luciferase reporter vector (Promega). Cells 

were transiently transfected with the pGL3-DKK1 promoter construct or empty pGL3-

basic vector for 40h. Luciferase activity normalized to Renilla activity is presented as the 

ratio of pGL3-DKK1 to pGL3-basic. 

 

Generation of KRIB shDKK1 cells 

For generation of KRIB shDKK1 cells, KRIB cells were infected with MISSION lentiviral 

transduction particles (SHCLNV, clone ID TRCN0000033386, Sigmal-Aldrich) or MISSION 

non-target shRNA control transduction particles (SHC002V, Sigma-Aldrich) with a MOI = 

10 and, transduced cells were selected with 10 µg/ml puromycin. 

 

Cell proliferation assay 

To determine cell proliferation, cells were plated into 96-well plates (5 x 103 cells/well in 

quadruplicate for each time point). A MTS assay was performed following manufacturer&B$

instructions (CellTiter 96® aqueous non-radioactive cell proliferation assay, Promega) 

after 24h (day 1), 48h (day 2) and 72h (day 3). Measures were normalized to the relative 

cell number on day 1. 

 

HUVEC tubulogenesis assay  

Tubulogenesis assessment was done in 15 well dishes (µ-Slide Angiogenesis, Ibidi LLC), 

using growth factor reduced Matrigel (BD Bioscience). The matrix was prepared by 

loading 10 µl of Matrigel in each well followed by solidification for 45-60 minutes at 37°C 

in a humidified incubator. HUVEC (Promocell) were trypsinized and resuspended at 

100,000 cell/ml in conditioned medium (CM) obtained from KRIB cells overexpressing 

mouse DKK1 or its respective control (CM was collected after 2 days in confluent layers 

of both KRIB cell types). 5 X 103 cells/well (50 µl) were loaded on top of the solidified 

Matrigel and was incubated for 6h at 37°C in a humidified incubator in a 5% CO2 

atmosphere. Bright field mosaic pictures were taken using a Zeiss Imager Z2 inverted 

microscope and AxioVision software (Carl Zeiss) at 5X magnification, which allowed 



 9 

imaging of the whole well in 9 pictures. Tube-like structures (defined by the numbers of 

closed loops) were counted using the ZEN Blue software (Carl Zeiss). 3 independent 

experiments were performed with 3-5 replicates per experiment, and measures 

subsequently were averaged. 

 

Tumor xenograft experiments  

4 x 106 KRIB CTR or mDKK1 overexpressing cells were injected subcutaneously in the left 

upper back of nude mice (Charles River). After 3.5 weeks, mice were sacrificed, the 

tumor size was measured with a caliper and the tumor volume was calculated using 

formula V=(a²*b)/2, where b is the longest axis and a is the perpendicular axis to b. 

Tumor tissue was snap frozen in liquid nitrogen or directly embedded in O.C.T. and 

further analyzed by qRTPCR and immunostaining as described. 

 

VEGFA/TNC binding study 

Surface plasmon resonance binding experiments were performed on a Biacore 2000 

instrument (Biacore Inc.) at 25°C. VEGFA165 (Millipore) or TNC (Huang et al., 2001) 

were immobilized at high surface density (around 7000 resonance units) on an activated 

CM5 chip (Biacore Inc.) using a standard amine-coupling procedure according to the 

D25EF2=:EC*CTB$A5B:CE=:A?5;$-?@EH@*$D?@*=E@*B$!*C*$2""*"$2:$2$=?5=*5:C2:A?5$?F$U0$V3WD@$

in 10 mm sodium a=*:2:*($ IR$ %;0($ 25"$ 2:$ 2$ F@?!$ C2:*$ ?F$ %$ V@WDA5$ F?C$ X0$DA5$ H*F?C*$

addition of 1 M ethanolamine. Soluble TNC (5 - 20µg in 200µl) or VEGFA165 was added 

to the chip in 10 mm MES, pH 6.0, 150 mm sodium chloride, 0.005% (v/v) surfactant 

P20, at a flow rate of 10 V@WDA5;$G$H@25Y$7Z%$=>AI$!2B$EB*"$F?C$H2=Y3C?E5"$=?CC*=:A?5;$

U0$DD$3@O=A5*($IR$X;0($2:$U00$V@WDA5$F?C$U$DA5$!2B$EB*"$:?$C*3*5*C2:*$:>*$=>AI$BECF2=*$

between two binding experiments. A steady state condition was used to determine the 

affinity of VEGFA165 for TNC and the affinity of TNC for VEGFA165. The Dissociation 

constant (Kd) was determined using the 1:1 Langmuir association model as described by 

the manufacturer. 
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Statistical analysis and graphical representation 

Statistical analysis was performed using GraphPad Prism. For significance of an 

2BB?=A2:A?5$ 4=?5:A53*5=O,$  AB>*C&B$ *[2=:$ :*B:$ !2B$ 2II@A*"$ 4:ED?C$ B:23A53($ 3*5*$

expression, metastasis incidence). Statistical differences were analyzed by unpaired t-test 

(Gaussian distribution) or nonparametric Mann-Whitney test (no Gaussian distribution). 

Gaussian data sets with different variances were analyzed by unpaired t-:*B:$!A:>$\*@=>&B$

correction. Gaussian distribution was tested by the Shapiro-Wilk normality test. p-values 

< 0.05 were considered as statistically significant. 

 

Primer list for qRTPCR on tumor, liver and lung tissue  

Gene  Species Forward primer Reverse primer 

Axin2 mouse CTGCTGGTCAGGCAGGAG TGCCAGTTTCTTTGGCTCTT 

CD44 mouse GTCTGCATCGCGGTCAATAG GGTCTCTGATGGTTCCTTGTTC 

CyclinD1 mouse CGCACTTTCTTTCCAGAGTCA AAGGGCTTCAATCTGTTCCTG 

DKK1 mouse Taqman (ABI) Mm00438422_m1  

DKK1 mouse CCGGGAACTACTGCAAAAAT CCAAGGTTTTCAATGATGCTT 

DKK2 mouse GCCAAACTCAACTCCATCAAG TCACTGCTGCAAGGGTAGG 

Dll4 mouse AGGTGCCACTTCGGTTACAC GGGAGAGCAAATGGCTGATA 

E-Cadherin mouse CAGCCTTCTTTTCGGAAGACT GGTAGACAGCTCCCTATGACTG 

GAPDH mouse Taqman (ABI) Mm99999915_g1  

GAPDH human ATCTTCTTTTGCGTCGCCAG AATCCGTTGACTCCGACCTTC 

Hey-1 mouse CATGAAGAGAGCTCACCCAGA TTGGGGACATGGAACACAG 

HMBS human Qiagen QT00494130 (for Sybr green)  

Insulin mouse TGGCTTCTTCTACACACCCAAG ACAATGCCACGCTTCTGCC  

Insulin mouse Taqman mIns1 Mm01259683_g1  

Lgr5 mouse GGAAAGAAATGCTTTGATGGAC AGTGGGGAATTCATCAAGGTT 

RPL19 mouse ACCCTGGCCCGACGG   TACCCTTCCTCTTCCCTATGCC   

Slug mouse GAAAAGCACATTGCATCTTTTCT TGTTCCTTTGGTTGAAATGGT 

TBP mouse CCCCACAACTCTTCCATTCT   GCAGGAGTGATAGGGGTCAT  

TNC human GTCACCGTGTCAACCTGATG GTTAACGCCCTGACTGTGGT 

 

 

Primer list for qRTPCR on cultured cells 

 

Gene  Forward primer Reverse primer 

Axin2 CCACACCCTTCTCCAATCC TGCCAGTTTCTTTGGCTCTT 

DKK-1 GACCATTGACAACTACCAGCCG TACTCATCAGTGCCGCACTCCT 

DKK-2 GGCAGTAAGAAGGGCAAAAA CCTCCCAACTTCACACTCCT 
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DKK-3 GAGGACACGCAGCACAAA TGCCAGGTTCACTTCTGATG 

DKK-4 AGGAGGTGCCAGCGAGAT CATCTTCCATCGTAGTACAAACATC 

SFRP1 GCTGGAGCACGAGACCAT TGGCAGTTCTTGTTGAGCA 

SFRP2 GCTTGAGTGCGACCGTTT CAGGCTTCACATACCTTTGGA 

SFRP3/FRZB GGGCTATGAAGATGAGGAACG CTGAGTCCAAGATGACGAAGC 

SFRP4 CGATCGGTGCAAGTGTAAAA ACCACCGTTGTGACCTCATT 

SRF AGACGGGCATCATGAAGAAG TGATCATGGGCTGCAGTTT 

TPM1 CCCGTAAGCTGGTCATCATC CTTGTGTGCTCATCATTCCGA 

RhoA 1(Sauzeau 

et al., 2003)  
GCAGGTAGAGTTGGCTTTATGG CTTGTGTGCTCATCATTCCGA 

2-Microglobulin GTGGGATCGAGACATGTAAGCA AATGCGGCATCTTCAAACCT 

   

 
  

  

1, Sauzeau et al., 2003 
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Table S1 Carcinoma progression by TNC - Related to Figure 1 

 

Genotype Adenomas (%) Carcinomas (%) 

  Grade 1 Grade 2 Grade 3 Grade 1 - 3 Ca/Ad 

RT2 55.8 32.7 10.5 0.9 44.2 0.8 

RT2/TNC 35.7 39.9 21.3 3.2 64.3 1.8 

 
Numbers of adenomas and carcinomas Grade 1 to 3 in 12 week old mice. Average 

frequency of each tumor grade per mouse is displayed; 26 RT2 mice (78 adenomas, 79 

=2C=A5?D2B,$25"$XX$)1XW167$DA=*$4//$2"*5?D2B($]^$=2C=A5?D2B,;$I$_$0;0'`($ AB>*CaB$

exact test. RT2/TNC mice developed 1.8-fold more carcinomas than adenomas (p = 

0;00U($-:E"*5:&B$:-test) compared to RT2 mice (0.8-F?@"($I$_$0;b/%($-:E"*5:&B$:-test).  
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Table S2 TNC dependent angiogenic switch - Related to Figure 1 

 

 

Genotype All islets Islets per mouse 

 A plus NA A NA A NA 

RT2 (n = 9) 826 71 755 7.9 (±2.2) 83.9 (±7.4) 

RT2/TNC (n = 7) 810 136 674 19.4 (±4.3) 96.3 (±10.0) 

RT2/TNC versus RT2 (fold)    2.46 1.15 

p-value  < 0.0001 
a
  0.0226 

b
 0.3248 

b
 

     

RT2 (n = 7) 809 255 554 36.4 (±5.0) 79.1 (±8.6) 

RT2/TNCKO (n = 7) 840 87 753 12.4 (±2.6) 107.6 (±11.8) 

RT2/TNCKO versus RT2 (fold)    - 2.94 1.36 

p-value  < 0.0001 
a
  0.0011

 c
  0.2008

 b
  

 
 

Angiogenic (A) and non-angiogenic (NA) islets were isolated from 8 week old RT2 mice 

with the indicated genotypes and were quantified (average number including SEM per 

mouse). Islets from RT2 littermates were prepared independently in both series of 

*[I*CAD*5:B;$ 42,$  AB>*C&B$ *[2=:$ :*B:($ 4H,$-:E"*5:&B$ :-test, (c) Mann Whitney test. Note 

that differences between RT2 controls originate from inherent experimental conditions 

(e.g. efficiency of collagenase treatment). 
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Table S3 Gene expression analysis of RT2 and RT2/TNC tumors - Related to 

Figure 3 

 

 

Gene 
Tumor 
class 

Relative 
expression 

p-value   Gene 
Tumor 
class 

Relative 
expression 

p-value 

Axin2 All 1.35 0.008   Dll4 All 1.66 0.153 

 Small 1.30 0.034    Small 1.55 0.186 

 Small+Diff 1.27 0.055    Small+Diff 1.43 0.258 

 Big 1.49 0.194    Big 1.93 0.376 

 Big+Diff 1.18 0.571    Big+Diff 1.61 0.786 

 Diff 1.25 0.037    Diff 1.45 0.194 

CD44 All 1.64 0.225   Hey-1 All -1.27 0.134 

 Small 1.72 0.077    Small -1.02 0.911 

 Small+Diff 2.06 0.029    Small+Diff 1.03 0.843 

 Big -1.63 0.133    Big -3.08 0.019 

 Big+Diff -1.58 0.143    Big+Diff -2.67 0.036 

 Diff 1.85 0.157    Diff -1.16 0.343 

CyclinD1 All 1.45 0.166   Lgr5 All -6.81 0.931 

 Small 1.45 0.113    Small -1.72 0.477 

 Small+Diff 2.01 0.037    Small+Diff -1.73 0.340 

 Big 1.17 0.776    Big -23.06 0.279 

 Big+Diff -1.02 0.571    Big+Diff -6.74 0.786 

 Diff 1.78 0.112    Diff -2.65 0.528 

DKK1 All -16.07 0.035   Slug All 1.28 0.220 

 Small -16.34 0.062    Small 1.67 0.010 

 Small+Diff -4.13 0.043    Small+Diff 1.84 0.004 

 Big -15.49 n.a.    Big -2.56 0.081 

 Big+Diff -3.19 n.a.    Big+Diff -2.20 0.294 

 Diff -3.90 0.044    Diff 1.46 0.063 

DKK2 All -1.85 0.204       

 Small -1.46 0.551       

 Small+Diff -1.35 0.841       

 Big -3.69 0.032       

 Big+Diff -4.67 0.036       

 Diff -1.85 0.366       

 
 

 

Relative gene expression in RT2/TNC versus RT2 tumors as determined by qRTPCR. RNA 

was isolated from tumors of 14 week old RT2 (N = 11 mice, n = 27 tumors) and 

RT2/TNC mice (N = 3, n = 13). Data are presented for all tumors (All) and subgroups : 

small tumors (Small : 1 c 3 mm in diameter, RT2 (n = 19), RT2/TNC (n = 10)), big 
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tumors (Big : > 3 mm, RT2 (n = 8), RT2/TNC (n = 3)), differentiated tumors (Diff. : high 

expression of insulin and E-cadherin, RT2 (n = 22), RT2/TNC (n = 13)), small and 

differentiated tumors (Small + Diff : RT2 (n = 17), RT2/TNC (n = 10)) and big and 

differentiated tumors (Big + Diff, RT2 (n = 5), RT2/TNC (n = 3)). Bold numbers 

represent statistically significant changes in relative expression, n.a., not applicable due 

to low sample number. 
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Figure S1 TNC expression in RT2 mice, TNC expression vector and impact of 

transgenic TNC on pancreatic tissue function. Related to Figure 1 

(A) TNC expression in RT2 islets determined by IF analysis (MTn12 antibody) in tissue 

sections of 12 week old RT2 mice. In contrast to the absence of TNC from normal islets 

(N < 0.2 mm diameter), TNC is expressed in 50%, 80% and 100% of hyperplastic (H, 

0.2 c 0.5 mm diameter), angiogenic (A, > 0.5 c 1 mm diameter) and tumorigenic islets 
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(T, diameter above 1 mm), respectively. Right panels, dotted lines delineate the islet 

circumferences. 82 islets (N = 26, H = 34, A = 14, T = 8) of 3 RT2 mice were analyzed. 

Scale bar, 100 m. (B) Strategy for the generation of the TNC expression vector. The 

human cDNA (Gherzi et al., 1995) was removed from the HxBL-pBS plasmid (Aukhil et 

al., 1993) and cloned into the Rip1 expression vector (Hanahan, 1985) for insulin-

promoter driven expression of the transgene by using the pcDNA3.1./Hygro(-) plasmid as 

intermediate vector. The inserted human cDNA sequence comprises 45 nucleotides 

upstream of the start site and 639 nucleotides downstream of the stop signal. (C-E) TNC 

expression analysis in RipTNC (C), RT2/TNC (D) and RT2/TNCKO pancreatic tissue (E) 

by IHC (C, D), IF (E). Scale bar 100 µm. (F) No sorting difference of -glucagon and 

insulin positive - and -cells in pancreatic tissue of wildtype and RipTNC mice was 

observed as determined by IF. (G) Determination of blood glucose levels after an oral 

glucose tolerance test in 14 RipTNC and 15 wildtype mice. Average ±SEM is presented 

for each time point.  
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Figure S2. Expression analysis, islet quantification, tumor incidence and burden, 

Related to Figure 1 

(A, B, J, L, N) Expression of the indicated molecules in RT2 tumor tissue upon IF 

analysis. Scale bar 100 µm. (C, D) Quantification of proliferation according to tumor 

stage in 12 week old mice, (C) RT2, 9 mice, 99 hyperplastic (H), 37 angiogenic (A) and 

14 tumorigenic (T) islets; RT2/TNC, 8 mice, H = 71, A = 47, T = 22, (D) RT2, 6 mice, H 

= 73, A = 38, T = 20; RT2/TNCKO, 6 mice, H = 72, A = 40, T = 25. (C) In RT2/TNC 

mice a significant 1.5 - fold increase in proliferation in hyperplastic islets is observed. (D) 

a signifcant increase in proliferation in hyperplastic (1.4-fold) and angiogenic (1.6-fold) 

islets from RT2/TNCKO mice is observed. (E, F) Quantification of apoptosis in 12 week 
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old mice, (E) RT2, 6 mice, H = 55, A = 19, T = 10; RT2/TNC, 8 mice, H = 59, A = 43, T 

= 21, (F) RT2, 4 mice, H = 56, A = 26, T = 13; RT2/TNCKO, 4 mice, H = 72, A = 40, T 

= 25. In hyperplastic islets of RT2/TNC mice a significant 2.9-fold decrease in apoptosis 

is observed, while no significant difference was seen in RT2/TNCKO mice. (G, H) Tumor 

incidence and burden, (G) RT2, N = 33 mice, RT2/TNC, N = 26, (H) RT2, N = 28, 

RT2/TNCKO, N = 31. Differences were not statistically significant. (I) Image of isolated 

angiogenic and non-angiogenic islets of an 8 week old RT2 mouse. Scale bar 500 µm. 

Red arrows: angiogenic islets, blue arrows: non-angiogenic islets. (K) Representative 

SEM pictures from RT2 (N = 5 mice) and RT2/TNC tumors (N = 3). Arrow points at small 

aggregated vessels. Scale bars: top panels 200 µm, bottom panels 100 µm. (M) 

Quantification of NG2, a marker for pericytes, area fraction in 12 week old RT2 (N = 6 

mice, n = 155 islets) and RT2/TNC (N = 8 mice, n = 204 islets) mice. A significant 1.2-

fold increase of NG2 area fraction is observed in RT2/TNC islets. (O, P) Quantification of 

fibrinogen, a marker of vessel leakiness; area fraction according to tumor stage in 12 

week old mice, (O) RT2, 5 mice, H = 36, A = 18, T = 8; RT2/TNC, 3 mice, H = 26, A = 

20, T = 4; (P) RT2, 4 mice, H = 35, A = 18, T = 7; RT2/TNCKO, 5 mice, H = 59, A = 47, 

T = 9. (O) In hyperplastic islets of RT2/TNC mice an increased fibrinogen leakiness is 

observed (1.5-fold, p = 0.06). (P) In hyperplastic (1.8-fold) and angiogenic islets (1.5-

fold) of RT2/TNCKO mice, a significant decrease of fibrinogen area fraction is observed. 

Error bars represent SEM and asterisks (*) indicate p values < 0.05. 
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Figure S3. Liver micrometastasis in RT2 mice, Related to Figure 2 

(A) Detection of insulin expressing tumor cells in liver tissue of a RT2 mouse by IF 

(upper panel) and H&E of a neighboring section (lower panel). Scale bar, 50 m. (B, C) 

Quantification of insulin expression in liver tissue of RT2 mice. Insulin expression was 

detected in RT2/TNC (7/24) and RT2 (6/24) (B) and RT2/TNCKO (5/10) and RT2/TNC+/- 

littermates (6/8) (C). Differences were not statistically significant. Error bars represent 

SEM.  
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Figure S4. Impact of TNC on the expression of Wnt inhibitors, DKK1 

downregulation and activation of Wnt signaling in tumor cells, Related to Figure 

4 

(A) Expression of Wnt inhibitors in T98G, KRIB and MDAMB-435 (MDA) cells as 

determined by qRTPCR upon plating on the indicated substrata for 24h (KRIB, MDAMB-

435) or 48h (T98G). There was no expression of SFRP2 nor DKK4 detectable in any of 

the cell lines and conditions tested. (B) DKK1 expression (qRTPCR) upon plating T98G 

cells on FN/TNC and FN for the indicated time. DKK1 expression on FN/TNC is 

represented relative to its expression on FN. (C) Reduced DKK1 protein levels by TNC in 

T98G or KRIB cells upon plating for the indicated time as determined by immunoblotting. 

(D, E) Reduced DKK1 expression upon shRNA mediated DKK1 knockdown as determined 

by qRTPCR (D) and immunoblotting (E) in KRIB Sh-DKK1 cells in comparison to KRIB 

Sh-control (CTR) cells. (F) Expression of murine DKK1 in control (CTR) and mDKK1 
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overexpressing KRIB cells. Overexpression of murine DKK1 in KRIB:mDKK1 cells. Lysates 

of KRIB cells expressing His-tagged mDKK1 or empty vector control were analyzed by 

immunoblotting with antibodies against DKK1 or the His-tag. (G) Expression of murine 

DKK1 in the conditioned media (CM) from control (CTR) and mDKK1 overexpressing KRIB 

cells. Supernatants from the KRIB cells expressing His-tagged mDKK1 or empty vector 

control were analyzed by immunoblotting. (H) Addition of DKK1 containing CM assessed 

by immunoblotting inhibits TOPFlash activity in KRIB cells in a dose dependent manner. 

KRIB cells were plated for 48h and treated with increasing dilutions of CM from 

KRIB:mDKK1 cells. Data are derived from at least 3 independent experiments, except for 

(H). Error bars represent SEM and asterisks (*) indicate p values < 0.05. 
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Figure S5. Mechansim of DKK1 downregulation, Related to Figure 5 

(A) Serum starved T98G cells were seeded on FN or FN/TNC. After 30 minutes 5 µg/ml 

Actinomycin D was added and cells were lysed after an additional 30, 60 or 90 minutes 

for analysis of DKK1 mRNA expression. (B) Serum starved T98G cells were treated with 

the indicated concentrations of LPA. IF staining of vinculin (green) and phalloidin (red). 

(C, D) SRF and (E, F) DKK1 mRNA expression of serum starved T98G and KRIB cells 
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treated with the indicated concentrations of LPA. (G-L) T98G cells were transfected with 

RhoA wt, RhoA Q63L (CA) or RhoA T19N (DN). (G, H) Overexpression of RhoA was 

validated by immunoblotting (G) and qRTPCR (H). (I, J) SRF mRNA expression (I) and 

SRF luciferase activity of T98G cells (J). (K, L) DKK1 mRNA expression analysed by 

qRTPCR of cells seeded on uncoated (K) or FN and FN/TNC coated dishes (L). (M) 

RTPCR for chicken syndesmos of T98G CTR and T98G:syndesmos cells. (N, O) TPM1 

mRNA levels analyzed by qRTPCR in T98G:TPM1 (N), T98G:shTPM1 (O) and control 

cells. (P) IF of vinculin (green) and phalloidin (red) in T98G control, T98G:TPM1, 

T98G:syndesmos and T98G:shTPM1 cells. Nuclei are stained with DAPI (blue). Error bars 

represent SEM and asterisks (*) indicate p values < 0.05. 
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Figure S6. DKK1 expression in KRIB:mDKK1 tumors and impact of DKK1 

overexpression on tumor cell proliferation and migration, Related to Figure 6 

(A) Quantification of murine Dkk1 gene expression by qRTPCR in control or Dkk1 

overexpressing KRIB derived tumors. (B) Dkk1 does not change tumor cell proliferation 

in vitro. Proliferation of KRIB (parental) and KRIB:Dkk1 cells was analyzed with a MTS 

assay. Data are normalized in each group to values of day 1. (C) Dkk1 does not change 

tumor cell proliferation in vivo. Proliferating cells were quantified in tumors derived from 

KRIB control or KRIB:Dkk1 cells. Ki67-positive areas were determined using ImageJ 

software upon staining for Ki67 and reported to the DAPI positive areas per tumor. No 

significant (ns) difference was observed (n = 5 per group). (D) HUVEC tubulogenesis on 

Matrigel upon addition of CM derived from KRIB control or Dkk1 overexpressing cells. 

Quantification of three independent experiments (left) and representative phase contrast 

pictures (right) are shown. Error bars represent SEM and asterisks (*) indicate p values 

< 0.05. 
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Figure S7. Binding of TNC to VEGFA 

Binding of VEGFA to TNC was determined by Biacore including normalization to a blank 

surface. Binding of TNC and VEGFA to a sensorchip adsorbed with VEGFA (A) and TNC 

(B), respectively is shown. We observed that VEGFA and TNC bind to each other in a 

dose dependent manner with a Kd of 2.7 x 10-7 M (TNC binding to VEGFA) and 1.5 x 10-9 

M (VEGFA binding to TNC) which is lower than VEGFA binding to its receptor (3.3 x 10-11 

M) but is in the range of a VEGFA/glycosaminogycan interaction (2.4 x 10-8 M) (Wu et al., 

2009). 
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Résumé 

Une expression élevée de la protéine de la matrice extracellulaire ténascine-C (TNC) favorise 
la progression du cancer et est corrélée à une réduction de la survie des patients. Dans cette 
thèse, j’ai étudié comment la TNC affecte l'angiogenèse tumorale. J’ai montré que la TNC 
altère le les protrusions angiogéniques, la tubulogenèse, la migration et la prolifération des 
cellules endothéliales. J’ai lié ces effets à la perturbation du cytosquelette d'actine et la 
réduction de la signalisation YAP par la TNC. Chez les cellules tumorales et les fibroblastes 
associés au cancer, la TNC favorise la sécrétion de facteurs angio-modulateurs qui stimulent 
la survie et la tubulogenèse des cellules endothéliales de façon paracrine. Cet effet implique la 
régulation de l’expression de SDF1 (CXCL12) et de deux membres de la famille des 
lipocalines. Ainsi, la TNC favorise l’angiogenèse en activant chez les cellules tumorales un 
sécrétome pro-angiogénique, et inhibe la tubulogenèse en altérant la survie des cellules 
endothéliales. Ces effets opposés pourraient expliquer pourquoi nous avons observé dans un 
modèle de tumeur spontanée chez la souris que la TNC favorise le switch angiogénique 
résultant en la formation d’une forte vascularisation tumorale, mais qui reste peu fonctionnelle 
associée à la formation de plus de métastases. Ce travail fournit pour la première fois la 
possibilité de contrer l’action de la TNC dans l'angiogenèse tumorale. 

 

Résumé en anglais 
A high expression of the extracellular matrix molecule tenascin-C (TNC) enhances multiple 
steps in cancer progression and correlates with worsened survival prognosis. In this thesis I 
studied how TNC affects tumor angiogenesis. I showed that TNC impairs endothelial 
sprouting, tubulogenesis, migration and proliferation. I linked this effect to disruption of the 
actin cytoskeleton and reduced YAP signaling activity by TNC. In tumor cells and cancer 
associated fibroblasts, TNC regulated secretion of angio-modulatory factors that promoted 
endothelial cell survival and tubulogenesis in a paracrine manner involving regulation of 
SDF1 (CXCL12) and two lipocalin family members. Altogether, TNC promotes endothelial 
tubulogenesis through a pro-angiogenic secretome from tumor cells, and inhibits by direct 
contact tubulogenesis by impairing endothelial cell survival. These opposing effects could 
explain why we observed that TNC promotes the tumor angiogenic switch resulting in more 
but poorly functional blood vessels associated with more metastasis in a spontaneous tumor 
mouse model. This knowledge provides for the first time opportunities to counteract TNC 
activities in tumor angiogenesis. 

 

Keywords: tumor microenvironment, extracellular matrix, tenascin-C, angiogenesis, 
cancer  


