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Summary 

In my project, I studied several aspects of the composition and organization of the tumor 

microenvironment. My objectives were to understand how the Tenascin-C (TNC) matrix is 

organized in human cancers and in murine cancer models to improve our knowledge about 

the role of TNC in tumorigenesis. My work has contributed to the understanding of how TNC 

is enhancing angiogenesis and tumor progression. In particular I had shown that DKK1 is 

important in tumor angiogenesis since TNC repressed the Wnt inhibitor DKK1 and 

overexpression of DKK1 blocked tumor angiogenesis in a xenograft model.  In several in 

vivo models, I observed that TNC is organized into conduit structures together with other 

extracellular matrix molecules. These conduits form a continuum with blood vessels and are 

in close vicinity to carcinoma associated fibroblasts and activated macrophages and thus 

might serve as guiding cue for these cells in addition to endothelial and cancer cells. The 

TNC matrix conduits might also present microenvironmental niches that may be involved in 

resistance to anti-angiogenic drugs. To address this latter possibility I had established an 

orthotopic xenograft mouse model with human colorectal carcinoma cells that is sensitive to 

Bevacizumab and that recapitulates important features of human colorectal carcinoma. 

Upon Bevacizumab treatment a strong increase in liver metastasis was observed. The 

underlying mechanisms need to be addressed in the future.  

 

Résumé 

Mon projet s’est attaché à étudier différents aspects de la composition et de l’organisation 

de l’environnement tumoral. L’objectif de mon travail a été de comprendre comment la 

Ténascine-C (TNC) est organisée dans les cancers humains et dans des modèles de cancers 

murins, afin d’améliorer nos connaissances sur le rôle de la TNC dans la tumorigenèse. Mon 

travail a contribué à comprendre comment la TNC promeut l’angiogenèse et la progression 

tumorale. J’ai montré en particulier qu’en réprimant un inhibiteur de la voie Wnt, DKK1, qui 

en temps normal bloque l’angiogenèse, la TNC est capable d’influencer l’angiogenèse 

tumorale. Dans différents modèle in vivo, j’ai observé que la TNC était organisée en 

conduits avec d’autres molécules de la matrice extracellulaire. Ces structures forment un 

continuum avec les vaisseaux sanguins et sont intimement liées aux fibroblastes et aux 

macrophages associés au cancer. Elles pourraient servir au transport à distance de ces 

cellules en plus des cellules endotheliales et des cellules tumorales. Elles pourraient 

également être impliquées dans le présence de niches environnementales qui seraient 

impliquées dans les phénomènes de résistance aux drogues anti-angiogéniques. Pour 

pouvoir répondre à cette problématique à plus long terme, j’ai développé un modèle de 

greffe orthotopique de cellules coliques cancéreuses humaines chez la souris, qui est 

sensible au Bevacizumab et qui récapitule d’importantes caractéristiques du cancer 

colorectal humain. Suite au traitement de nombreuses métastases hépatiques ont été mises 

en évidence, les mécanismes sous-jacents restent à étudier. 
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INTRODUCTION 

 

Cancer is recognized to be a major problem of health. It is a leading cause of death with 

about 8 million of new diagnoses each year worldwide (WHO, 2008). Within Europe there 

are 3.2 million new cases and 1.7 million deaths each year (Ferlay et al., 2007). In the 

following, crucial steps in cancer progression will be introduced. Next, the importance of 

the tumor microenvironment will be investigated. And finally, different targets on the road 

of cancer therapy will be addressed, with focus on the tumor microenvironment and anti-

angiogenic therapeutics. 

 

1. Tumorigenesis is a multi step process 

1.1 Cancer cell initiation 

Tumor initiation is a process in which normal cells are modified (epigenetic and genetic) so 

that they are able to form tumors. Tumor cells initiate malignancy and drive progression 

into cancer undergoing the six hallmarks of cancer (revisited by Hanahan and Weinberg, 

2011). They consist in angiogenesis, proliferation, metastasis formation and resistance to 

cell death.  First, for a tumor cell to become malignant the cell needs to accumulate a 

number of genetic alterations that provoke uncontrolled tumor proliferation. Moreover, 

cancer cells have developed multiple strategies in order to not enter an apoptotic program 

(Hanahan and Weinberg, 2011).  

1.2 Tumor angiogenesis  

Angiogenesis is the physiological process involving the growth of new blood vessels from 

pre-existing vessels (Penn, 2008) in growth and development, but also in wound healing. 

Different types of angiogenesis were described. During sprouting angiogenesis, angiogenic 

growth factors activate receptors on endothelial cells in pre-existing blood vessels. 

Activated endothelial cells then begin to remodel the basement membrane notably through 

secretion of proteases. Thereby, the endothelial cells can escape from the parental vessel 

and migrate into the surrounding matrix, expand and finally establish connections with the 

neighbouring vessels. Sprouting occurs at a rate of several millimeters per day, and 
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enables new vessels to grow across gaps in the vasculature (Adams and Eichmann, 2010). 

The second type of angiogenesis is intussusceptive angiogenesis (Kurz et al., 2003), also 

known as splitting angiogenesis. It was first observed in neonatal rats. In this type of 

vessel formation, the capillary wall extends into the lumen to split a single vessel in two. 

Intussusception is important because it is based on a reorganization of existing cells and 

allows an increase in the number of capillaries without a proliferation of endothelial cells. It 

plays a critical role during embryonic development (Burri et al., 2004). 

 

Under normal conditions, angiogenesis is a highly regulated process leading to the 

establishment of a hierarchically organized and well-functioning vascular network. In 

contrast, tumor angiogenesis is aberrant and leads to the formation of disorganized, 

chaotic and poorly functional vascular networks. However, it is also a crucial step in the 

transition of tumors from a dormant to a malignant state. In the absence of sufficient 

vascularization most tumors cannot exceed 2 mm3 in volume, and remain clinically silent. 

Tumors require new blood vessel formation for tumor growth and progression towards 

metastasis. Actually, quiescent endothelial cells are activated under low blood perfusion 

and hypoxic stress and enter into a biological program allowing them to build new blood 

vessels. Tumor angiogenesis is mainly initiated at an early step of tumor progression that 

was called the ‘angiogenic switch’ (Figure 1) (Hanahan and Folkman, 1996; Bergers and 

Benjamin, 2003). This switch depends on a balance of pro-angiogenic (such as vascular 

endothelial growth factor, VEGF) and anti-angiogenic factors. An imbalance towards more 

pro-angiogenic factors is thought to be essential for triggering the angiogenic switch 

(Bergers and Benjamin, 2003).  

The majority of tumor-associated vessels is not only stimulated but also abnormal (Jain et 

al., 2001; Jain et al., 2005; Nagly et al., 2010). Sprouting and intussusceptive 

angiogenesis also occur during tumorigenesis, but new concepts of vessel formation in 

tumors were recently described (Carmeliet and Jain, 2011). For example, vasculogenesis, 

formation of blood vessels during embryogenesis, can be reactivated in tumors and attract 

bone marrow derived cells (Dome et al., 2007). 
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Figure 1: The angiogenic switch. It is a discrete step in tumor development that can occur at 
different stages in the tumor-progression pathway, depending on the nature of the tumor and its 
microenvironment. Most tumors start growing as avascular nodules (dormant) (a) until they reach a 
steady-state level of proliferating and apoptosing cells. The initiation of angiogenesis, or the 
'angiogenic switch', has to occur to ensure exponential tumour growth. The switch begins with 
perivascular detachment and vessel dilation (b), followed by angiogenic sprouting (c), new vessel 
formation and maturation, and the recruitment of perivascular cells (d). Blood-vessel formation will 
continue as long as the tumour grows, and the blood vessels specifically feed hypoxic and necrotic 
areas of the tumour to provide it with essential nutrients and oxygen (e). (Taken from Bergers 
and Benjamin, 2003) 

 
 
Carmeliet and Jain also described another atypical mechanism for blood vessel formation, 

which consisted of cancer cells that mimic endothelial cells. It is referred to as vasculogenic 

mimicry (Maniotis et al., 1999). They also described tumor vessels as tortuous and 

heterogenous. These atypical vascularisations in tumors might also affect cancer cells, thus 

if a tumor is not well vascularised, malignant cell clones that are resistant to hypoxia are 

selected. Hypoxia can also contribute to the activation of a genetic program allowing tumor 

cells to accomplish an epithelial to mesenchymal transition (Yoo, 2011) and consequently 

acquire invasive capacities to escape from hypoxic areas through leaky vessels (Jain et al., 
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2005). Some abnormalities were also described on the vessel wall. Contrary to normal 

tissue, in which blood vessels interact with the sub-endothelial basement membrane (BM), 

which stabilize and permit interactions of endothelial cells with their microenvironment 

which include pericytes that provide direct support for endothelial cells (Figure 2) (Simon-

Assmann et al., 2011; Diaz-Flores, 2009), in the majority of cancers, activated pericytes 

are immature and do not cover the whole endothelium (Raza et al., 2010; Baluk et al., 

2003). All these processes might be responsible for tumor angiogenesis and promote 

tumor growth.  

 

Figure 2: Characterization of normal and tumor vessels. (a)In healthy tissue, a regularly 
patterned and functioning vasculature is formed (upper panel), with a normal vessel wall and 
endothelium (lower panel). (b)  In established tumors, the vasculature (upper panel), as well as the 
endothelium and vessel wall (lower panel) exhibit structural and functional abnormalities, leading to 
regions of severe hypoxia (represented by blue shading). BM, basement membrane; EC endothelial 
cell; IFP, interstitial fluid pressure.  (Taken from Carmeliet and Jain, 2011a) 

 

1.3 Metastatic dissemination of tumor cells 

Metastasis remains the major cause of death of patients with cancer (Sporn, 2008). After 

degradation of the BM, tumor cells can invade the underlying tissue. Paracrine signals 

between tumor and stromal cells can then support the progression of aggressive tumors to 

an invasive stage leading to metastatic dissemination and colonization of distant organs. 
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Metastasis requires not only invasiveness but also such newly acquired traits as motility 

and adaptation to the new microenvironment. There are different steps in metastasis 

formation (Steeg, 2006) (Figure 3): first, invading cells must undergo an epithelial-to-

mesenchymal transition (EMT) (Said and Williams, 2010). EMT relies on the loss of 

differentiated epithelial cell characteristics, such as loss of E-cadherin mediated 

intercellular adherent junctions, and acquirement of mesenchymal cell features such as 

cytoskeleton and extracellular matrix (ECM) receptor mediated motility and protease-

mediated degradation of ECM (Figure 3) (Friedl et al., 2003). Tumor cells can then reach 

blood or lymphatic circulations through intravasation in abnormal tumor-associated 

vessels. Inversely, distant organ colonization rely on an inverse process called 

mesenchymal-to epithelial transition (MET) allowing tumor cells to adapt, survive and 

efficiently grow in a different tissue context.  

 

 

Figure 3: Metastatic dissemination. Schematic representation of epithelial cells undergoing EMT 
and MET. In EMT, the loss of epithelial differentiation and acquisition of mesenchymal phenotype 
endow the tumor cells with tumor migratory and invasive capabilities to invade the basement 
membranes and intravasate into circulation. The reverse process, MET, is implicated in secondary 
tumor growth where the mesenchymal-like cells re-adopt several epithelial properties to enable 
colonization at secondary sites. (Taken from Said and Williams, 2010). 
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2. Tumor as an organ: the importance of the microenvironment in tumor 

progression  

2.1 Concept of the tumor as an organ 

What is an organ? An organ is described as a collection of tissues assembled as a 

structural unit, which may serve a common function (Widmaier, 2007). Under normal 

conditions, tissues exchange information through cell-cell contacts, cytokines and growth 

factors (GF) and ECM interactions. An organ is composed of a main tissue (the 

parenchyma) and sporadic tissues (the stroma). For example, main tissue in the heart is 

the myocardium, while sporadic are the nerves, blood and connective tissue. In cancer, 

this concept remains valid: the interactions between cancer cells (the main tissue) and the 

tumor microenvironment (the sporadic tissue) create a context that promotes tumor 

growth and protect it from immune attacks (Bissell and Radisky, 2001). Bissell postulated 

that a functional association of cancer cells with the surrounding microenvironment forms a 

new “organ” undergoing continuous reorganization during malignant progression.  

2.2 Tumor microenvironment 

Similarly, the tumor microenvironment is known since a long time to play a central role in 

tumorigenesis (Bissell and Radisky, 2001), indeed, 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, 2004). This highlights 

the fact that a transformed cell per se is not sufficient to cause lethal cancer, but that 

manifestation of cancer requires a tumor microenvironment that is permissive to further 

tumor growth and metastasis. In addition to mutations in the cancer cells themselves, 

many changes occur in the microenvironment, the so called stroma, which may even 

precede the malignant transformation of epithelial cells leading to carcinomas, which 

present the majority of human cancers. The ECM of a tumorigenic tissue is very different 

from that of the normal tissue. The tumor stroma is composed of a fibrillar component and 

a cellular component such as carcinoma associated fibroblasts (CAF), immune cells and in 

particular tumor associated macrophages (TAM) and endothelial cells (Figure 4). The 
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secretion of multiple growth factors, i. e. vascular epidermal growth factor (VEGF), 

epidermal growth factor (EGF) and cytokines contribute to cell behaviour.  

 

Figure 4: The tumor microenvironment. An assemblage of distinct cell types constitutes most 
solid tumors. Both the parenchyma and stroma of tumors contain distinct cell types and subtypes 
that collectively enable tumor growth and progression. Notably, the immune inflammatory cells 
present in tumors can include both tumor-promoting as well as tumor-killing subclasses. (Taken 
from Hanahan and Weinberg, 2011) 

 

2.2.1 Cancer-associated fibroblasts 

Under normal conditions, fibroblasts are the main cell type responsible for deposition of 

ECM (Rodemann and Muller, 1991; Tomasek et al., 2002) and also contribute to BM 

formation (Chang et al., 2002). Fibroblasts are involved in the wound healing process 

(Tomasek et al., 2002; Parsonage et al., 2005). Fibroblasts are described to invade 

lesions, secrete new ECM, which serve as scaffold for other cells and allows resorption of 

granulation tissue and restoration of physiological parameters of the tissue. Fibroblasts can 

be “activated” during wound healing, in fibrotic contexts and in tumor tissue, allowing the 

acquirement of a contractile phenotype (Tomasek et al., 2002; Parsonage et al., 2005).  

 

Interestingly, at the tumor site a particular subpopulation of fibroblasts named CAF, 

peritumoral fibroblasts or reactive stromal fibroblasts remains persistently active within the 

tumor stroma (Barsky et al., 1984; Mueller and Fusenig, 2004). These cells were identified 

by their expression of α smooth muscle actin (αSMA), vimentin and FSP1 (MTS1/S100A4 

reviewed by Kalluri, 2006; Tsukada et al., 1987; Ronnov-Jessen et al., 1996; Gabbiani, 
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2003). Although the mechanism of conversion of normal to CAF remains elusive, there 

have been studies illustrating that paracrine signals emitted by tumor cells contribute to 

their activation (Kalluri, 2006). CAF have been described to play important roles in key 

steps of tumorigenesis; they play a role in cancer initiation (Olumi et al., 1999; Bhowmick 

et al., 2004), progression (Orimo et al., 2005) and metastasis formation (Olaso et al., 

1997). They are associated with all stages of tumor progression (Kalluri and Zeisberg 

2006), and might constitute targets for anti-cancer therapy (Rettig et al., 1993; Zeisberg 

et al., 2003; Nakamura et al., 2005). 

2.2.2 Immune cells 

Tumors were coined by Dvorak in 1986 as a “wound that does not heal” (Dvorak, 1986). 

Indeed, inflammatory cells were shown to be important actors of tumor progression and, 

chronic inflammation is a hallmark of cancer (Coussens et al., 2002; de Visser et al., 

2005). The tumor microenvironment can be infiltrated by numerous immune cells, 

including lymphocytes and natural killer (NK) cells that efficiently target tumor cells in 

early stages. Innate immunity can then exert deleterious effects and sustain tumor 

progression and contribute to stromal reactions. 

 

Macrophages were shown to play an important role in that context and can represent up to 

50% of the tumor mass (Nathan, 2006). They constitute a heterogeneous population and 

are often referred to as TAM. Blood monocytes can be subdivided in two macrophage 

subtypes that were named M1, that support microbicidal activity or alternatively activated 

(M2) macrophages that are not competent to eliminate pathogens (Goerdt and Orfanos 

1999; Gordon and Taylor 2005; Pollard, 2009; Mege, 2011). It was demonstrated that M2 

type TAM can exert pro-tumoral functions and mediate tumor cell survival, proliferation, 

and dissemination (Mantovani et al., 2002; Pollard et al., 2004; Talmadge et al., 2007). 

High levels of TAM are often correlated with a bad prognosis. 

 

In addition to TAM, it was also reported that neutrophils might have a critical impact on 

the tumor microenvironment through the secretion of cytokines and chemokines, which 



Introduction 

22  

influence inflammatory cell recruitment (Pham et al., 2006). These cells secrete other 

products like reactive oxygen and proteinases (Gungor et al., 2006; Knaapen et al., 2006) 

which may induce tumor cell genomic instability, proliferation, angiogenesis and metastatic 

dissemination (Huh et al., 2010). 

 

2.2.3 Endothelial cells 

Normal vessels are defined by a monolayer of polarized cohesive endothelial cells. Tumor 

associated blood vessels are heterogenous and can exhibit abnormalities in terms of 

organization, structure and function. In a tumor endothelial cells loose their polarity, they 

detach from the BM and some of them die (Baluk et al., 2005; Ozawa et al., 2005; 

Mazzone et al., 2009). This phenomenon gives rise to “mosaic” vessels (Jain and Baxter, 

1988) lined by tumor cell and endothelial cells, and explains that tumor cells are exposed 

to blood. Pericytes participate in these morphological features of the tumor vasculature 

(Hashizume et al., 2000; Hellstrom et al., 2001). Gaps between these cells contribute to 

tumor vessel leakiness and hemorrhages, enhance fluid pressure and limit perfusion (Jain 

et al., 2005; Pettersson et al., 2000). 

 

2.2.4 Extracellular matrix molecules 

The ECM molecules, surrounding tumor and stromal cells have both scaffolding and 

structural roles. For example, the ECM can be organized as a scaffold that embeds blood 

vessels. Many ECM molecules are usually highly overexpressed in malignant tumors 

compared to the normal tissues from which they derive.  

 

Laminin (LM) is a part of the BM, which is found in all epithelium and endothelium and, it 

surrounds most of the muscle and nervous cells and adipocytes (Colognato et al., 2000; 

Ericksonet al., 2000; Simon-Assmann and Kedinger, 2000; Li et al., 2003). The BM has a 

structural role, but it plays also an important role in cell-cell interactions, thereby 

modulating proliferation, differentiation, and migration. Thus, LM family members play an 
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important role in certain pathologies such as cancer (De Arcangelis et al., 2001). 

 

Fibronectins (FN) are classified into two groups: plasma FN (p-FN), a soluble form 

produced by hepatocytes that circulates in blood at high concentrations, and cellular FN (c-

FN) produced in tissues where it is incorporated in fibrilllar matrix (van Obberghen-

Schilling et al., 2011, Annex2). c-FN differs from p-FN by the presence of additional 

domains, including the highly conserved fibronectin type III “extra” domains B (EDB) 

and/or A (EDA). Fibronectin splice variants containing the EDB and EDA domains, often 

referred to as oncofetal variants, were described as the most specific markers of 

angiogenic blood vessels (Kaspar et al., 2006). FN-EDA is required for transduction of 

TGFβ to activate fibroblast into myofibroblasts and FN-EDB is associated with 

revascularization stuctures in many types of tumors (Kaczmarek et al., 1994 and 

Castellani, 2007). In addition, FN promotes adhesion and signalling through cell adhesion 

receptors, in particular integrins and provides a fibrillar scaffold for the assembly of other 

ECM proteins including TNC. It provides a platform for angiogenic signalling by increasing 

the bioavailability of soluble angiogenic factors, and cooperating with their transmembrane 

receptors (Hynes, 2007; Hynes, 2009; Miyamoto et al., 1996; Mosher et al., 1980).  

 

2.3 The extracellular matrix molecule: Tenascin-C, a key player in 

tumorigenesis 

2.3.1 Structure 

Tenascins are a family of large multimeric ECM proteins. Vertebrates express four different 

members named Tenascin-C (TNC), -R (TNR), -X (TNX) and –W (TNW). They share 

common structural organization with an oligomerization domain followed by EGF-like 

repeats, fibronectin (FN) type III repeats and a fibrinogen globe (Figure 5). 

TNC is one important factor of the tumor-specific microenvironment, it is comprised of 

14.5 EGF-like repeats, of 30–50 amino acids, which contain six cysteine residues involved 

in intrachain disulfide bonds (Figure 6A). Up to 17 fibronectin type III domains (FNIII) are 
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present (about 90 amino acids) and are composed of 7 antiparallel β-strands arranged in 

two sheets (Figure 6A). TNC (Chiquet-Ehrismann et al., 1986) was first described in the 

early 1980 and was previously named glioma mesenchymal extracellular antigen (Bourdon 

et al., 1983) myotentidous antigen (Chiquet and Fambrough, 1984), cytoactin (Grumet et 

al., 1985) or J1 glycoprotein (Kruse et al.,1985). TNC, a hexameric protein (Figure 5B) is 

highly expressed during embryonic development, tissue repair and in pathological 

situations such as chronic inflammation and cancer (Jones and Jones, 2000). 

 

A

B

A

B

 

Figure 5: The structure of tenascin family (A). Structural representation of the five members of 
tenascin family. (B). The appearance of purified TNC and TNW protein as a hexamer upon 
visualization with electron microscopy. heptad repeats (wavy line), EGF-like repeats (diamonds), 
fibronectin type III repeats (squares), fibrinogen globe (circle).  

 

  

2.3.2 Role of TNC in cancer 

TNC is highly expressed in most solid cancers and its high expression correlates with signs 

of bad prognosis for disease-free survival in patients with glioma, lung, breast, and colon 

cancer (Orend and Chiquet-Ehrismann, 2006) (Figure 6B and C). The full-length TNC is 
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expressed in pancreatic and prostate cancer (Katenkamp et al., 2004; Chen et al., 2009), 

and interestingly a novel isoform which is undetectable in normal tissue, is highly present 

in high grade gliomas (Carnemolla et al., 1999). Moreover, TNC was also shown to 

promote tumor growth and invasion in breast (Adams et al., 2002) and ovarian cancer 

(Wilson et al., 1999; Hancox et al., 2009). The source of TNC in most solid tumors such as 

breast or colon cancer, are CAF (Degen et al., 2007). In glioblastoma and melanoma, the 

cancer cells also secrete TNC (Herlyn et al., 1991; Natali et al., 1990).  

 

TNC plays an important role in vascular remodelling in pathological situations including 

cancer (reviewed by Midwood et al., 2011; Midwood and Orend, 2009). TNC can interact 

with ECM and cells, it has been described to be implicated in inflammation (Betz et al., 

1993; Filsell et al., 1999), in tissue remodelling, in wound contraction (Tamaeki, 2005), 

and in infection (Kaarteenako- Wiik et al., 2000, Paollysaka et al., 1993).  

TNC is also playing an important role in tumor progression (Fukunago-Kalabis et al., 

2010), and in metastasis formation (Oskarsson et al., 2011; Van Obberghen-Schilling et 

al., 2011, Annex2). Moreover, it has been shown that TNC attracted endothelial cells and 

played a role in generation of tumor derived endothelial cells (Pezzolo et al., 2011). TNC 

had also been described to select for proliferative endothelial cells (Alves et al., 2011). 

Some other studies associated TNC with angiogenesis (Jallo et al., 1997; Castellon et al., 

2002; Paik et al., 2004).  

 

TNC might also play a role in alternative programs of angiogenesis and formation of 

tubular structures, this will be discussed later. Thus, TNC was also described to be 

expressed in human colorectal cancer (CRC) as tube-like structures all over the tumor 

(Midwood and Orend, 2009). TNC has distinct effects on tumor cells and tumor associated 

cells found within the tumor stroma. A strong expression of TNC in cancer tissue suggests 

that this ECM molecule is involved in providing a permissive “tumor-bed” that promotes 

the survival and expansion of tumor cells and tumor associated cells and, thus may 

support progression into metastasing cancer.  
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Figure 6: TNC characterization and expression. (A-B). Taken from Midwood and Orend, 2009. 
(A). Organization of TNC into an assembly domain, EGF-L (epidermal growth factor-like), Fibronectin 
type III repeats (constant in grey and alternatively spliced in black) and the C-terminal fibrinogen 
globe domain. (B). TNC presence in matrix conduit of paraffin preserved human colorectal carcinoma 
tissue, visualized by immunohistochemistry. (C). Implication of TNC in cancer. 

 

3. Mouse and human models to study the role of the tumor microenvironment 

in tumorigenesis 

3.1 Murine Rip1Tag2 insulinoma model 

Rip1Tag2 (RT2) is a well characterized multi-stage tumorigenesis mouse model (Figure 7). 

The SV40 large T-antigen (Tag) is expressed under the control of the rat insulin promoter 

(Rip). This model recapitulates all steps in tumor progression of neuroendocrine insulinoma 

(Hanahan, 1985). The logic in choosing the SV40 included the possibility to induce 

transformation of tumors in all cell types expressing SV40. The SV40Tag inhibits the p53 
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and pRb tumor suppressors, thus initiating transformation and hyperplasia which in turnS 

trigger angiogenesis and insulinoma formation in a reproducible and sequential manner. In 

addition, it allows to detect tumor cells by using T-antigen specific antibodies (Hanahan et 

al., 2007). In a C57Bl6 background RT2 mice barely develop visible macrometastasis which 

correlated with a lack of nuclear translocation of β-catenin (Herzig et al., 2007). Multi-step 

tumorigenesis in the RT2 transgenic mouse model consists in different stages. A normal 

islet also referred as islet of Langerhans (N) carries blood capillaries. By 5-7 weeks of age, 

almost all the islets become hyperplastic, but the number of vessels is not yet increased. 

At 7 to 12 weeks about 10% of the hyperplastic islets (H) become angiogenic (A) which 

results in a increased number of blood vessels. Finally, between 12 to 14 weeks of age, 2 

to 4 % of primary hyperplastic islets become tumorigenic (T) and some invade the 

surrounding exocrine pancreas. The RT2 transgenic mouse model has been instrumental in 

visualizing the onset of tumor angiogenesis (Folkman et al., 1989; Bergers et al., 2000). 

The gain of survival signalling to overcome apoptosis during tumor development has been 

demonstrated by the upregulated expression of insulin-like growth factor II (IGF-II) during 

RT2 tumorigenesis (Christofori et al., 1994). In addition, RT2 mice have been instrumental 

to demonstrate the critical role of cell adhesion molecules, such as E-cadherin, during 

malignant tumor progression and metastasis (Perl et al., 1998).  

0 – 6 weeks 10 – 14 weeks6 – 10 weeks

100% ~50% ~10% 1-2%

Normal islets Hyperplastic islets Tumors
(“big tumors”)

Angiogenic islets
(“small tumors”)

(N) (H) (A) (T)

0 – 6 weeks 10 – 14 weeks6 – 10 weeks

100% ~50% ~10% 1-2%

Normal islets Hyperplastic islets Tumors
(“big tumors”)

Angiogenic islets
(“small tumors”)

(N) (H) (A) (T)

 

Figure 7: Multiple stages of tumorigenesis in the RT2 model system. Normal (N, <0.2 mm), 
hyperplastic (H, 0.2-0.5 mm), angiogenic (A, 0.5-1 mm) and tumorigenic (T, >1mm) islets were 
defined according to the size. Approximately 50% of the islets become hyperproliferative and 
develop into hyperplastic lesions. A subpopulation of these islets (~20%) becomes angiogenic and of 
these only a few progress into solid tumors. RT2 mice in the most commonly C57BL6 background do 
not exhibit formation of metastasis to other organs, because they die about 12 to 14 weeks of age 
due to hypoglycemia (Hanahan, 1985). (Adapted from Hanahan and Folkman, 1996) 
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3.2 Human colorectal cancer analysis 

The intestine epithelial cells, which face the lumen of the gastrointestinal tract are 

organized as monolayer. The population of cells is very fluctuant, for example each minute, 

in the colon 20 to 50 million cells die and an equal number of newly minted cells replace 

them. Lining these epithelial cells, there is a basement membrane named basal lamina, to 

which cells are anchored. It is constituted of ECM proteins secreted by stromal and 

epithelial cells. The mesenchymal cells representing the stroma are essentially fibroblasts, 

endothelial cells and immune cells such as macrophages and mast cells. Lying underneath 

this layer of stromal cells is the intestinal wall that is a thick layer of smooth muscle 

responsible for the contraction of the intestinal tract.  

CRC is known as bowel cancer, it takes place in the colon, rectum, or vermiform appendix. 

Under pathological conditions, the epithelial layer is the site of more changes, in particular 

in colon cancer. The notion of human tumor development as a multi-step process has been 

well documented for the epithelium of the intestine. Analysis of human cancers has 

revealed different tissue states. The TNM classification is used for classifying human CRC. 

Actually, T describes the size of the tumor and whether it has invaded the neighboring 

tissue, N describes regional lymph nodes that are involved, M describes distant metastasis 

TNM (Denoix, 1946). For example, invasive cancer that are localized within the intestinal 

wall (TNM stages I and II) might be cured by surgical resection. However, if it remained 

untreated, cancer cells can spread to local lymph nodes (and reach stage III). Finally, 

cancers that have disseminated (stage IV) are usually not curable.  

CRC is one of the most common malignancies encountered in the western world and is the 

third most common cause of cancer related mortality (Kemp et al., 2004). Ferlay and 

collegues has estimated that approximately 9.7% of all newly diagnosed cancer are in the 

colon (Ferlay et al., 2007). The prognosis of patients with colon cancer is linked to the 

degree of penetration of the tumor through the intestine wall, the presence or absence of 

nodal involvement, and the presence or absence of distant metastases. Most colorectal 

carcinomas occur sporadically in the absence of well- defined familial syndromes. Like the 
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majority of cancers in other organs, there are conditions associated with the risk of tumor 

development. Epidemiologic of studies have shown that age is a large factor in the 

incidence of cancer. In the United States, the risk of dying from colon cancer is as much as 

1000 times greater in a 70-year old man than in a 10-year-old boy. This suggests that this 

type of cancer requires years or even decades to develop (Harrison and Benzigen, 2011). A 

genetic pathway for this adenoma-carcinomas sequence has been proposed by Fearon and 

Vogelstein (Fearon and Vogelstein, 1990). But recent studies have characterized CRC as a 

very heterogenous disease, in fact four main molecular pathways have been identified 

resulting in malingnant transformation: Chromosomal Instability Pathway (CIN), CpG 

Island Methylator phenotype (CIMP), the microsatellite instability and serrated pathways 

(Worthley and Leggett, 2010). 

 

The CIN pathway is the most common genetic aberration which has been identified in 85% 

of all cases (Grady and Carethers, 2008), it is associated with a poorer prognosis and with 

mutation in the APC gene, which co-exist with deletion of the chromosome 5 (18q or 17q, 

(Pritchard and Grady, 2011). In addition, some other genes are involved in this pathway 

such as KRAS (Jiang et al., 2009). The CIMP pathway is characterized by epigenetic 

instability, consequence of silencing of tumor suppressor genes by hypermethlylation of 

the promoter (Kim et al., 2010). The microsatellite instability pathway involves mutations 

in the repeat sequences throughout the genome (Boland and Goel, 2010). To treat CRC 

surgery can be used to resect the tumor if it is localized. After surgery, chemotherapy is 

used. But in the last decade, targeted therapy to address the molecular abberations in a 

given cancer may improve cancer therapy. 

 

 

4. Different targets on the road of cancer therapy: cancer cells, tumor 

vasculature and the tumor microenvironment 

Nowadays, chemotherapy is frequently used in cancer therapy. This therapy is mostly used 

to target cancer cells, and it is used in combination with surgery and/or radiotherapy. 
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These drug families contain alkylating agents, anthracyclines, topoisomerase inhibitor and 

alkaloids (Takimoto and Calvo, 2008). All these drugs affect cell division and DNA 

synthesis. Unfortunately, they are not specific for cancer cells and lead to damage in 

normal proliferative cells. Therefore, targeting tumor angiogenesis appears to be a 

promising strategy, so that tumors will not get anymore blood support, as for example, 

anti-VEGF target therapy. The concept of targeted therapy had been described by Paul 

Ehrlich end of the nineteenth century, he proposed the “magic bullet” that would interact 

specifically with the micro-organisms. Later, this concept has been extended to cancer 

therapeutics (Imai and Takaoka, 2006). The American National Cancer Institute defined 

targeted cancer therapy as a major approach to block the growth and spread of cancer. 

 

VEGF signalling appears to be preponderant in tumor angiogenesis, providing a rationale 

for targeting VEGF receptors (Bhargava and Robinson, 2011). There are five members of in 

VEGF family; VEGF-A, VEGF-B, VEGF-C, VEGF-D and a placental form named PLGF, they 

bind distinctly to their repceptors (VEGFR1, VEGFR2 and VEGFR3) and affect proliferation, 

migration, morphogenesis of endothelial cells to form new vessels (Rini et al., 2008; Zhang 

et al., 2009 and Jia et al., 2004). Some target molecules are designed to target tyrosine 

kinases, involved in VEGF signalling and thereby inhibit angiogenesis. As an example, 

Sorafenib (Nexavar®) is a small-molecule inhibitor of tyrosine kinases that is acting on the 

development of new blood vessels (Escudier et al., 2007). Sunitinib (Sutent®) is another 

small-molecule tyrosine kinases inhibitor (Motzer et al., 2007). It is also possible to target 

directly the ligand, actually it exists VEGF antibodies to prevent interactions with 

endothelial surface receptors, as an example Bevacizumab (Avastin®). 

 

Rationale for an improved cancer therapy targeting cancer as an organ, in the last decade, 

it has been shown that the tumor microenvironment plays a crucial role in cancer 

progression (Bissell and Radisky, 2001), and it suggested that cancer should be targeted 

as an organ. It is important to not only target cancer and endothelial cells, but also other 

components of the tumor microenvironment such as immune cells since they have been 



Introduction 

31  

linked to tumor development and invasion. CAF are playing an important role in cancer, 

therefore they also should be targeted. The cell-surface serine protease known as 

fibroblast activation protein (FAP) has been suggested as target since it is not expressed 

by normal and activated fibroblasts (Rettig et al., 1993; Wang et al., 2005). Also emerging 

in cancer therapy is the targeting of TNC. It can be targeted by antibody-drug-conjugates 

(Niesner et al., 2002) and aptamers (Estevez et al., 2010). To summarize, it is possible 

that the next generation of therapeutic agents will not only kill tumor and tumor associated 

cells but will also destroy the tumor specific ECM thus potentialy causing a normalization of 

the tumor bed.  

 

5. Limits of anti-angiogenic therapies: the case of Bevacizumab 

5.1 A general introduction to Bevacizumab and resistance to anti-

angiogenic drugs 

Bevacizumab is a humanized monoclonal antibody directed against VEGF, which is 

currently extensively used in the clinics as anti-cancer drug. Bevacizumab traps VEGF and 

prevents the interaction with its receptor (VEGFR) and thereby blocks VEGF signalling that 

is crucial for survival, proliferation and migration of endothelial cells in tumor angiogenesis 

(Bergers and Hanahan, 2008).  

 

But, like all anticancer therapies, agents that inhibit tumour angiogenesis are prone to 

resistance (Ellis and Reardon 2009). In both pre-clinical and clinical trials, the benefits of 

angiogenesis inhibitors are at the best transitory and are followed by a restoration of 

tumor growth and even foster tumor progression (Bergers and Hanahan, 2008). Increasing 

evidence is demonstrating that progression and mortality are following a period of benefit, 

as for example in treated patients with late-stage colon cancers (Hurwitz et al., 2004). 

Indeed these therapies inhibiting VEGF, result in normalization of blood vessels, since 

pericytes which are unaffected by these treatments, improve endothelial cell coverage and 

by that improve blood vessel functionality (Stallcup and Huang, 2008; Mancuso et al., 

2006; Bergers and Hanahan, 2008). Several mechanisms have been evoked to explain this 
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regrowth of the tumor vasculature including the survival of pericytes and the sleeves of 

extracellular matrix, endothelial basement membranes which can serve as guiding tracks 

for the regrowth of neo-vessels (Mancuso et al., 2006). In addition, anti-angiogenic 

treatment can result in hypoxia within the tumor (Figure 8), which can trigger the 

recruitment of bone marrow derived cells that have the capacity to form new vessels by 

differentiating into either endothelial cells which form the inner layer of blood vessels or 

into pericytes and thus initiate neo-vascularization (Bergers and Hanahan, 2008). Finally, a 

considerable number of patients treated with anti-angiogenic drugs failed to show even a 

transitory benefit which is not yet understood (Batchelor et al., 2007; Kindler et al., 2007). 

 

 

Figure 8: Resistance modes of anti-angiogenic therapies. (A). Tumors need blood (red) and 
lymphatic (green) vessels to grow. (B-C) VEGF-targeted therapies induce primary tumor shrinkage 
and inhibit tumor progression but can also initiate mechanisms that increase malignancy. (D) As 
result, anti-VEGF treatment can enhance tumor invasiveness and metastasis and reduce overall 
survival benefit. (Taken from Loges et al., 2009) 

5.2 Human colorectal cancer and Bevacizumab treatment 

Bevacizumab was approved by the FDA (Food and Drug Administration) in February 2004 

to treat metastatic CRC (mCRC). It is now used as first line therapy with standard 

chemotherapy such as 5-Fluorouracil (5-FU) to treat patients with mCRC (Hurwitz et al., 

2005). The EMEA (European Medicine Agency) approved the use of Bevacizumab in 
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association with oxaliplatin (which inhibits DNA synthesis in cancer cell) /5-FU/leucovorin 

(FOLFOX4) (Giantonio et al., 2007) based on the demonstration of a statistically significant 

improvement in overall survival of patients. Bevacizumab is administered intravenously at 

the dose of 5mg/kg once every 14 days until the tumor size increases. 

Nevertheless, Bevacizumab treatment presents side effects and can induce gastrointestinal 

perforation, problems with surgery and wound healing and severe bleeding. Therefore, 

patients have to be selected for this kind of treatment. However, in the recent AVANT 

study (2011), Bevacizumab added to a standard adjuvant regimen for CRC failed to 

prevent relapses or improve overall survival. Furthermore, brief treatment of spontaneous 

and orthotopic tumor models with VEGF inhibitors caused a persistent switch to 

‘‘vasoinvasion’’ of tumor cells, leading to increased metastasis. Increased metastasis had 

been demonstrated in an orthotopic xenograft mouse model treated with Bevacizumab. At 

first sight, these findings are inconsistent with previous observations that anti-VEGF 

reduces metastasis (Sini et al., 2008 and Verheul et al., 2007) and are difficult to 

assemble with the dogma that tumors, primary or metastatic ones, require blood supply 

for growth (discussed in Crawford and Ferrara, 2009). One possible explanation of anti-

angiogenic treatment failure might rely on the active role of the microenvironment in 

tumor angiogenesis. 

6. The role of the tumor microenvironment in tumor resistance  and 

recurrence after anti-angiogenic therapies 

It remains unclear how anti-angiogenic therapies affect the tumor microenvironment and 

in particular the “tumor bed”. Studies with the anti-VEGF antibody DC101 in mice which 

was very potent in destroying the tumor and its vasculature, revealed that expression of 

TNC was unaffected by this treatment (Vosseler et al., 2005). These observations raise the 

possibility that TNC potentially is involved in the resurrection of the cancer upon removal 

of the anti-angiogenic drug. The possibility of an involment of tumor specific ECM is further 

supported by the observation that collagen IV-containing matrix sleeves persisted after an 

anti-angiogenic therapy and appeared to be instrumental in the regrowth of blood vessels 
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(Mancuso et al., 2006). It is possible that this matrix contains TNC. This process of tumor 

recurrence could be due to the up-regulation of alternative pro-angiogenic signals, 

protection of the tumor vasculature or by an improved vessel “normalization” through 

increased protective pericyte coverage, which altogether may participate to tumor 

recurrence and re-growth after anti-angiogenic therapy. In addition, it has been shown 

that TNC is promoting angiogenesis through different processes such as recruitment of 

endothelial cells progenitor or induction of endothelial cells proliferation and differentiation 

(reviewed by Midwood and Orend, 2009). These observations raise the possibility that TNC 

and other ECM components could support tumor re-vascularization upon removal of the 

anti-angiogenic drug.  
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OBJECTIVES 

 

Objective 1: Characterization of the extracellular matrix and cellular 

components of the tumor microenvironment in a murine tumor model and in 

human cancer tissue 

In the insulinoma-prone SV40 Tag-expressing Rip1Tag2 (RT2) model that had been 

established in the laboratory to overexpress TNC, tumor angiogensis will be investigated in 

more detail by determining the presence of endothelial cells and carcinoma associated 

fibroblast (CAF) in dependence of TNC. Moreover expression and organization of TNC and 

other ECM molecules will be characterized. Cellular composition and ECM expression and 

organisation will also be determined in tissue from human colorectal carcinoma (CRC) and 

human insulinomas and will be compared to that in the RT2 model. 

 

Objective 2: Development of a murine orthotopic xenograft model for 

investigating the role of tumor and host-derived TNC on tumor angiogenesis 

To determine the role of host and tumor derived TNC on colorectal carcinoma angiogenesis 

an orthotopic immune-compromised Rag2KO model lacking B- and T- cells will be 

established that exhibits different TNC levels in the host and in the tumor cells. A particular 

attention will be paid to endothelial cells and CAF and the organization of ECM in 

dependence of TNC.  

 

Objective 3: Preliminary results: development of a murine orthotopic xenograft 

model for investigating the impact of an anti-angiogenic therapy on the 

microenvironment  

It is possible that the relative failure of anti-angiogenic therapies such as the ones using 

Bevacizumab could be due to an adaptive response involving the tumor microenvironment, 

and in particular TNC. The aim of this part was to establish an in-vivo model suitable to 

address the potential roles of TNC and of the tumor microenvironment on anti-angiogenic 

drug resistance and tumor recurrence. 
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MATERIAL AND METHODS 

 

1. In vitro experiments 

1.1 Cell lines and culture conditions 

SW480 human colon carcinoma cells, immortalized and tumorigenic human embryonic 

kidney HEK293 cells (Guan et al., 2001) and human osteosarcoma KRIB cells (Huang et al, 

2001) were originally derived from ATCC. Cells were cultured in Dulbecco’s Minimal 

Essential Medium (DMEM) containing 5% (v/v) fetal bovine serum (FBS), 100 U/ml 

penicillin and 100 µg/ml streptomycin. Cell cultures were maintained at 37°C and passaged 

at confluence. 

 

1.2 Generation of cells for live imaging 

An EcoRI site was added in the pCDNA-IFP1.4-IRES-cherry plasmid (kind gift from Dr R.Y. 

Tsien, La Jolla, USA) before the stop codon of the cherry cDNA using the GeneEditor™ in 

vitro Site-Directed Mutagenesis System according to the manufactory protocol 

(Promega,France), with primer 5’-P-TACAAGTAATCTAGAA TTCCCGTTTAAACCCGC-3’. After 

BamHI-EcoRI digestion, the cherry fragment was gel purified using the NucleoSpin® 

Extract II (Machery-Nagel, France) and cloned into the BamHI-EcoRI site of the pQCXIP 

retroviral vector (Clontech, Ozyme, France) generating the pQCXIP-cherry vector. 

Retroviral particles were produced with the pQCXIP-cherry (pQCXIP from Clonetech, 

construction generated by Dr. O. Lefebvre) and were then used to transduce cells 

according to standard protocols. Briefly, highly proliferative Bosc 23 cells (not described!) 

were plated at day 1. At day 2 Bosc 23 cells were transfected. The medium containing viral 

particles of the Bosc 23 cells were used to infect the cells of interest at day 4. Transduced 

cells were selected using puromycin (2.5µg/ml) at day 5. 
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1.3 Generation of cells with overexpression of DKK1 

A BamHI and an EcoRI site were added in the the pCDNA 3.1 mDDK1 V5 His plasmid 

(constructed in the laboratory by Dr. O. Lefebvre), before the ATG or the stop codon of the 

mouse Dickkopf1 (mDKK1) cDNA respectively by using the GeneEditor™ in vitro Site-

Directed Mutagenesis System and the following primers: 5’-P-GGT GGA ATT GCC CTT GGA 

TCC ACA TGA TGG TTG TGT-3’ and 5’-P-ACC ATC ACC ATT GAG AAT TCA CCC GCT GAT 

CAG CC-3’. After BamHI-EcoRI digestion, the mDKK1 V5 His fragment was gel purified 

(NucleoSpin® Extract II) and cloned in the BamHI-EcoRI site of the pQCXIP retroviral 

vector (Clontech, Ozyme, France) generating the pQCXIP-mDKK1 V5 His vector. Retroviral 

particles were produced with the pQCXIP-mDKK1 V5 His vectors, that were then used to 

transduce cell according to standard protocols. Transduced cells were selected using 

puromycin (2.5µg/ml) (Table 1). 

 

Table 1: Summary of engineered cell lines. Cells were engineered using either a retroviral or a 
lentiviral vector.  

Cells engineered VECTOR 

SW480 shTNC 1 TCR2 lentiviral vector 

SW480 shTNC 2 TCR2 lentiviral vector 

SW480 shTNC 3 TCR2 lentiviral vector 

SW480 TCR2 EV TCR2 lentiviral vector 

SW480 cherry pQCXIP retroviral vector 

HEK293 shTNC 1 TCR2 lentiviral vector 

HEK293 TCR2 EV TCR2 lentiviral vector 

HEK293:DKK1 pQCXIP retroviral vector 

HEK293 EV pQCXIP retroviral vector 

KRIB EV pQCXIP retroviral vector 

KRIB:DKK1 pQCXIP retroviral vector 

T98G:DKK1 pQCXIP retroviral vector 

T98G EV pQCXIP retroviral vector 
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1.4 Generation of cells with knock down of TNC 

At day 1, 6.5 X 105 cells were plated in a 6 well plate in complete medium. The second day 

polybrene at a final concentration of 8 µg/ml was added to each well. The appropriate 

amount of viral particles were added, according to a MOI (number of transducing lentiviral 

particles per well translate MOI!) and applying the following mathematical formula: (total 

number of cells per well) X (desired MOI) = total transducing units needed (TU) and (Total 

TU needed) / (TU/ML) = total of ml of lentiviral particles to add to each well, were used to 

found the proper amount of particles to add per well. Selection with puromycin (at a final 

concentration of 2.5 µg/ml) started at day 3 (Table 1). 

 

1.5 Expression analysis by immunoblotting 

Cultured HEK293WT and HEK293:TNC cells at 80% confluency in 6 well plate were washed 

with PBS, lysed in Laemmli buffer and the lysate was boiled at 95°C for 5 min. Protein 

lysates and purified TNC used as a loading control (100µg) were separated in a (6% 

sodium dodecylsulfate (SDS) gel (40% acrylamide/bis, 10% SDS, 1.5 M Tris-HCl [pH 8.8], 

N, N, N’, N’-tetramethylethylenediamine (TEMED), 10% ammonium persulfate [APS] and 

distilled deionized water [ddH2O]) with a 4% stacking gel (40% acrylamide/bis, 10% SDS, 

0,5 M Tris-HCl [pH 6.8], TEMED, 10% APS and ddH2O)) 6% PAGE SDS gel and transferred 

onto nitrocellulose membranes (Invitrogen© products, aisley PA4 9RF, UK). After blocking 

with 5% milk (Bio-rad) in PBS with 0.1% Tween 20 (PBS–T), the membrane was incubated 

with primary antibody against TNC (TNC1.2 Antibody in Table 2, dilution 1:1000, in PBS-T 

and 1:10 horse serum) overnight at 4°C, followed by 3 washes with PBS–T and incubation 

with an anti-rabbit IgG secondary antibody conjugated with horseradish peroxidase 

(polyclonal donkey, dilution 1:1000, Amersham GE Healthcare©) in PBS–T with 1.5% milk 

for 1 h at room temperature followed by 3 washes with PBS–T. Immunocomplexes were 

revealed with ECL Western blotting detection reagent on autoradiography film (Amersham 

GE Healthcare©). Prestained (Two Colors) Protein Ladder (10-170Kda) (Euromedex) was 

used.  
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2. Tumor material 

2.1 Human colorectal carcinoma 

The use of a human tissue collection was approved by the CCPPRB d’Alsace N◦1 Strasbourg 

ethics committee. Tissue from 10 human CRC and normal adjacent mucosa located more 

than 5 cm away were obtained from surgical specimens at the Department of Visceral 

Surgery (Hôpitaux Universitaires de Strasbourg), under the institutional review of the 

French ethics committee. 

2.2 Human insulinoma 

Seven human insulinomas and 2 samples from normal pancreas were obtained from the 

Laboratoire de Biochimie et Biologie Moléculaire Plateforme Hospitalière de Génétique 

Moléculaire des Cancers CHU Strasbourg-Hautepierre. Insulinomas are rare pancreatic 

neuroendocrine tumors and are the most common types of tumors arising from the islets 

of Langerhans cells. Estimates of malignancy (metastases) range from 5% to 30% (Metz 

et al., 2008). One of the obtained samples was malignant. 

 

3. Animals  

3.1 RT2 and RT2/TNC insulinoma mice  

The well characterized Rip1Tag2 (RT2) transgenic tumor mouse model (Hanahan, 1985), 

was established by using the pancreas-specific rat insulin II promoter (Rip1) to induce the 

expression of the oncogenic Simian Virus-40 (SV40) large tumor antigen (Tag) in β-cells of 

the pancreatic islets. SV40Tag induces malignant transformation of β-cell with overt tumors 

over a period of 10-14 weeks. These mice reproducibly develop β-cell tumors in a 

multistage tumorigenic pathway involving islet hyperplasia, angiogenesis, adenoma and 

carcinoma formation. 

 

Transgenic Rip1TNC mice, with ectopic expression of human TNC in the pancreatic β-cells 

under the control of the rat insulin promoter were generated in our team (Yundan Jia, PhD 
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thesis 2008). The human TNC cDNA sequence had been cloned into the Rip1 vector by 

using the intermediate pcDNA3.1/Hygro(-) vector. The 7.5 kbp sequence of human TNC 

(accession number X78565.1) harboring a polyadenylation signal was removed from the 

HxBL.pBS plasmid (Gherzi et al., 1995; Lange et al., 2007) by restriction enzyme cleavage 

with Not I and Kpn I and transferred into the intermediate pcDNA3.1/Hygro(-) vector 

(InVitrogen, Carlsbad, CA, USA). The resulting plasmid was cleaved with Xba I and Hind III 

before ligation downstream of the rat insulin II promoter into the corresponding cleavage 

sites of the 4.5 kb Rip1 vector containing an intron sequence (Hanahan, 1985). Successful 

cloning was confirmed by enzymatic restriction analysis and partial sequencing of 1000 

base pairs around the start and the stop codon, respectively. Expression and secretion of 

the transgene product was determined 48h after transient transfection of the expression 

plasmid into the established RT2 β-tumor cell line bT2 by immunofluorescence for human 

TNC with the B28.13 antibody. The RipTNC expression vector was used for injection into 

the pronucleus of  fertilized oocytes upon linearization with Sal I according to standard 

procedures (Labosky et al., 1994), giving rise to transgenic mice with stable transmission 

and expression of the transgene. Transgenic mice were genotyped by PCR with primers 

revP hTNC: 5`-GAA AGA CAC CTG CCA ACA GC-3` and RipES/VD: 5`-TAA TGG GAC AAA 

CAG CAA AG-3). For generation of double-transgenic RT2/TNC mice, single-transgenic 

RipTNC mice were crossed with RT2 mice (Hanahan, 1985). RT2/TNC and control mice 

were fed with 5% glucose starting at 10 weeks of age to prolong survival of hypogycemic 

tumor mice.  

 

3.2 Ras and APC mice 

The Apc1638N mice express extremely low levels of C-terminal truncated Apc leading to the 

stochastic development of 5-6 tumors per mouse at an age of 10 month (Fodde, 1994). In 

pVillin-KrasV12G mice oncogenic Kras is expressed under the control of a 9 kb-regulatory 

region of the Villin gene. These mice develop 2-3 tumors after 20 months (Janssen, 2002). 

Tumor material was a kind gift of Dr. K.-P. Janssen. 
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3.3 Immunodeficient mice 

3.3.1 Nude mice   

Nude Nu/Nu Swiss mice were provided at the age of 8 weeks from Charles Rivers (France). 

These mice are hairless with an albino background. They are immunodeficient due to a 

defective development of the thymic epithelium. They lack T cells and present partial 

defects in B cell development. They have normal numbers of functional macrophages, 

natural killer cells, APC (antigen presenting cells) and normal complement activity. 

3.3.2 Rag2KO and Rag2KO/TNCKO mice 

Rag2KO mice are unable to produce B and T cells because of a knock out of the 

recombination activating gene Rag-2 which is necessary for VDJ joining (Chen et al., 

1994). These mice are immuno-compromised and can therefore be used for tumor 

xenograft experiments (Greenberg et al., 2004). Rag2KO/TNCKO mice were generated by 

breeding of established transgenic TNCKO (Forsberg et al., 1996) and Rag2KO mice (Chen 

et al., 1994), respectively. Mice were genotyped by PCR with the following primers; 

TNCKO: TNCup 5`-CTG CCA GGC ATC TTT CTA GC-3`, TNCdown 5`- TTC TGC AGG TTG 

GAG GCA AC-3`, TNCNeoPA 5`-CTG CTC TTT ACT GAA GGC TC- 3`; Rag2KO: Fw (be 

homogenous with up and down) 5`- TTG GGA GGA CAC TCA CTT GCC AGT-3`, Rv 5`-GCA 

ACA TGT TAT CCA GTA GCC GGT-3`, KO 5`-GCT TCC TCT TGC AAA ACC ACA CTG-3`. 

Human colorectal carcinoma SW480 cells (ATCC)) were xenografted into the caecum 

(4 million cells in 100 µl, 2 injections) of 8 week-old Rag2KO/TNCKO mice. Tumors were 

dissected after 8 weeks and further analyzed as described. 

 



Material and Methods 

42  

4. Heterotopic and orthotopic xenograft models  

4.1 Heterotopic xenograft model 

4.1.1 Cell injection 

Cells were trypsinised, counted and transferred into phosphate buffer saline (PBS). Four 

million cells were injected subcutaneously using an insulin syringe (BD Micro-Fine, 324893) 

on one side into the dorsum. The xenografts were resected approximately one month later. 

4.1.2 Injection of human tumor material 

Ten fresh human CRC tumors were obtained as described above and transferred into 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 200 IU/ml penicillin, 200 

µg/ml streptomycin and 5 µg/ml fungizone (Gibco, France). After removal of fibrotic and 

necrotic portions, the remaining cancerous tissue was minced with scissors and centrifuged 

for 10 min at 800 g. Mice were anaesthetized through isoflurane inhalation (Forane®; 

Abbott, France) and 0.4 ml of tumour tissue preparation was subcutaneously injected 

through a 18-gauge needle on both sides into the dorsum. The xenografts were resected 

when their volume reached approximately 1 cm3. Grown tumors were resected and serially 

xenografted in nude mice up to passage 15. It was shown that the all over tumor 

morphology of the human CRC was recapitulated in the arising tumors derived from 

subcutaneous xenografts. Moreover, it was observed that the genetic alterations remained 

the same as in the original cancer (Guenot et al., 2006). Six xenografted human CRC 

tumors were analysed (collaboration D. Guenot, University of Strasbourg). 

4.2 Orthotopic colon cancer xenograft model 

After surgical access to the caecum, the organ was isolated with sterile gas and kept moist 

during the injection of tumor cells with sodium chloride (NaCl 0.9%). Four million cells 

(SW480) were injected into the caecum wall in 100 µl PBS with an insulin syringe. Between 

six and eight weeks later, the mice were sacrificed. The time frame is critical since mice 

can die from intestinal occlusion if the tumor becomes too big (Figure 9).  
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3) 4)

2)1) Injection point

3) 4)

2)1) Injection point

 

Figure 9: Surgical procedure for orthotopic injection into the caecum. 1 corresponds to the 
surgical access to the caecum, the second step 2 consists in isolation of the caecum that is kept 
moist during the experiment. Steps 3 and 4 represent the surgical closure.  

 

5. Live imaging of tumorigenesis  

In order to follow tumor growth of orthotopically grafted CRC cells in the living mouse, 

SW480 cells were labelled with the fluorescent protein “cherry” (pmCherry-N1 Vector) 

allowing live imaging by the NightOwl apparatus (Berthold Technologies, Germany) (Figure 

10).  
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Figure 10 : NightOwl imaging of the caecum tumor from Rag2KO mice in vivo and ex vivo. 
(A-C). Correspond to three different mice that had been injected with SW480 cherry cells into the 
caecum wall three weeks before. (D). Correspond to the different organs of the mice just after organ 
collection.  
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One limitation of this technique is that it was not possible to follow tumor growth, since the 

caecum moved inside the mouse during acquisition. If the caecum is just underneath the 

muscle layer it is possible to visualize the tumor. Nevertheless, it happens that from one 

day to the other the caecum is not at the same place and prevents fluorescence acquisition 

(Figure 11). Another point is that it is difficult to visualize tumors in mice with fur (like the 

Rag2KO). Therefore, mice need to be shaved before observation, which constitute a 

stressful procedure for the animals. Therefore live imaging was limited and spared for 

visualization of tumors before sacrifycing mice or before drug treatment. 

Day 1 Day +5 Day +9 Day +15

Day +19 Day +21 Day +23 Day +28

A B C D

E F G H

Day 1 Day +5 Day +9 Day +15

Day +19 Day +21 Day +23 Day +28

A B C D
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Figure 11 : In vivo fluorescence imaging: characterization of tumor growth in xenografted 
tumors in Rag2KO mice. (A-H). These images depict an example of in vivo imaging with the 
NightOwl apparatus, in a nude mice with a tumor in the caecum. The different pictures correspond to 
different days. Note that at day 28, there is less signal, potential due to the position of the caecum 
inside the abdominal cavity.  

 

 

6. Experimental design of the anti-angiogenic treatment  

Five weeks after orthotopic injection of SW480 tumor cells into the caecum wall, animals 

were divided into two groups. Animals from the control group received intra-peritoneal (IP) 

injection of NaCl, whereas animals from the treated group received Bevacizumab (5 mg/kg 

every 3 days), for a total of six injections. At the end of the treatment, animals were 

divided into two groups; one half was sacrificed just after the treatment and the rest one 

week after the end of the treatment. 

 

7. Analysis of tumor volume and tissue preparation  

7.1 Tumor volume 

After sacrifice of RT2 mice, the tumors were isolated, kept in PBS and measured with a 

electronic calliper. The tumor diameter was measured and the volume was calculated 
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according to the mathematic formula: V= (a²*b)/2 with a representing the small diameter 

and b the large diameter (Tomayko and Reynolds, 1989; Euhus et al., 1986).  

7.2 Tissue preparation 

7.2.1 Analysis of the vasculature (done by V. Djonov, Bern) 

For preparation of vascular casts, the systemic vasculature was perfused with a freshly 

prepared Mercox solution (Vilene Company, Japan) containing 0.1 ml of accelerator per 5 

ml of resin. One hour after perfusion, the pancreas was excised and tissue was removed in 

7.5% potassium hydroxide for up to three weeks. After washing, the casts were 

dehydrated in ethanol and dried in a vacuum dessicator. The samples were then sputtered 

with gold to a thickness of 10 nm and examined by using a Philips XL-30 SFEG scanning 

electron microscope (SEM). For transmission electron microscopy (TEM) the samples were 

fixed in a 2% PFA/2.5% glutaraldehyde solution before further processing in a 1% OsO4 

solution, dehydrated in ethanol and embedded in epoxy resin. After staining with lead 

citrate and uranyl acetate, tissue sections were analyzed.  

7.2.2 Tissue preparation 

After mice sacrifice, organs were isolated and washed in 10X PBS, a piece of tumor tissue 

was cut and put directly into liquid nitrogen for later RNA analysis and stored at -80°C. The 

rest of the tumor was embedded in the Tissue-Tek® O.C.T. Compound (Sakura Finetek 

Europe B.V., Zoeterwoude, Netherlands) or was fixed in 4% paraformaldehyde (PFA) and 

then frozen in Tissue Tek® O.C.T. or embedded into paraffin. Some 4% PFA fixed samples 

were also placed overnight into sucrose to preserve certain structures and then was 

embedded into paraffin or Tissue Tek® O.C.T. 

 

8. Analysis of protein expression by tissue staining 

The tumor tissue architecture was characterized after staining with hematoxylin and eosin 

(H&E). Tissue sections were fixed in 4% PFA for 10 minutes, washed in H2O for 5 min, then 

stained with Harris hematoxylin for 5 min and rinsed in water. Sections were then 

incubated in alcohol acid solution for 10 seconds, washed for 15 min, incubated in eosin 
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(Harris) for 15 seconds and washed again. The slides were mounted in non polymerizing 

aqueous medium (Swartz and Santi, 1996). 

 

For immunochemical analyses, 7 µm sections were cut with a cryostat (at -20 °C) (LEICA 

CM3050S). Tissue was either fixed in PFA 4% for 10 minutes at room temperature or not 

fixed, depending on the antibody, washed 5 times for 5 minutes with PBS and incubated in 

a blocking solution containing 5% normal donkey serum for 1 hour at room temperature 

for blocking unspecific antibody binding. Tissue was incubated with the primary antibodies 

diluted in PBS, 5% normal donkey serum at 4°C overnight.  

 

The following antibodies were used: rabbit against TNC; TNC1.2 (1:200, Lange et al., 

2007), mouse antibodies B28.13 (1:50, Wagner et al., 2003), rat antibody against murine 

TNC (MTn12, 1:100, (Aufderheide and Ekblom, 1988), pan laminin-antibody recognizing all 

laminin isoforms, (1:2000, Simo et al., 1991), α smooth muscle actin αSMA) (1:400, 

Sigma), laminin α5  (1:400, Miner et al., 1997). For integrins, thrombospondin 1 (TSP1) 

and osteopontin (OPN) (details in Caroline Spenle, PhD thesis, 2010). For the antibody 

raised against TNC see Table 2. For fibronectin 2.2 (1:200, home made), EDA (recognizes 

the extra domain A from cellular fibronectin (c-fibronectin), gift from Ellen Van Obberghen-

Schilling (ffrench-Constant and Hynes, 1989, Peters et al., 1996, White et al., 2008) 

vimentin (1:200, Santa Cruz Biotechnology), Mts1 (also called FSP1/ S100A4, 1:200 

Ambartsumian et al., 1996) CD31 (1:50, BD Pharmingen, Newman, 1997), the guineapig 

antibody against insulin (1:200, DakoCytomation) and biotinylated rat anti-mouse TER119 

(1:50, Caltag laboratories, Kina et al., 2000), rabbit anti-Lyve-1 (1/100, Reliatech, 

Carriera et al., 2003) rabbit anti-NG2 (1:200, Chemicon, Stallcup and Huang, 2008), rat 

against mouse F4/80 (1:50, AbD, Wohl et al., 2010), CD45 (1/20, BD pharmigen). 

Phospho-histone-3 (PH3) (1:200, Upstate). After incubation with the primary antibodies, 

sections were washed with PBS 5 times for 5 minutes, then incubated for 2 hours at room 

temperature with secondary antibodies produced in donkey, labelled with different 

fluorophores and specific to rabbit, rat and mouse immunoglobulins (Cy3 dilution 1:2000, 
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Dylight 488 dilution 1:1600, FITC 1:400, Cy5 dilution 1:1600, from Jackson 

ImmunoResearch Inc.©) and diluted in PBS containing 5% normal donkey serum. Sections 

were washed again with PBS 5 times for 5 minutes, then nuclei were stained with 4',6-

diamidino-2-phenylindole (DAPI, 0.2 µg/ml) for 10 min at room temperature. Finally after 

5 washes in 1X PBS, the slides were mounted with a polymerization medium 

(FluorSaveTMReagent, CALBIOCHEM) under coverslips and stored at 4°C until analysis.  

 

Table 2: Description of conditions for utilization of TNC antibodies.  

 TNC1.2 
(1:200) 

TNC1.2 
(1:400) 

B28.13 
(1:50) 

MTn12 
(1:10) 

 P C P C P C P C 
Human normal intestinal mucosa + + + + + + - - 
Human colon cancer + + + + + + - - 
Human colon cancer xenograft + + + + + + + + 
Murine normal intestinal mucosa Nd + Nd - Nd Nd Nd + 
RT2 insulinoma Nd + Nd + Nd Nd Nd + 
RT2/TNC insulinoma Nd + Nd + Nd Nd Nd + 
Pancreas TNCKO Nd - Nd - Nd - - - 
Colon TNCKO Nd  - Nd - Nd - - - 
 
P, paraffin embedded tissue; C, cryopreserved tissue (without fixation), + means that the  
Ab is specifically  recognizing TNC and – that it is not working, nd for not determined. 

 

 

9. Tumor analysis: imaging and quantification 

Tissue sections were examined with a Zeiss Apotome Imager Z2 fluorescence microscope 

equipped with fluorescence filters and a CCD camera. Staining was quantitatively 

evaluated by using the ImageJ v1.45e software (NIH). Briefly, images were converted to 

8-bit pictures, and parameters such as brightness and contrast were adjusted. The same 

settings were used for all of the pictures by using the threshold function. The total areas of 

human TNC, mouse CD31, mouse NG2 and αSMA stainings were obtained by randomly 

choosing 3 to 5 fields for image acquisition on 1 to 3 sections per tumor. Signal intensity 

was calculated on a total of 15 pictures/tumor. The fraction of Ki67 positive cells amongst 

all cells was expressed in percentage of all nuclei stained by DAPI. Data were pooled for 

each tumor and are presented as mean +/- S.E.M.  
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10. Analysis of candidate gene expression by qRT-PCR 

RNA isolation was performed on pieces of tumor tissue with the NucleoSpin® RNA II 

Purification Kit (Macherey-Nagel) according to the manufacturer’s instructions. Specific 

primers for each gene were used. For normalization of gene expression mouse and human 

GAPDH and mouse porphobilinogen deaminase (PBDG) specific primers from Qiagen© 

were used (Gubin and Miller, 2001). For SYBR Green real-time RT-PCR, a total of 1 µg of 

RNA was reverse transcribed into cDNA by using the High capacity cDNA Reverse 

transcription kit (Applied Biosystem©) following the manufacturer’s protocol. Samples 

were analyzed in 10 µl reactions using 2µl cDNA as template and using SYBR green 

(Applied Biosystems, Warrington, UK) or Taqman reaction mixtures (Applied Biosystems, 

Fostercity, CA, USA. Used primer sequences are listed in Table 3. 

 

Table 3: Summary table of the different primers used for qPCR analysis   

Gene Forward primer Reverse primer 

CD31 human  ATTGCAGTGGTTATCATCGGAGTG   CTCGTTGTTGGAGTTCAGAAGTGG  

CD31 mouse  GCTGGTGCTCTATGCAAGC   ATGGATGCTGTTGATGGTGA  

DKK1 human  GACCATTGACAACTACCAGCCG   TACTCATCAGTGCCGCACTCCT  

DKK1 mouse  CCGGGAACTACTGCAAAAAT  CCAAGGTTTTCAATGATGCTT 

Sox4 human  CAGCAAGAGAAACTGTGTGTGA   AAGAGCGTGCAAGAACTAGAGA  

Slug human  GAAAAGCACATTGCATCTTTTCT  TGTTCCTTTGGTTGAAATGGT 

TNC human   CCTTGCTGTAGAGGTCGTCA   CCAACCTCAGACACGGCTA  

TNC mouse   GCGCAGACACACACCCTAGC  TTTCCAGGTCGGGAAAAGCA 

PBGD human  QT00014462 (Qiagen)   

PBGD mouse  QT00494130 (Qiagen)   

GAPDH human   ATCTTCTTTTGCGTCGCCAG   AATCCGTTGACTCCGACCTTC  
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11. Statistical analysis 

Statistical analysis was done by using the GraphPad Prism program version 5.00. For 

significance of an association (contingency) Fisher’s exact test or chi-square test were 

applied (tumor staging, gene expression). Statistical differences of events 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-test with Welch’s correction. p-values < 0.05 were considered as statistically 

significant. 

 

12. Analysis of liver metastasis 

Livers of tumor bearing nude mice that had been treated with Bevacizumab or control 

solution were analysed with the NightOwl apparatus upon extraction of the organ. Since 

the cells are cherry positive, the NightOwl appartus detected a fluorescent signal. 
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RESULTS 

 

Paper contributions 

Here, before starting to go further in the results that were obtained, I would like to precise 

my contribution to the manuscript entitled “In human and mice Tenascin-C matrix channel 

guide tumor angiogenesis and promote metastasis through activation of Wnt signalling”. 

This paper was separated in two papers now, the first one is entitled “Tenascin-C promotes 

tumor angiogenesis and metastasis through repression of dickkopf-1” (Annex1) and where 

I am a co-first author and a second one concerning the conduits, where I am also a co-

first-author (manuscript in draft stage). 

 

I optimized the staining protocols for each Ab (more than 20) and in particular for three 

TNC Ab. Next, I characterized expression of several ECM molecules and the presence of 

tumor associated cells such CAF, endothelial cells and immune cells. I had analyzed ECM 

expression and organization and tumor associated cells in human insulinomas, CRC and 

corresponding heterotopic xenograft models. I had engineered cancer cells to ectopically 

express a fluorescent protein or DKK1 or a TNC knock down. I had established the 

orthotopic xenograft model in Rag2KO/TNCKO, Rag2KO and nude mice and had designed 

and performed the study with Bevacizumab treatment.  

 

I also contributed to a review article entitled “Fibronectin and tenascin-C: accomplices in 

vascular morphogenesis during development and tumor growth” (Annex 2), by providing 

immunostaining results and ideas. 

 

I also had contributed to a teaching program for high school students. This was a new 

operation to promote science in school. In this program I had designed PCR experiments 

and learned how to teach this information to the students. I got the chance to present this 

work and the concept, in a paper entitled “‘‘OpenLAB’’: A 2-Hour PCR-Based Practical for 

High School Students” (Annex4), where I am a first co-author with 8 other authors.  



Results PART A 

51  

PART A: CHARACTERIZATION OF THE EXTRACELLULAR MATRIX AND CELLULAR COMPONENTS OF 

THE TUMOR MICROENVIRONMENT IN A MURINE TUMOR MODEL AND IN HUMAN CANCER TISSUE 

 

1. Description of the neuroendocrine Rip1Tag2 model with ectopic TNC 

expression 

1.1 Tumor progression 

Double transgenic mice with an ectopic expression of human TNC had been generated in 

the laboratory and were available for analysis (Y. Jia, PhD thesis 2008, Saupe, Gasser, Jia 

et al., in preparation, Annex1). First, in these mice a potential effect of TNC on tumor 

onset has been addressed. The diameter of Langerhans islet was measured at histological 

level as readout for the islet size, which correlates with the tumorigenic state (Hanahan, 

1985). In 10 week old mice, this analysis revealed that the number of angiogenic and 

tumorigenic islets (> 0.5 mm) was significantly higher in RT2/TNC (45) compared to RT2 

(28) mice (Figure 12A). At 12 weeks there was no difference in tumor number (Figure 

12B) nor tumor volume (Figure 12C) detectable between genotypes at macroscopical level. 

Analysis of tumor progression had revealed an increase in carcinomas (more invasive) in 

RT2/TNC mice over that in RT2 controls (Saupe, Gasser, Jia et al., in preparation, Annex1).  

 

RT2 mice usually did not exibit metastasis (Hanahan, 1985). Therefore, we determined 

potentially arising micrometastasis in various organs of 12 to 14 week old tumor bearing 

mice by IF staining for insulin. The presence of micrometastasis was visualized and 

quantified on section by H&E and insulin IF staining. This was possible since the SV40 

T-antigen is expressed under the control of the rat insulin promoter (see Material and 

Methods). No differences in liver metastasis were noticed between genotypes, whereas 

micrometastasis in the lung were enhanced in double transgenic mice over control mice 

(Saupe, Gasser, Jia et al., in preparation, Annex1). 
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Figure 12: Tumor characterization in tumors from 10 and 12 week old RT2 and RT2/TNC 
mice. (A). Graph representing the number of analysed RT2 versus RT2/TNC islets in different 
classes; N/H and A/T. N, H, A and T mean normal, hyperplastic, angiogenic and tumorigenic islets. (p 
value=0.0449, Fisher test) (adapted from Y. Jia results). (B-C). All macroscopical visible tumors 
from 12 week old mice were counted (B) and the tumor volume was determined (C) with the 
formula V=4/3π(d/2)3, (d=diameter in mm). RT2 (N = 33 mice, n = 156 tumors), RT2/TNC (N = 26; 
n = 117), not significant. 

 

 

1.2 Tumor growth 

In RT2/TNC tumors it was observed that proliferation is enhanced (Saupe, Gasser, Jia et 

al., in preparation, Annex1). Moreover, glioblastoma cells cultivated on a TNC substratum 

enhanced proliferation (Huang et al., 2001). Therefore, it was determined whether TNC 

potentially triggers enhanced proliferation in RT2 tumors. Thus, tumor tissue from RT2 and 

RT2/TNC tumors was stained for TNC together with an antibody recognizing PH3 (Figure 

13). It was observed that the cells with PH3 positive nuclei were adjacent or very close to 

the TNC signal. This observation supported the possibility that a contact with TNC had 

enhanced proliferation of tumor cells in this in vivo setting. Quantification of the PH3 signal 

revealed that proliferation is 1.7-fold higher in RT2/TNC tumors than in control RT2 tumors 

(Saupe, Gasser, Jia et al., in preparation, Annex1) suggesting that an increased contact 

with TNC in RT2/TNC tumor stroma had triggered tumor cell proliferation.  



Results PART A 

53  

RT2

RT2/TNC

RT2/TNC

TNC

PH3

DAPI

A

B

C

TNC

PH3

DAPI

TNC

PH3

DAPI

RT2

RT2/TNC

RT2/TNC

TNC

PH3

DAPI

A

B

C

TNC

PH3

DAPI

TNC

PH3

DAPI

 

Figure 13: Proliferation in the RT2 tumors. (A-C). Immunostaing of proliferative cells (PH3) and 
total TNC (red) in RT2 (A) and in RT2/TNC (B and C). Enlargement of white box. Scale bars 50 µm. 
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1.3 Tumor angiogenesis  

The role of TNC during tumor angiogenesis was analyzed by immunostaining (Figure 14A) 

specific for the endothelial cell marker CD31 followed by quantification of positive events 

by using the Image J software (Figure 14B). The CD31 counted events turned out to be 

significantly different in tumors of RT2/TNC mice than in tumors of RT2 control, 2.2-fold 

and 2.6-fold increased in RT2/TNC at 10 and 12 weeks respectively (Figure 14 B-C). These 

results suggested that ectopically expressed TNC promoted angiogenesis in these 

spontaneously arising tumors. 
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Figure 14: Overexpressed TNC promotes tumor angiogenesis in RT2 insulinoma. (A). Tissue 
staining of CD31 and quantification (B-C) of tumors from 10 (B) and 12 (C) week old RT2 and 
RT2/TNC mice. Relative expression was determined as event per mm2. Number of samples; 10 
weeks, RT2 (N = 5 mice, n = 13 tumors), RT2/TNC (N = 7, n = 19); 1.92-fold, S.E.M, p = 0.0006, 
unpaired t-test; 12 weeks, RT2 (N = 6, n = 34, 203 data points (fields)) and RT2/TNC (N = 4, n = 
17, 106 data points (fields)), 2.27-fold, S.E.M., p < 0.0001, Mann Whitney test. Scale bar 100 µm. 

 

  
By IF analysis of CD31 and TNC we observed that blood vessels were partially covered by 

TNC. It was also noticed that an aligned CD31 positive signal was interrupted and, an 

adjacent TNC signal appeared to provide a bridge between the two separated CD31 signals 

(Figure 15). This is reminiscent of endothelial tubulogenesis where TNC potentially served 

as scaffold. Moreover, it was also observed that all CD31 positive signal was adjacent to a 

TNC signal suggesting that TNC played an important role in angiogenesis. This should be 

further addressed in RT2 tumors lacking TNC to determine whether TNC is necessary in 

proper endothelial tubulogenesis. 
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Figure 15: Blood vessel characterization in RT2 and RT2/TNC tumors. Representative pictures 
of endothelial cells stained with a specific antibody (CD31, in red) and TNC (in green) in RT2 (A) and 
in RT2/TNC (B). Scale bars 20 µm. 

 

 

1.4 Vessel anatomy 

In collaboration with V. Djonov (University Bern, Switzerland) the vessel anatomy of 

RT2/TNC and control RT2 tumors was further analysed by SEM and TEM (see Material and 

Methods). The vasculature observed in RT2/TNC tumors was highly branched and leaky as 

indicated by Mercox escaping the vessels at multiple sites (Figure 16B) contrasting with 

the RT2 vasculature which did not exhibit these abnormalities (Figure 16A and C). Vessels 

seemed clearly aberrant and more disorganized in RT2/TNC and sometimes enlarged 

(Figure 16D-E). This raised the question whether vessel organization as e.g. lining by a 

basement membrane and coverage by pericytes was potentially different in RT2/TNC 

tumors. Therefore NG2 immunostaining was performed and revealed a strong staining of 

NG2 in RT2 tumors. Indeed pericytes were found all over the tumor in RT2 mice (Figure 

17). A quantification of this result will be done in the future.  
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Figure 16: Anatomy of blood vessels in RT2 tumors. (A-E). Reproduction of the vasculature in 
tumors of 12 week old RT2 (A and C) and RT2/TNC (B, D and E) mice in corrosion casts upon 
Mercox perfusion. Arrows point at the leakage of vessels or branching points. Scale bars 50µm (A 
and B), 20 µm (C, D and E). 
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Figure 17: Tumor associated pericyte coverage of vessels in RT2 and RT2/TNC tumors. (A-
D). Distribution of pericytes (NG2, green) and endothelia cells (CD31, red)) in tumors of 12 week old 
RT2 (A and C) and RT2/TNC (B and D) mice. Note that in RT2 vessels (A-C) the coverage by NG2 
appears to be more extensive compared to that in RT2/TNC vessels (B-D). Scale bars 20 µm. 

 

 

Subsequently a closer analysis of the vasculature was performed by V. Djonov on tumors 

from both genotypes by TEM (Figure 18). This analysis revealed that blood vessels in RT2 

tumors exhibited a thin BM lining (Figure 18A). In contrast, some vessels in RT2/TNC 

tumors looked very different and exhibited a rough apical surface where matrix appeared 

to leak into the lumen (Figure 18 B-F). Moreover, atypical vessels were lined by a thick 

ECM layer and attached tumor cells (AtTu) that were characterized by few granular vesicles 

which is in contrast to most tumor cells that exhibited many of these vesicles. These 

atypical vessels will be coined here as conduits (see below) and were partially filled with 

non-fibrillar ECM material, fibroblasts (white asterisk), tumor cells (V. Djonov, personal 
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communication) and erythrocytes (Figure 18C and E). It was also observed that these 

conduits can be connected to regular blood vessels lined by BM and endothelial cells as 

shown in Figure 18D.  Proof of erythrocytes inside TNC– rich vessels was provided by an 

adjacent TNC signal with that for the erythrocyte specific marker glycophorin (TER119) 

(Figure 19). 
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Figure 18: Vessel anatomy in RT2 and RT2/TNC tumors. (A-F). TEM pictures of vessels in RT2 
(A) RT2/TNC tumor (B-F).  Tumor associated vessel containing erythrocytes (Er) in RT2 (A) and in 
RT2/TNC tumors (B and C), white and black arrows depict matrix deposition at the rim of the tumor. 
(D). Continuum between a blood vessel characterized by a basement membrane, and a lumen within 
the conduit that exhibits lining by AtTu but not endothelial cell nor a BM. (E-F). Black arrows, matrix 
deposits at the rim of the conduit that is lined by attached tumor cells (AtTu). Asterisks: nucleated 
cells within the tube. Note the presence of erythrocytes. Scale bars 10 µm (A-F).  
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Figure 19: TNC expression in vessels of RT2/TNC tumors. (A-B). Immunostaining of vessel in 
a RT2/TNC tumor containing erythrocytes, pointed at by a white arrow. Scale bars 50 µm (A), 20 µm 
(B) 

 

1.5 Expression and organization of TNC and other ECM molecules  

The TNC1.2 antibody recognizes both human and mouse TNC, thus expression of total TNC 

was determined in RT2/TNC tumors by IF and was compared to that of endogenous TNC in 

RT2 tumors. Although in RT2/TNC tumors transgenic TNC should be expressed by all 

insulinoma cells this was not the case. In contrast to a homogenous TNC expression by all 

insulinoma cells, tumors of RT2/TNC mice displayed a similar expression pattern where 

TNC is present in conduits and other fibrillar structures ranging from 2.5 to 25 µm and 

more (Figure 20B, D and G). 

 

TNC was surrounding blood vessels and, was also organized into CD31 negative tracks 

(Figure 15). By perfusion analysis and TEM we provided evidence that TNC tracks are 

connected to the circulation (Saupe, Gasser, Jia et al., in preparation). It was previously 

shown that endothelial cells (Zagzag et al., 1996) as well as endothelial precursor cells 

(Ballard et al., 2006) used the TNC matrix as guiding cue. In addition, tubular matrix 

channels composed of TNC, FN and procollagen (proColl), negative for CD31 and Lyve-1 

(specific marker for lymphendothelial cells), were described earlier and their appearance 

was linked to metastasis in melanoma (Kaariainen et al., 2006). We decided to referTNC 

tracks that are not in association with CD31 as TNC conduits. 
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Since LM and TNC were expressed in melanoma channels (Kaariainen et al., 2006) and 

were highly expressed in the tumor specific conduits (De Arcangelis et al., 2001; Chiquet-

Ehrismann and Chiquet, 2003), we asked the question whether LM was present in the TNC 

conduits of RT2 tumors. Therefore, tumor tissue of both genotypes was stained for TNC 

and LM. We found that both molecules formed conduits with discrete matrix layers that did 

not intermingle but were adjacent in tumors of both genotypes (Figure 20A and B). By 

confocal microscopy it was seen that these conduits formed hollow tubes about 13 to 15 

µm in diameter (determined by confocal microscopy) that eventually contained nucleated 

cells (Figure 20E-G). It was noteworthy that TNC was mainly present in the core region of 

these conduits enwrapped by LM (Figure 20A).  

 

TNC positive conduits were also positive for laminin γ2 and α5, two LM chains that 

previously had been seen to be expressed in melanoma conduits and in vasculogenic 

mimicry (Figure 20B-C). In some places TNC and laminins did not form discrete layers but 

an apparently unorganized matrix where both molecules were still in close vicinity to each 

other (Figure 20D). These observations suggest that both ECM molecules assemble into 

matrix conduits with an eventual lumen and cells inside.  

In order to characterize the composition of the TNC rich conduits and to determine whether 

other ECM molecules are expressed and potentially form matrices together with TNC, 

tumor tissue was stained with specific antibodies for TNC together with those for collagen 

IV (Coll IV), collagen V (Coll V), FN, osteopontin (OPN) and thrombospondin-1 (TSP1). This 

analysis revealed that all analyzed ECM molecules were expressed in the tumor tissue, 

were partially coexpressed with TNC and accumulated into matrices that resembled the 

described TNC conduits and vessel like structures (Figure 21 and Figure 22). In the IF 

analysis on serial sections of the tumor tissue (Figure 21) it can be seen that the TNC 

matrix conduits contained FN, Coll IV and Coll V altogether, suggesting that these conduits 

exhibit a complex organization where several ECM molecules are present together with 

TNC. 
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Figure 20: Organization of TNC matrix conduits in tumors of 12 week old RT2 and RT2/TNC 
mice. Immunostainings of tissue sections of RT2 (A and C) and RT2/TNC tumors (B and D) 
pancreas sections with the indicated antibodies. Arrows: nucleated cells, TNC and LM tubular (A-B). 
White boxes, TNC-filled and LM-lined matrix track in the center of a tumor. (C-D). γ2 (green, C) and 
α5 (green, D) LM composed conduit-like structures with TNC (red), which traversed the tumor. (E-
G). Confocal pictures of ECM molecule-enriched conduits in RT2 (E-F) and RT2/TNC (G) tumors. 
(E). Co-staining of LM (green) and TNC (red) observed by confocal microscopy (J. Mutterer, IBMP, 
Strasbourg). Z-stack was done through the conduit, where the white line was defined. Note the 
presence of a nucleated cell (blue) inside the conduit. (F-G). 3D reconstruction of a conduit stained 
for LM (green) and TNC (red) in a RT2 (F) and RT2/TNC (G) tumor. Diameters of these conduits are 
13 µm for RT2 and 15 µm for RT2/TNC tumors. Scale bars 50 µm (C), 25 µm (A), 20 µm (B and D) 
(Caroline Spenle, PhD Thesis, 2010). 
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Figure 21: Co-alignment of TNC with other ECM molecules. Representative pictures of the 
indicated molecules in RT2 tumors on adjacent slides (A-D), enlargement of white box (E). TNC is 
organized into conduits together with FN (D), coll IV (C) and V (A-B) Scale bars 50 µm (A, C and 
D), 20 µm (B). 

 

OPN and TSP1 have been suggested to modulate the tumor phenotype by affecting cell 

migration, survival and angiogenesis (Liaw and Crawford 1999). Upon analysis of OPN and 

TSP1 expression by IF it was observed that both molecules were expressed in RT2 tumors 

in close vicinity to TNC (Figure 22 A-B). Moreover, they were both expressed in the capsule 
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that is surrounding the RT2 tumors. Whereas TNC and OPN expression were largely 

coexpressed (Figure 22B), TSP1 formed matrices that partially did not overlap with TNC 

matrices (Figure 22A). It was also noticed that the capsule extended into the tumor tissue 

by forming a tube-like structure. This histological observation could potentially be 

reminiscent of a mechanism by which the capsule may have served as a template for TNC 

tube formation within the tumor mass. This possibility needs to be addressed in the future. 

 

Given that β1 integrins constitute receptors for ECM molecules found in the TNC matrix 

conduits, we asked whether cell contacts with the matrix tubes potentially could involve β1 

integrins. Therefore, β1 integrin expression was analyzed and it was found that β1 integrin 

receptors are especially expressed in TNC-rich regions (Figure 22D). In particular, β1 

integrins expressing cells were present inside the tumor capsule and adjacent to the TNC 

matrix. Next we analyzed the expression of the α6 chain since α6β1 is a laminin receptor 

and laminins were found in the TNC matrix tubes (Figure 20D). We observed a similar 

staining for α6 as for β1 integrin suggesting cells expressing this heterodimer are adjacent 

to the TNC matrix tubes. Thus cells expressive α6β1 might have been involved in the 

formation of these structures and potentially might interact with the matrix inside the 

conduits. Analysis on the expression of other integrins such as α9β1 (TNC receptor), α8β1 

(TNC, OPN receptor) and α5β1 (FN receptor) amongst others remains to be done in the 

future. 
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Figure 22: Characterization of TNC conduits in RT2 TNC tumors. (A-B) Immunostaining of 
other molecules for TSP1 (A), OSP (green) (B), α6 integrin (green) (C) and β1 integrin (green) (D), 
which overlap with these conduits structures. Scale bars 20 µm. (Caroline Spenle PhD thesis, 2010).  

 

 

Next we analyzed whether oncofetal FN potentially plays a role in RT2 angiogenesis as well 

as in TNC conduit formation. Indeed TNC and FN were expressed in matrix structures in 

adjacent layers (Figure 23). Stainings of RT2 insulinoma sections with an antibody directed 

against the extradomains of oncofetal FN (EDA and EDB) revealed that it was surrounding 

blood vessels but was also present in CD31 negative conduits (Figure 23 C-H). This 

suggested that oncofetal FN participates in angiogenesis and in TNC conduit formation.  
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Figure 23: Representation of vessel like and conduit like structures in RT2 tumor. (A-B). 
Immunostainings showing TNC (green) and FN (red) organized as ECM rich conduits. (C-D). Staining 
of FN (green) and CD31 (red). (E-H) Some of the oncofetal FN (FN-EDA and FN-EDB) was also 
surrounding blood vessels as well as CD31 negative conduits. Scale bars 100 and 20 µm (C), 50 µm 
(E, F and H), 20 µm (A, B, D and G). 
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In summary this study has shown that TNC was not ubiquitously expressed but organized 

into conduits together with other ECM molecules including collagens, laminins, FN, OPN 

and TSP1. Whether other ECM molecules such as periostin (reviewed by Ruan et al., 2009) 

were also present in these conduits remains to be determined. TNC was also closely lining 

oncofetal FN and seemed to serve as guiding cue for endothelial cells. Tumor cells 

expressing integrin α6β1 are lining the TNC matrix tubes and thus potentially played a role 

in the creation of these structures. Finally, the tumor capsule also seemed to play a role in 

the creation of the TNC matrix tubes as template.  

 

 

1.6 TNC and tumor associated cells 

1.6.1 Potential impact of TNC on fibroblasts 

Given the importance of CAF in tumor angiogenesis (Kalluri and Zeisberg 2006), here it 

was investigated whether TNC had an impact on the occurrence and distribution of these 

cells. This was addressed by immunostaining for specific markers for CAF, in particular 

alpha smooth muscle actin (αSMA) (Kalluri and Zeisberg 2006), vimentin and 

S100A4/FSP1/Mts1 (Ambartsumian et al., 1996; Kalluri and Zeisberg 2006). First it was 

observed that cells expressing all three markers were present in RT2 and RT2/TNC tumors 

(Figure 24). By costaining with TNC it was noticed that CAF were adjacent to the TNC 

MATRIX. Vimentin, αSMA and Mts1 positive cells, reminiscent of CAF, were found 

surrounded by TNC potentially using the matrix conduits as guiding cue (Figure 24). At 

some places the Mts1 and TNC signal strongly overlapped, which may point towards these 

cells as source of TNC (Figure 24 G-H). This possibility needs to be further addressed by in 

situ hybridization.  
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Figure 24: Characterization of different populations of fibrosblasts in murine and human 
tumors. Immunostaining of cryosections from tumors derived from 12 week old RT2 mice (A, C, E 
and G) and RT2/TNC mice (B, D, F and H), for TNC in green and for fibroblasts (vimentin, α SMA 
and Mts1/ FSP1). Note that fibroblasts are in close vicinity to TNC. Scale bars 200 µm (E), 100 µm 
(C-D), 50 µm (A, B, G and H) and 20 µm (F). 
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Visual inspection of the stainings suggested that there were more CAF in RT2/TNC tumors. 

To address this possibility the αSMA signal was quantified with the Image J software. 

Quantification of the αSMA positive signal in tumors of both genotypes revealed that there 

were indeed about 4-times more CAF in RT2/TNC tumors than in RT2 control tumors 

(Figure 25). A separate analysis per transformation stage showed that the subgroup of 

normal/hyperplastic islets of RT2/TNC mice already had 4-times more CAF than the control 

tumors. Moreover, also in the angiogenic/tumorigenic subgroup the numbers of CAF were 

similarly increased in RT2/TNC tumors over that in RT2 controls by 4-times as was noticed 

for the first subgroup. This observation indicates that TNC stimulates the increase in CAF 

numbers in the tumor tissue. Moreover, this observation suggests that TNC has an impact 

on very early steps in tumorigenesis even before the angiogenic switch occurs. Whether 

this involves increased proliferation of CAF and/or enhanced recruitment of these cells by 

the TNC matrix needs to be further addressed. 
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Figure 25: Quantification of CAF in RT2 and RT2/TNC tumors. (A- B). Representative pictures 
of tumors from 12 week old RT2 (A) AND RT2/TNC (B) mice. Scale bar 20µm. (C). Quantification of 
αSMA signal (area fraction: area in mm2 / tumor) in RT2 (N=3, n=45) compared to RT2/TNC (N=4, 
n=86), 2.54 fold, S.E.M., p<0.0001, Mann Whitney. (D). Quantification of the αSMA signal (area in 
mm2 / tumor) in normal and hyperplastic (NH) islets in RT2 (N=3, n=27) and RT2/TNC (N=4, n=61) 
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mice, 3.9 – fold, S.E.M, p = 0.0001, Mann Whitney test and in antiogenic and tumorigenic islet (AT) 
in RT2 (n=18) and RT2/TNC (n=25) mice, 3.9 –fold, S.E.M., p= 0.0015, Mann Whitney test. N, 
number of mice and n, number of tumors. 

 

1.6.2 Potential impact of TNC on macrophages 

A potential impact of TNC on immune cells was addressed by immuostaining for CD45, a 

general immune cell marker. It was observed that the CD45 signal displayed a patchy 

pattern with a close association to the fibrillar TNC signal. This was confirmed by staining 

for macrophages with a F4/80 specific antibody which revealed again a close association 

with the TNC matrix. There appeared to be more macrophages in RT2/TNC (Figure 26B, D 

and F) tumor tissue than in RT2 (Figure 26A, C and E) control tumor tissue which needs to 

be confirmed by quantification. 

 

1.6.3 No  impact of TNC on lymph endothelial cells 

Next, a potential impact of TNC on lymph endothelial cells was determined by 

immunostaining for Lyve-1. First, lymph node tissue from mouse pancreata was used for 

confirming antibody specificity, where the antibody indeed recognized lymphatic 

endothelial cells (Figure 27 A-B). Analysis of tumor tissue showed that the bulk of the 

tumor mass was negative but that the tumor rim exhibited lymphatic endothelial cells in 

RT2 tumors of both genotypes (Figure 27 C-F). No differences in genotypers were noticed. 
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Figure 26: Characterization of immune cells in RT2 and RT2/TNC tumors. (A-D). Immune 
cells (red) and TNC (green) were stained in RT2 (A and C) and in RT2/TNC (B and D) tumors. CD45 
positive cells were found in close vicinity to TNC conduits. (E-F). Immunostaining of F4/80 positive 
cells in red in RT2 (E) and in RT2/TNC tumors (F). Scale bars 50 µm (A-B) and 20 µm (C-F). 
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Figure 27: Representation of two conduit systems: lymphatic vessels and ECM tracks in 
tumors of 12 week old RT2 and RT2/TNC mice. (A-B). Representative pictures of a lymph node 
in a RT2 pancreas. The red signal corresponds to lymphatic endothelial cells (Lyve-1) and the green 
signal characterizes TNC expression. (C and E). Theses pictures represented lymph endothelial cells 
(red) pointed white arrows and erythrocytes (green) in RT2 (C) and RT2/TNC (E) tumors. Lymphatic 
vessels were localized at the rim of the tumor and were not connected to blood vessels. (D and F). 
Immunostaining of RT2 tumors (D) and RT2/TNC (F) tumors for TNC in green and Lyve-1 in red. 
Tumor circumference is marked by a white line. Scale bars 50 µm. 
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In summary this study had shown that TNC had an impact on CAF and macrophages but 

not on lymphatic endothelial cells. The close vicinity of CAF and macrophages with TNC 

suggested that these cells had interacted with TNC and might have promoted expansion of 

both cell types. It was also possible that CAF were involved in the formation of the TNC 

conduits and that a TNC matrix had served as guiding cue for CAF and macrophages. 

These possibilities need to be addressed by cell culture experiments in the future. 

 

 

1.7 Potential link of TNC to DKK1 repression and tumor angiogenesis  

Given that DKK1 was found to be repressed in cultured GBM cells on a TNC substratum 

(Ruiz et al., 2004), that DKK1 inhibited angiogenic Wnt signalling (Glinka et al., 1998) and 

negatively regulated angiogenesis (Min et al., 2011) here it was addressed whether DKK1 

repression by TNC potentially played a role in enhanced angiogenesis by TNC. Therefore, 

DKK1 mRNA levels were determined by qRT-PCR in isolated RT2 and RT2/TNC tumors. It 

was observed that DKK1 levels in RT2/TNC tumors were significantly lower than in control 

tumors. In RT2/TNC tumors 7-times more tumors (50%) lacked DKK1 expression as 

compared to RT2 mice (7.1%) (Figure 28A). In tumors with detectable DKK1 expression, 

the levels were 3.2-fold reduced in RT2/TNC mice in comparison to RT2 controls (Figure 

28B). To further address a potential inhibition of DKK1 expression by TNC in this model 

system, RT2 tumors that exhibited no TNC were analyzed in comparison to tumors with 

one TNC allele. Therefore TNCKO mice had been crossed with RT2 mice (Saupe, Gasser, Jia 

et al., in preparation). It was observed that in RT2 tumors with only one TNC allele, DKK1 

levels were significantly lower (2-fold) than in RT2/TNC-/- tumors completely lacking TNC 

(Figure 28C) (Saupe, Gasser, Jia et al., in preparation, Annex1), which suggested that 

expression of TNC and DKK1 are inversely correlated.  
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Figure 28: Impact of TNC on DKK1 expression in RT2 tumors. (A-C). DKK1 expression was 
determined by qRT-PCR on RNA from tumors of 14-17 week old mice. (A). The number of tumors 
per genotype that lacked any DKK1 RNA is expressed as % of all analysed tumors, p = 0.0031, 
Fisher`s exact test. (B). DKK1 levels in RT2/TNC and control tumors of 14 week old mice with 
detectable expression, p = 0.0021, unpaired t-test with Welsh`s correction. (C). DKK1 expression in 
RT2/TNC-/- and RT2/TNC+/- tumors. p = 0.0230, Mann-Whitney test. Number of samples, RT2 (N = 
11 mice, n = 28 tumors) and RT2/TNC mice (N = 3, n =14). See details in Suppl. Table 3 in Saupe, 
Gasser, Jia et al,. manuscript in preparation, Annex1.  
 

 

A potential functional link between TNC, DKK1 repression and tumorigenesis was further 

addressed in a xenograft model with tumor cells (T98G, KRIB) that were engineered to 

ectopically express murine DKK1 (Figure 29). Here the well characterized T98G GBM and 

the highly tumorigenic osteosarcoma cell line KRIB were chosen as model systems. Cells 

overexpressing DKK1 were obtained for both cell lines, whereas no cells could be 

generated with shRNA mediated DKK1 knockdown so far. First by qRTPCR (Figure 29A) 

and western blotting (Figure 29B) it was shown that engineered cells indeed expressed 

high levels of ectopically expressd murine DKK1. Similar results were observed in T98G 

cells (data not shown) 
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Figure 29: Engineering of KRIB cells to overexpress DKK1. (A). qPCR analysis on KRIB WT and 
KRIB:DKK1 cells to visualize DKK1 overexpression. (B). Western blot of KRIB cells (extracts) 
overexpressing DKK1.  

 

Next, two sets of control cells had been used, KRIB parental cells (KRIB WT) and KRIB 

containing the empty vector (KRIB:EV) which were indistinguishable in vitro (see below) 

and thus were both used in the in vivo experiments. It was investigated whether high 

DKK1 levels had an impact on proliferation by determining cell numbers and, it was found 

that proliferation was indistinguishable between DKK1 overexpressing KRIB and T98G (not 

shown) and the corresponding parental cells (Figure 30A). In a wound closure migration 

assay it was investigated whether ectopically expressed DKK1 had an impact on cell 

migration. While KRIB control cells migrated to close the scratched area in 13h, 

KRIB:DKK1 cells were significantly retarded to do so (Figure 30B). T98G cells did not 

migrate under the chosen conditions (not shown). 

 

To determine whether DKK1 had an impact on tumorigenesis and angiogenesis, DKK1 

overexpressing (KRIB:DKK1), parental (KRIB WT) cells and cells containing the empty 

vector (KRIB:EV) were subcutaneously grafted into nude mice and tumors were sampled 

after 24 days. Upon measurement of tumor diameter the volume was calculated and it was 

observed that KRIB tumors overexpressing DKK1 remained significantly smaller (mean 
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value of 145 mm3) than tumors originating from parental KRIB cells (mean of 1028 mm3) 

and KRIB:EV cells (mean of 1345 mm3) (Figure 30C). Macroscopical inspection revealed 

that KRIB:DKK1 tumors were pale white which was in contrast to KRIB WT and KRIB:EV 

tumors that were reddish and exhibited multiple blood vessels on the tumor surface 

(Figure 30D). Neither wildtype nor DKK1 overexpressing T98G cells induced subcutaneous 

tumors (not shown). 

 

To address the possibility that ectopically expressed DKK1 had an impact on endogenous 

DKK1 expression, expression of murine and human DKK1 was determined by qRT-PCR with 

species specific primers. It was observed that human DKK1 was reduced in KRIB:DKK1 

tumors by 2.53-fold in comparison to the control tumors (Figure 30E). 

 

By microscopical analysis of H&E stained tumor tissue it occurred that tumors derived from 

DKK1 overexpressing KRIB cells exhibited more necrotic areas than tumors from wildtype 

KRIB (Figure 31) and KIRB:EV control cells (data no shown). This needs to be quantified. 

Thus a high extent of necrosis potentially could have had an impact on proliferation. To 

address this possibility proliferation of the tumor cells was determined by staining for KI67. 

It was found that tumors from both cells had proliferative cells and that the reduced 

proliferation in KRIB:DKK1 tumors was not statistically significant (Figure 31 B-C). 
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Figure 30: Consequences of DKK1 overexpression in KRIB cells in vitro and in vivo. (A). 
Proliferation of KRIB:DKK1 and parental cells was determined after the indicated time points by using 
the MTS assay. (B). Cell migration of KRIB:DKK1 and parental cells was determined as percentage of 
cell free area in a wound healing assay. The scratched area covered by cells at day 13 (t = 3) is 
represented in comparison to that at day 0 (t = 0) (%). Experiment was done in 3 independent 
repetitions, standard deviation, p<0.0001, Student`s t-test. (C-D). Consequences of DKK1 
overexpression in KRIB cells upon xenografting in nude mice. (C). Determination of tumor volume, 
for KRIB:EV (N=10), 9.2 fold difference to KRIB:DKK1 (N=10), p value= 0.013, Mann Whitney test. 
For the KRIB WT (N=8), 7 fold difference to KRIB:DKK1 cells, p value= 0.0048, Mann Whitney test. 
There was no significant difference between KRIB WT and KRIB EV, unpaired t-test, p value= 
0.5431. (D). Macroscopical appearance of tumors. (E). Human and mouse DKK1 were analysed. 
Mouse DKK1 levels in KRIB:DKK1 and parental tumors with detectable expression, were determined 
by qRT-PCR on RNA from WT (N=4) and KRIB xenografted tumors (N=5). p = 0.0159, Mann-
Whitney test. Human DKK1 levels in KRIB:DKK1 and parental tumors with detectable expression, p = 
0.0079, Mann- Whitney test. N correspond to the number of mice used in the experiment. 
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Figure 31: Characterization of KRIB:DKK1 and KRIB:WT tumor. (A). Overview of the whole 
KRIB:DKK1 xenografted tumor with in the two areas of higher magnification (black boxes). (B-C). 
Proliferation rate in KRIB WT in comparison to KRIB:DKK1 tumors. Quantification of the KI67 signal  
with Image J software (KI67 INDEX= KI67 area fraction/ Dapi area fraction) in KRIB WT and 
KRIB:DKK1 tumors. KRIB WT (N=5) and KRIB:DKK1 (N=5) tumors, 2.69–fold, p=0.3095, Mann 
Whitney test. (C). Representative pictures of KRIB parental and overexpressing DKK1 tumors. Scale 
bar 200 and 20µm.  

 

Since KRIB:DKK1 tumors were smaller and whiter than the control ones it was likely that 

high DKK1 had blocked angiogenesis in these tumors which may have caused the reduced 
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tumor size. To address this possibility, tumors were stained for CD31 (Figure 32 A-C). 

Subsequent quantification with the Image J program revealed a statistically significant 

reduction in CD31 in KRIB:DKK1 tumors compared to both control tumors (Figure 32 D-E). 

By IF analysis it was observed that TNC was expressed in all tumors. A quantification has 

not been done for all samples yet but analysis of 5 KRIB:DKK1 and 5 control tumors did 

not exhibit any differences in TNC expression levels (not shown), which suggested that 

high DKK1 levels did not have an impact on TNC expression. Altogether the data derived 

from the RT2 and the KRIB models suggest a link between repression of DKK1 and 

enhanced angiogenesis by TNC, namely that TNC presumably had promoted angiogenesis 

by repressing DKK1 (Saupe, Gasser, Jia et al., manuscript in preparation, Annex1).  
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Figure 32: Angiogenesis in the KRIB parental and KRIB:DKK1 tumors. (A-B). Representative 
pictures for CD31 in red and TNC in green, the nuclei were represented in blue in KRIB:EV and 
KRIB:DKK1 xenografted tumors. Scale bar 20 µm. (C). Quantification of the CD31 signal (area in 
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mm2 / tumor) in KRIB parental (WT) (N= 5) and KRIB:DKK1 (N=5) tumors, 7.55 fold, p = 0.0119, 
Mann Whitney test. (D). Quantification of the CD31 signal (area in mm2 / tumor) in KRIB:EV (N= 
10) and KRIB:DKK1 (N=8) tumors, 2.2 – fold, p = 0.0343, Mann-Whitney test. 
 
 
 

2. Organization of TNC in the microenvironment of intestinal carcinomas 

2.1 TNC expression and ECM organization 

Tissue staining for TNC and CD31 showed the same tube-like organization as had been 

seen in RT2 tumors (Figure 33A-B). Moreover, these TNC tubes contained LM, Coll IV and 

FN which surrounded endothelial cells (Figure 33). The newly deposited TNC matrix also 

appeared to be used by endothelial cells as guiding cue as can be seen in Figure 33B 

where endothelial cells were directly following the nascent TNC matrix. TNC was also 

organized in conduits in human liver metastasis (originated from hCRC) where this matrix 

appeared to embed endothelial cells and pericytes thus potentially providing a favorable 

microenvironment for these cells (Figure 33 G-H). 
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Figure 33: ECM organization in human CRC and corresponding liver metastasis. (A-H). 
Immunostaining of cryosections of human CRC with the indicated Ab, representing ECM matrix with 
TNC inside. Note that not all EC (CD31) were surrounded by TNC (A-B). TNC is also forming 
conduits lined by LM (C) and by Coll IV (D). In addition, TNC is also closely intermingled with FN 
(E). (F) is a reconstruction picture of z-series acquired by confocal microscopy which was provided 
by K-P Janssen (TU Munich, Germany) showing a conduit enriched by TNC and LM. Arrows: cells 
inside matrix conduit. (G-H). Corresponding human liver metastasis CD31 (red, G) and NG2 (red, 
H) positive cells are closely intermingled with TNC (green), arrows point at vessel-like structure or 
conduit. Scale bars 50 µm (A, B, F, G and H) and 20 µm (C, D and E).  
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2.2 Establishment of an optimized staining protocol for tissue analysis  

The establishment of an optimal protocol was necessary to be able to discriminate between 

human and murine TNC in xenografted human tumor cells into a murine host (see below). 

First the specificity of the available TNC antibodies for murine (Figure 34 A-B) and human 

(Figure 34 C-D) TNC was tested in fresh frozen tissue of normal human and murine normal 

intestinal tissue. The murine specific antibody MTn12 and the pan-TNC antibody TNC1.2  

both recognized similar structures in the muscular layer and at the apical top of the 

intestinal glands. TNC1.2 recognized also other structures in the normal tissue in the 

lamina propria (Figure 34D). This could be due to different isoforms of TNC expressed at 

the different places that would be differentially recognized by the two antibodies. The 

rabbit polyclonal TNC1.2 antibody might recognize more isoforms of TNC than the rat 

monoclonal MTn12 antibody. It is also possible that the TNC1.2 antibody potentially 

recognizes something else that is not TNC specific although the major antigen was indeed 

TNC as determined by immunoblotting (not shown, Lange et al., 2008). Therefore it was 

important to see whether TNC1.2 would recognize a signal in intestinal tissue from a 

TNCKO mouse. It was observed that at the chosen dilution no signal was obtained with 

neither of the antibodies suggesting that the signal is TNC specific (Figure 34 A-C). Next it 

was addressed whether in paraffin embedded intestinal tissue TNC1.2 recognizes similar 

structures as in frozen tissue which turned out to be the case (Figure 34 G-H). The B28.13 

antibody raised against human TNC was also tested and found to deliver a similar staining 

as obtained with the TNC1.2 antibody (Figure 34 E-F). Upon staining of intestinal tumor 

tissue of human (Figure 35 A-D) or murine origin Figure 35 E-F) it was observed that TNC 

was highly expressed and organized into tracks reminiscent of TNC matrix conduits. 

Application of the B28.13 delivered a strong staining whereas the TNC1.2 antibody showed 

a weaker signal. Therefore in the following analysis the TNC1.2 antibody was used for fresh 

frozen tissue analysis and the B28.13 for paraffin embedded tissue. A summary of 

optimized staining conditions is displayed in Table 2 (part Material and Methods). 
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Figure 34: TNC antibody specificity. (A-D). Immunostaining on cryosections of normal human an 
murine mucosae and mucosae from KOTNC mice with MNT12 (A-B) and TNC1.2 (C-D) 
Representative pictures for TNC with B28.13 (E-F) and with TNC 1.2 (G-H). Scale bars 50 µm (A, B, 
C, E, F, G and H), 20 µm (D and E, enlargement). 
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Figure 35: TNC expression in human and mouse tumors. (A-B). Representative pictures for 
TNC in human CRC using the B28.13 (A) and TNC1.2 (B) on paraffin sections. (C-D). 
Immunostainings for TNC in two different hCRC. Note that TNC is organized into matrix tracks. (E-
F). Immunostaining of mouse colorectal tumors. Scale bars 50 µm (C), 20 µm (A, B, D, E, and F).  

 

2.3 TNC expression in human colon cancer xenografts 

In order to develop and test patient tailored specific anti-cancer treatment a humanized 

murine cancer model is needed. Therefore human cancer material had been grafted into 

nude mice and the tissue organization and genetic alterations between the human cancer 

and the xenograft were investigated. It had been seen that the tissue organization found in 
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the primary human colorectal carcinoma is recapitulated upon grafting of minced and 

homogenized tumor tissue into nude mice. Moreover, the genetic alterations were also 

conserved (Guenot et al., 2006). These observations had suggested that the tissue 

organization is recapitulated to some extent within the murine host which raised the 

question how this applies to the microenvironment. To address this question human 

colorectal carcinoma specimen had been minced and homogenized prior to subcutaneous 

injection into nude mice (collaboration with D. Guenot). Tumors had been recovered after 

2 weeks and tissue was analyzed by immunostaining. A comparison of total TNC 

expression between tumor xenograft (Figure 36 B-D) and primary cancer (Figure 36 A-C) 

was done by using the TNC1.2 Ab (Figure 23). It was observed that the patchy and conduit 

like expression found in the primary cancer was recapitulated in the xenograft with a 

similar pattern.  
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Figure 36: Comparison of TNC expression patterns in human CRC and corresponding 
human xenografted tumor. (A-B). Immunostainings with the TNC1.2 Ab showing a high TNC 
expression in the original tumor (A) and in the xenografted tumor (B). (C-D). Pictures of 
immunohistochemical staining representing TNC expression in human CRC (C) and corresponding 
xenografted tumors (D). Scale bars 50 µm (A, B and D) and 20 µm (C). 
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By staining for murine TNC it was observed that there was little expression in the tumor 

xenograft which suggests that the grafted tumor had not significantly been infiltrated by 

murine cells that would express TNC (Figure 37). Upon continuous grafting of the first 

passage human xenograft, tumor tissue of the 5th passage was again analyzed for TNC 

expression. Now it was found that the human TNC was largely replaced by murine TNC 

which was again organized into TNC tracks reminiscent of the TNC matrix conduits. This 

observation questions the suitability of a tumor model where continuous xenografting of 

human tumor tissue in mice is used to phenocopy the properties of the original human 

cancer.  
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Figure 37: Presence of mouse and human TNC in different xenografted tumors. (A-D). 
Pictures represent tumor xenografts in the mouse. P1 represents the first tumor xenograft of 
homogenized human cancer material (A and B) whereas P5 represents the fifth continuous passage 
of the P1 tumor material in the nude mouse (C and D). Note that after several passages human TNC 
(green) is replaced by murine TNC (red). Scale bars 50 µm (A, B and C) and 20 µm (D). 
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2.4 Association of CAF with TNC in human colorectal carcinoma and  in 

the murine tumor xenografts 

The question was addressed whether CAF are in vicinity to TNC by immunostaining of 

vimentin and αSMA. It was observed that indeed vimentin and αSMA positive CAF were 

embedded into a TNC-rich matrix and formed conduit structures similar to those observed 

in RT2 tumors (Figure 38).  
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Figure 38: Cellular and fibrillar similarities of the tumor microenvironment in xenografted 
tumor in comparison to human tissues. (A-B). Immunostainings of cryosection of human 
normal mucosae, corresponding CRC (C-D) and xenografted tumor (E-F) for TNC, vimentin and 
αSMA. Scale bars 50 µm (A, B, D and E), 20 µm (C and F). 
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In summary, the all over morphology was recapitulated in the arising tumors that had 

derived from minced human hCRC tumor material upon xenografting into the murine host 

(nude mouse). Indeed, TNC was found organized into conduit like structures which are in 

close vicinity to CAF. Nevertheless, after several passaging in the murine host the human 

tumor microenvironment appeared to be replaced by the murine one. 

 

3. Organization of TNC in the microenvironment of human insulinomas  

Organization of tumor tissue derived from 7 human insulinomas and of adjacent normal 

pancreatic tissue was determined by H&E staining (Figure 39, Figure 40 and Gasser, 

Saupe, Jia et al., in preparation).  
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Figure 39: Histological characterization of normal and insulinoma tissue. (A-B). 
Representative pictures of H&E staining from human normal pancreatic islet surrounded by exocrine 
pancreas. (C-D). Representative pictures of one insulinoma (D) inset corresponds to a higher 
magnification of the insulinoma. Black arrows point at the stroma, asterisks at the normal tissue and 
red stars at tumorigenic tissue. Scale bars 100 µm (C) and 50 µm (A, B and D.) 
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Cell clusters with small nuclei were observed in the insulinomas that were partially 

infiltrated by stroma, which in some cases was very abundant (Figure 39 C-D, Figure 40B) 

and in others not (Figure 40D). In some specimen the insulinoma appeared to have 

invaded and some insulinoma seemed to be encapsulated; a feature that has also been 

seen in RT2 insulinomas (Figure 40 C-D). Expression of TNC was determined by 

immunostaining. Whereas in the normal tissue no TNC was detected (Figure 41A), TNC 

was found to be expressed in all analyzed insulinomas. Similar to the RT2 insulinoma 

tissue, TNC was not ubiquitously expressed but was specifically accumulated in TNC tracks 

ressembling the TNC matrix conduits observed in RT2 tumors. To address whether 

endothelial cells and CAF were also in close association with TNC as observed in the RT2 

insulinomas, tissue was costained for TNC together with antibodies for CD31, vimentin 

(Figure 40). This analysis revealed that the tumor tissue was highly vascularised and that 

all CD31 signal was in close association with TNC suggesting that endothelial cells were 

embedded into a TNC rich matrix. This was especially prominent in Figure 40 (A, B and D). 

Vimentin staining revealed that all vimentin positive CAF were surrounded by TNC (Figure 

40A-D).  

 

By TNC staining of paraffin embedded human insulinoma tissue we observed that a TNC 

positive structure reminiscent of the described TNC matrix conduits was connected to a 

blood vessel with a typical BM and erythrocytes (Figure 41C). This observation suggested 

that the TNC matrix conduits also form a continuum with the vasculature in human 

insulinomas as was seen in RT2 insulinomas (Figure 41C).   
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Figure 40: Organization of ECM in human insulinomas. (A-D). Immunostainings and H&E 
stainings of tissue sections corresponding to 4 different insulinomas with the indicated antibodies; 
black arrows at the stroma infiltration and red stars at the insulinoma. White arrows point at 
endothelial cells with a close alignment to TNC. Note that CAF and TNC are in close apposition 
forming tube-like structures. Scale bars 100 µm, 50 µm, 20 µm and 50 µm (A), 100 µm, 50 µm, 20 
µm and 20 µm (B), 100 µm, 50 µm, 20 µm and 20 µm (C) and 100 µm, 20 µm, 20 µm and 50 µm 
(D).  
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Figure 41: TNC expression in normal human pancreas and insulinoma. (A-B) Representative 
pictures of TNC (green) and vimentin (red) of normal human pancreas (A) and human insulinoma 
(B). White doted line mark a normal pancreatic islet of Langerhans. (C) Representative picture of 
TNC expression (brown) in human insulinoma, blood vessel and TNC-enriched conduit are marked 
with an arrow. Scale bars 50 µm. 
 
 

In summary this part of the study had shown that TNC is highly expressed in sporadic 

genetically modified murine intestinal tumors, and insulinomas and in colorectal 

carcinomas and their xenografts in mice. Moreover, TNC matrix assembly into conduits was 

described and revealed a complex organisation together with other ECM molecule. The 

conduits were seen to embed several tumor associated cells which is suggestive of a 

microenvironment that potentially promotes survival and expansion of these cells. A 
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mechanistic link of TNC to repression of DKK1 and enhanced tumor angiogenesis was 

shown. The presented results had also shown that RT2 tumors resemble human 

insulinomas in several aspects as in i) a high TNC expression, ii) organization of TNC into 

conduits and iii) TNC matrix surrounding endothelial cells and vimentin positive CAF. Thus 

the RT2 model is not only a valid model for studying spontaneously arising tumorigenesis 

and progression but may also be a proper model for studying human insulinomas which 

could improve our understanding about the origin of insulinomas and their eventual and 

rare progression into metastasizing carcinomas.  
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PART B: DEVELOPMENT OF A MURINE ORTHOTOPIC XENOGRAFT MODEL FOR INVESTIGATING 
THE ROLE OF TUMOR AND HOST-DERIVED TNC ON TUMOR ANGIOGENESIS 

 
1. Use of immune-compromised Rag2KO mice for tumor engrafting  

Next, it was addressed whether host-derived TNC would promote tumor angiogenesis. To 

address this question an immune compromised model was established that displayed 

defined TNC expression – wildtype (WT) or knockout. The immune compromised Rag2KO 

mouse was chosen, because it constitutes a relevant immune-compromised model for 

xenografting human tumor cells (Greenberg and Slayden 2004). First, it was determined 

whether grafting of HEK293 cells would induce tumors and indeed 2 weeks after 

engraftment under the skin tumors developed, mice were sacrificed 5 weeks after injection 

and tumor tissue was analyzed. Tumors appeared very whitish suggesting that they were 

not well vascularised (Figure 42D). Similarly, HEK293 cells overexpressing TNC 

(HEK293:TNC) (Figure 42 A-B) (Lange et al., 2008) were injected. Again tumors formed, 

but in contrast to HEK293 derived tumors they appeared highly vascularised  in 2 of 3 mice 

as determined by macroscopical inspection. Upon TNC expression analysis in the tumor 

tissue it was observed that HEK293 cell-derived tumors expressed human TNC (as 

determined with the B28.13 antibody), which was in contrast to the cultured cells that 

lacked TNC expression in cell culture as determined by qRT-PCR and immunoblotting 

(Figure 42 A-B). This observation suggested that the tumor microenvironment may have 

triggered expression of TNC in the tumor cells. TNC was organized in conduits as already 

seen for several other tumors (see part A). Also in this model endothelial cells were in 

close association with TNC. In HEK293:TNC cell–derived tumors TNC was organized into 

thick tracks reminiscent of the TNC conduits described beforehand (see part A) (Figure 

42C). CD31 staining revealed differences between the tumors. Whereas HEK293 cell-

derived tumors exhibited few endothelial cells which could account for the whitish color, 

TNC overexpressing HEK293:TNC-derived tumors exhibited a strong CD31 signal which 

suggested the presence of multiple microvessels (Figure 42C). A potential promoting effect 

of TNC on angiogenesis in this model needs to be further substantiated by quantification of 

the CD31 signal in the future. Moreover, tumors should be analyzed to see whether TNC-

induced angiogenesis had an impact on tumor growth in this model. 
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Figure 42: Consequences on tumor formation and ECM organization in a heterotopic 
grafting model with HEK293 cells overexpressing TNC. (A). qPCR analysis of cell extract of 
HEK293 WT and HEK293:TNC cells. (B). WB analysis for TNC expression. (C). Macroscopic pictures 
of tumors 5 weeks after injection of 2 million HEK293 and HEK293:TNC cells, respectively. Scale bars 
20 µm. (D). Representative pictures of HEK293 WT and HEK293:TNC tumors stained for CD31 in red 
and TNC in green. Arrow points at vessels in HEK293:TNC and in HEK WT tumors.  
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2. Establishment of immune-compromised Rag2KO mice lacking TNC 

expression for tumor cell grafting  

TNC can be expressed by the tumor and the stromal cells of the host and it is not clear 

whether the cellular origin had an impact on the effects of TNC in tumorigenesis. 

Therefore, Rag2KO/TNCKO mice were generated by breeding. Moreover, to mimic the 

natural tumor microenvironment an orthotopic setting was chosen. Here, human SW480 

colorectal carcinoma cells were injected into the caecum of Rag2KO wildtype or TNCKO 

mice. Mice were sacrificed after 6 to 8 weeks after grafting and exhibited tumors with high 

71% (5/7) penetrance (Table 4). 

 
Table 4: Summary of grafting experiment and treatment. 

 Nude mouse Rag2KO Rag2KO/TNCKO 
 orthotopic subcutaneous orthotopic orthotopic 
SW480shTNC 4/5 5/5 3/6 0/7 
SW480wtTNC 22/28 5/5 5/7 6/8 

SW480:shTNC were injected into 10 nude mice (5 orthotopic injections and 5 heterotopic sc. 
injections); control injections were done in 33 nude mice with SW480:cherry cells. 8 RagKO mice 
were injected with SW480shTNC and 7 with SW480 wtTNC cells.  

 

 

Next, SW480 cells were orthotopically grafted into Rag2KO/TNCKO mice and also gave rise 

to tumors with a high penetrance of 75% (6/8) (Table 4). To address whether gross tumor 

morphology was different caecum tissue was stained by H&E. This analysis revealed that 

tumors had developed inside the muscular layer partially occluding the intestinal lumen 

(Figure 43). There were no apparent differences detectable between the different hosts. 

Upon immunostaining of tumor tissue from both hosts with a TNC antibody it was observed 

that TNC was highly expressed and had been organized into conduit like structures (Figure 

43). In the Rag2KO/TNCKO host only unspecific background signal was obtained in the 

intestinal tissue (Figure 43B). This result suggests that tumor cell expressed TNC can be 

assembled into conduits.  
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Figure 43: Histological and immunological characterization of the orthotopic xenografted 
SW480 tumors in the Rag2KO and Rag2KO/TNCKO mouse models. (A). General H&E 
overview (mosaic reconstruction picture) of orthotopic SW480 tumors in a Rag2KO/wtTNC mouse 
with higher magnification of the normal mucosa and tumor, corresponding to IF staining of TNC. 
Scale bar 50 µm. (B). General H&E overview (mosaic reconstruction picture) of an orthotopic SW480 
tumor in a Rag2KO TNCKO mouse with higher magnification. Scale bars 50 and 100 µm. 
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A direct comparison of TNC expression levels between tumors of the two hosts showed that 

the TNC levels were several fold higher in a host that does express TNC in comparison to a 

host that lacks TNC (Figure 44). Although in a TNC-expressing host more TNC rich 

structures were observed, organization into conduits was detected in the TNCKO host. This 

observation suggests that both tumor and host cells contribute to the expression of TNC in 

tumor tissue and that organization into conduits does not depend on host-derived TNC. 

Alternatively the artificial absence of TNC in the stromal KO cells might induce tumor cell 

adaptation by upregulating TNC. 
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Figure 44: TNC expression in Rag2KO and Rag2KO/TNCKO SW480 orthotopic xenografted 
tumors. (A-B) were taken with the same exposure time to compare TNC level in Rag2KO and 
Rag2KO/TNCKO xenografted tumors. Scale bar 50 µm. 

 

 

Next it was addressed whether tumor-derived TNC also had an impact on stromal cells 

such as endothelial cells and CAF as has been seen in other tumors (see part A). 

Therefore, tumor tissue of SW480 tumors grown in double KO mice (Rag2KO/TNCKO) were 

analyzed by immunostaining for CD31 and vimentin. It was observed that both cell types 

were surrounded by a TNC matrix in close apposition to it (Figure 45 A-B). By costaining 

for vimentin, and Mts1 (Figure 45 C-F), it turned out that the signals only partially 

overlapped which suggested that different types of activated fibroblasts are present in the 

tumor tissue (Kalluri and Zeisberg, 2006); CAF expressing vimentin and Mts1, and CAF 

that express only one of the markers. 
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Very few endothelial cells or CAF were found outside the TNC matrix which suggests that 

the TNC-rich microenvironment potentially provided a niche favouring survival and/or 

growth of these tumor associated cells. Finally, there were areas found with TNC conduits 

that did not exhibit endothelial cells (Figure 45 A-B). Nevertheless the tissue was not 

necrotic. This observation suggests that the TNC matrix might also play a role in diffusion 

of oxygen. 
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Figure 45: Characterization of the ECM and cellular tumor microenvironment in SW480 
orthotopic xenografted tumors in a Rag2KO/TNCKO host. Representative pictures of TNC 
conduits (A-B). Immunostainings of orthotopic xenografted tumor in Rag2KO/TNCKO host 
representing endothelial cells (red signal). Note that in some areas TNC covered blood vessels 
(arrow) and at some places TNC organized into conduits, which were not blood vessels (asterisks). 
(C-D). Immunostainings presenting TNC organization (green) into conduits (white arrows) filled with 
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fibroblasts (red signal). (E-F). Immunostainings of TNC, vimentin and Mts1 in orthotopic xenografted 
tumor demonstrating that Mts1 positive cells as well as vimentin positive cells could be found into 
TNC rich tubular structures. Scale bars 100 µm (A) and 50 µm (C), 20 µm (B, D, E and F). 
 
 

To address whether tumorigenesis is dependent on TNC, SW480 cells were engineered to 

down regulate TNC by shRNA technology using three differents shTNC lentiviruses (Figure 

Figure 46). As determined by qRT-PCR, knockdown cells did essentially not express TNC 

(Figure 46A). Orthotopic injection of SW480 shTNC cells into Rag2KO mice lacking TNC had 

been done and tumors could not be found in all seven injected Rag2KO/TNCKO mice which 

was done in three different experiments (Table 4). Microscopical inspection of the caecum 

did not reveal any abnormalities. A proper control experiment with engraftment of SW480 

shTNC cells into Rag2KO mice has been done and 3 out of 6 mice develop tumors. This 

observation suggests that SW480 shTNC tumor cells did not engraft into a host that lacked 

TNC.  

 

There are several possibilities to explain these results, first in SW480 cells a TNC 

knockdown may have consequences on proliferation. This was tested in cell culture. But 

proliferation in SW480 shTNC cells remained unchanged compared to the parental cells 

with wildtype TNC levels (Figure 46B). Another possibility is that SW480 shTNC cells are 

dependent on TNC and therefore cannot form tumors. To address this possibility SW480 

shTNC cells were injected under the skin and into the caecum into nude mice exhibiting 

endogenous TNC. In both conditions engrafting and tumor formation occurred with a high 

penetrance of 100% (5/5) and 80% (4/5) upon subcutaneous and orthotopic grafting, 

respectively (Table 1). In conclusion, TNC appeared to be necessary for tumor initiation 

upon orthotopic implantation of SW480 cells in the caecum. 
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Figure 46: Characterization of SW480 shTNC cells. (A). qPCR analysis with different TNC primer 
pairs, showing downregulation of TNC expression in SW480 shTNC cells. ShTNC 1, 2 and 3 
correspond to different cell lines that were derived upon transduction of three lentivirues expressing 
different shTNC sequences (see Material and Methods). Values are given in percentage. (B). 
Proliferation of SW480 and SW480 shTNC was determined after the indicated time points by using 
the MTS assay. 
 

 

Together these experiments revealed that both tumor and stromal cells express TNC that 

was assembled into matrix-rich conduits. These TNC structures can already form if only 

tumor derived TNC is available. Moreover, whereas tumor-derived TNC tubes are less 

pronounced than structures formed by TNC of both cellular origin they appeared to have 

similar properties since they surrounded endothelial cells and CAF which is suggestive of 

the TNC matrix as providing a favourable niche that promoted survival and/or expansion of 

these cells.  
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PART C: DEVELOPMENT OF A MURINE ORTHOTOPIC XENOGRAFT MODEL FOR INVESTIGATING THE 

IMPACT OF AN ANTI-ANGIOGENIC THERAPY ON TENASCIN-C EXPRESSION 

 

It is possible that the relative failure of anti-angiogenic therapy such as the one using 

Bevacizumab (Bev) (Couzin-Frankel and Ogale, 2011) could be due to an adaptive 

response involving the tumor microenvironment, and in particular TNC. The aim of this 

part was to establish an in-vivo model suitable to address the potential roles of TNC and of 

the tumor microenvironment on anti-angiogenic drug resistance and tumor recurrence. 

Here the effect of Bev was determined on angiogenesis. Therefore, three consecutive 

experiments (named A (for Avastin) 1-3) were done with 9 (A1), 10 (A2) and 32 (A3) mice 

(Table 5). SW480:cherry cells were orthotopically grafted into the caecum of nude mice 

and, 5 weeks later mice were treated with Bevacizumab or NaCl (control) for another two 

weeks. Directly after the end of the treatment one group was sacrificed (T0), tumor tissue 

was prepared and analyzed. Another group was kept for another week (T1) to see whether 

removal of Bevacizumab had an impact on tumor angiogenesis. 

 

Table 5: Summary of mice that survived the grafting experiment and treatment and that 
were used for analysis.  
 

 All C0 T0 C1 T1 

A1 9 2 3 2 2 

A2 10 1 4 1 4 

A3 31 5 9 9 8 

Total 50 8 16 12 14 

Mice were classified into different groups, C0 and C1 corresponding to the control mice, that were 
sacrificed just after the end of the treatment (C0) and one week later (C1), respectively. T0 and T1 
represent those mice that were Bevacizumab treated and sacrificed just after the treatment (T0) or 
one week later (T1). 
 

1. Monitoring tumorigenesis by live imaging 

SW480 cherry cells had been engineered to express the red fluorescent protein cherry 

which can be visualized by live imaging in the NightOwl bioluminometer. As can be seen in 

Figure 47 SW480:cherry derived caecum tumors can be imaged in the living mouse, before 

treating the mice, thus it was confirmed that mice had developed tumors before treatment 

was started. 
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Figure 47: NightOwl pictures showing tumor growth in the xenografted nude mice. These 
pictures were taken 5 weeks after engraftment of SW480 cherry cells into the caecum wall. C0 and 
C1 correspond to control mice and T0 and T1 to the Bevacizumab treated mice, which were sacrificed 
just after the treatment (C0, T0) and one week after the end of the treatment (C1, T1). The red 
colour characterizes the strongest fluorescent signal, whereas the blue colour represents the weakest 
signal. 

 

2. Histological characterization 

To monitor a potential effect of Bevacizumab on tissue morphology, tumor sections were 

stained with H&E which revealed proliferative and necrotic areas in the tumor xenograft 

(Figure 48). There were no obvious differences noticed between Bevacizumab and control 

tumors but a detailed analysis should be performed to address a potential enhancing effect 

of Bevacizumab on necrosis. In the following experiment, only non-necrotic tissue was 

further analyzed to avoid unspecific trapping of the antybody. 

 

First it was determined whether SW480-derived tumors would recapitulate important 

features of human CRC such as vascularization with pericyte coverage and expression of 

TNC. Indeed upon staining for CD31 and NG2 it was noted that xenografted tumors were 

vascularised with partial coverage by pericytes reminiscent of human CRC (Figure 49). In 

the tumor xenografts endothelial cells were also embedded into a TNC rich matrix similar 

to human CRC (Figure 50). Thus this model recapitulates features of human CRC and thus 

presents a suitable model to address the role of an anti-angiogenic treatment on 

tumorigenesis.  
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Figure 48 : Histology of caecum xenografted tumors. H&E staining of orthotopic tumor. (A). 
Global overview of the tumor upon grafting into the caecum. (B). H&E (Harris) staining 
corresponding to the tumor center. (C). H&E picture corresponding to a necrotic area. Black star: 
muscle layer and black asterisk: caecum wall. Scale bar 20µm. 
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Figure 49 : Immunophenotypic characterization of stromal cells in human colorectal 
cancer cell line xenografts and human CRC. (A and C). Immunostainings of endothelial cells in 
human CRC (A) and in a orthotopic SW480 xenograft model (C). Red signal corresponds to CD31. 
(B and D). Immunostainings of endothelial cells (red), of pericytes (green) and in human colorectal 
cancer (B) and orthotopic xenograft model (D), merge between the red and green signal is 
represented in yellow and is pointed at with arrows. Scale bars 50µm (A, B and D), 20 µm (C). 
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Figure 50: Immunostaning for the ECM molecule TNC in human CRC and in orthotopic 
xenografted tumors. (A-B) Immunostainings of hCRC (A) and of orthotopic tumor (B) 
representing TNC expression in green. (C-F) Pictures showing TNC expression in human tumor (C) 
together with endothelial cells (E) and in an orthotopic tumor in (D) and (F). Scale bars 50 µm (A 
and B), 20µm (C, D, E and F). 
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3. Effect of Bevacizumab on the tumor vasculature 

A potential anti-angiogenic effect of Bevacizumab was determined by CD31 staining 

(Figure 51A) that was subsequently quantified with the Image J software (Figure 51C). It 

was seen that CD31 expression was very heterogenous in both the controls and the two 

treated groups. However, between the control group C0 and the treated group T0, a 

decrease of CD31 area fraction was observed, demonstrating that the treatment had 

triggered an anticipated anti-angiogenic response (Figure 51C). But after one week, the 

effect on CD31 was gone, since there was no difference between the control group C1 and 

the treated group T1 detectable anymore (Figure 51C).  

 

TNC expression was addressed by immunostaining. It turned out that the expression was 

too heterogenous which was partially due to bad tissue and staining quality. Therefore the 

staining protocol needs to be optimized before quantification is possible. 
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Figure 51: Quantification of CD31 in Bevacizumab and vehicle treated mice. (A-B). 
Representative pictures of endothelial cells in tumor of Bevacizumab (B) and in vehicle treated (A) 
mice. (C). Quantification of CD31 area fraction in percentage in the control and treated mice that 
were sacrificed after the end of the treatment (C0 and T0) and the mice that were sacrificed one 
week after the end of the treatment (C1 and T1). p value= 0.0159, Mann-Whitney test. 
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4. Effect of Bevacizumab on liver metastasis 

To address whether Bevacizumab treatment potentially had an effect on metastasis was 

addressed by live imaging of disseminated cells at the end of the experiment (Figure 52). 

A fluorescent signal was observed in all experimental groups, indicating that the primary 

tumor cells had disseminated and had formed liver metastasis (Figure 52). Whereas both 

control groups exhibited a lower fraction of 33% and 20% of mice displaying fluorescence 

positive livers in the C0 and C1 groups, respectively, a high fraction of 67% and 75% of 

mice exhibited fluorescence positive livers in the T0 and T1 groups, respectively (Figure 52 

and Table 6). This was in contrast to lung metastasis which was not observed. This results 

suggests that Bevacizumab treatment had increased liver metastasis substantially. 

 

 
Table 6: Mice with liver metastasis in control mice and after Bevacizumab treatment 

 C0 T0 C1 T1 

Number 1/3 4/6 1/5 6/8 

% 33 67 20 75 

 The number of mice exhibiting metastasis is compared to the total number  
 of analyzed mice and presented in %. 
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Figure 52 : Metastasis analysis in Bevacizumab treated mice. (A). NightOwl images 
corresponding to the different groups of Bevacizumab treated mice C0 and C1 for control and T0 and 
T1 for Bevacizumab treated mice. Organs had been prepared and were analyzed for signal emission. 
(B). Graphic representation of metastasis.  
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In summary, this experiment had shown that the xenograft model recapitulates important 

features of human CRC and that the treatment with anti-angiogenic Bevacizumab showed 

an effect in the majority of mice. In contrast to a decreased angiogenesis an enhanced 

liver metastasis was observed. It is possible that the fraction of necrotic tissue per tumor 

needs to be taken into account as readout for a response toward Bevacizumab. More 

experiments are needed to address these possibilities in detail. Importantly, despite a 

noticed anti-angiogenic effect Bevacizumab promoted liver metastasis. The underlying 

mechanisms and a potential involment of TNC need to be addressed in the future. 

 



 
 
 
 
 
 
 
 
 
 

Discussion 
 
 
 
 
 
 
 
 
 
 
 
 



 

 108 

DISCUSSION 

 

 
The major interest of this study was the characterization of TNC expression in the tumor 

microenvironment of human cancers and murine cancer models. It further illustrates the 

crucial importance of TNC in tumor stroma that was described in previous studies 

correlating its high expression with bad prognosis in various tumor contexts (Midwood et 

al., 2011). In the present work we gathered new information concerning the specific 

distribution of TNC around tumor-associated vascular structures and established a link 

between its expression, tumor progression and angiogenesis in the Rip1Tag2 

tumorigenesis mouse model. In addition we developed an orthotopic human colorectal 

cancer xenograft model in the mouse in order to evaluate anti-angiogenic therapy impacts 

on the tumor microenvironment. Given the differences of tissue organization and 

homeostasis between mouse and human, we first validated our cancer models by 

demonstrating that at least some characteristics of the human tumor microenvironment, 

such as TNC expression and distribution, were recapitulated in the murine tumors. 

 

By analyzing tumor tissue of human insulinomas and human colorectal carcinomas we 

observed that TNC was organized into specific ECM “conduit-like” structures where 

endothelial cells and CAF were detectable. In the murine tumor models of spontaneous 

tumorigenesis, i. e. the Rip1Tag2, APC1638V (Fodde et al., 1994) and KrasV12G (Janssen et 

al., 2002) mice, TNC was also expressed into these conduits. Further illustrating the 

relevance of this specific expression pattern, through heterotopic or orthotopic grafting of 

human tumor cells or human tumor material in immune compromised nude or Rag2KO 

mice, we also discovered TNC organization into tubular ECM fibers in close vicinity with 

endothelial cells and CAF. Altogether, this recurrent organization of TNC into matrix 

channels, observed in all analyzed tumors and tumor models, strongly suggests that these 

conduits might play a role in crucial steps of tumorigenesis. In the following section, this 

organization of TNC in the tumor microenvironment and potential implications on tumor 

angiogenesis and metastasis will be discussed. 
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1. TNC effects on tumor cells – impact on proliferation, migration, invasion 

and dissemination 

In the RT2 model, TNC appeared to exhibit an early effect on tumorigenesis. We evidenced 

an increased proliferation of RT2/TNC islets as compared to RT2 controls suggesting that 

TNC may promote the progression of SV40Tag transformed cells into tumorigenic cells. 

Small tumors in 10 and 14 week old RT2/TNC mice seemed to be present in increased 

numbers than in RT2 counterparts. As fold change was close to statistical significance 

these preliminary observation would warrant further assessment on a larger set of mice 

(see Saupe, Gasser, Jia et al., manuscript in preparation, Annex1). 

 

Contact of tumor cells with the TNC matrix may also promote their invasion. This 

assumption is supported by the observation that RT2/TNC mice exhibited more invasive 

carcinomas than RT2 littermates (Saupe, Gasser, Jia et al., manuscript in preparation, 

Annex1). Among these candidates, syndecan-4 is an ECM receptor which controls 

proliferation and migration of tumor cells (Huang et al., 2001). Interestingly, TNC was 

shown to inhibit syndecan-4 signalling in GBM cells and restoration of syndecan-4 activity 

reversed the TNC proliferation promoting effect in cultured GBM cells. In combination with 

pro-migratory factors such as LPA and PDGF it was seen that a TNC substratum could 

promote migration (Lange et al., 2008). Another study revealed that in a gain of function 

experiment activation of Wnt signalling increased the expression of Pdgfrα and β as well as 

proliferation of smooth muscle precursor cells (Cohen et al., 2009). They demonstrated 

that this effect was in part mediated by direct transcriptional regulation of TNC which was 

necessary and sufficient for Pdgfrα and β expression in lung explants. De Wever and 

collaborators (2004) demonstrated that myofibroblasts obtained by stimulation with 

transforming growth factor (TGF β) stimulated invasion of CRC into Coll I enriched 

matrigel. They identified two proinvasive agents secreted by myofibroblasts, scatter factor/ 

hepatocyte growth factor (SF/HGF) and TNC, each of them necessary but not sufficient.  
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2. TNC effects on tumor associated cells – role in angiogenesis 

2.1 TNC effects on tumor associated cells 

We had shown that the extent of angiogenesis correlated with the TNC copy number in 

transgenic RT2 mice. Indeed, an increased number of CD31 positive structures was 

detected in RT2/TNC than in RT2 tumors and angiogenesis was stimulated in RT2 as 

compared to RT2/TNCKO tumors (Saupe, Gasser, Jia et al., manuscript in preparation, 

Annex1). These observations suggest that TNC promotes angiogenesis in this stochastic 

tumor setting. Recently, Alves and collaborators (2011) had shown that a TNC-enriched 

matrix is implicated in the formation of defective tubular networks in vitro, which suggests 

that the presence of TNC in the tumor microenvironment may provide additional cues for 

endothelial branching morphogenesis. 

 

TNC had previously been shown to act as a chemoattractant for endothelial cells and to 

promote transdifferentiation of neuroblastoma tumor cells into endothelial cells (Pezzolo et 

al., 2011), to promote aggregation of endothelial cells which is reminiscent of early steps 

in tubulogenesis (Martina et al., 2010; Schenk et al., 1999) and to promote apoptosis with 

subsequent selection for highly proliferative endothelial cells (Alves et al., 2011). It was 

also shown that TNC promotes endothelial cell spreading and migration and vascularization 

of cardiac allografts since this was largely reduced in mice lacking TNC expression (Ballard 

et al., 2006). We also had shown that TNC promoted sprouting angiogenesis in the CAM 

assay (Saupe, Gasser, Jia et al., manuscript in preparation, Annex1).  

 

In RT2 tumors CAF and macrophages are found intermingled with TNC matrix. CAF are 

implicated in key steps of tumorigenesis; they play a role in cancer initiation (Olumi et al., 

1999; Bhowmick et al., 2004), in cancer progression (Orimo et al., 2005) and in 

metastasis (Olaso et al., 1997). In addition, CAF exhibit pro-tumoral functions, such as 

promoting tumor cell survival, proliferation, and dissemination (Mantovan et al., 2002; 

Pollard 2004; Talmadge et al., 2007). CAF are considered as a major source of TNC 

(Degen et al., 2007) and also can be attracted by TNC (Gaggioli et al., 2007) suggesting a 



Discussion  

111  

close interdependence. Given that more CAF are found in RT2/TNC tumors it is possible 

that CAF contributed to enhanced angiogenesis.  

 

In RT2 and RT2/TNC tumors immune cells were found in close contact with the TNC 

conduit. Indeed, inflammatory cells were shown to be an important actor in cancer 

(Coussens and Werb, 2002; de Visser et al., 2005). It is accepted that TAM show pro-

tumoral functions, and can mediate tumor cell survival, proliferation, and dissemination 

(Mantovan et al., 2002; Pollard, 2004; Talmadge et al., 2007). In addition, high levels of 

TAM are often correlated with a bad prognosis. They secrete products such as reactive 

oxygens and proteinases (Gungor et al., 2009; Knaapen et al., 2006), which could 

promote proliferation, angiogenesis and metastasis (Huh et al., 2010). Therefore a 

quantification of TAM in tumors of both genotypes needs to be done in the future to 

address a potential angiogenesis promoting effect of these cells in RT2/TNC tumor 

angiogenesis.  

 

Several bone marrow derived cells had been described to promote tumor angiogenesis 

upon recruitment into the tumor tissue (Grunewald et al., 2006; DePalma et al., 2005; 

Lyden et al., 2001) and it remains to be determined whether they play a role in TNC 

enhanced tumor angiogenesis which can be addressed in the RT2 model with different TNC 

expression. However the underlying molecular mechanisms involved in the TNC 

proangiogenic effect are yet poorly defined. Several candidate pathways notably a 

potential link of TNC to Wnt signaling and enhanced angiogenesis will be discussed. 

 

2.2 Wnt/β-catenin pathway  and angiogenesis 

The Wnt/β-catenin pathway has been characterized as promoting vascular morphogenesis 

in the embryo and in organ-specific endothelial differentiation (reviewed by Dejana et al., 

2010). In addition, cultured endothelial cells displayed activation of Wnt signalling and 

expressed multiple ligands, receptors and secreted modulators of Wnt signalling (Goodwin 
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et al., 2006). In vivo studies confirm that several Wnt ligands and Wnt inhibitors can 

regulate blood vessel formation (Wang et al., 2006).  

 

In tumor cells cultured on a TNC substratum an increased expression of Wnt target genes 

such as fibronectin, Slug and Id2 was observed (Anja Heinke, personal communication). 

Moreover, in RT2/TNC tumors expression of some Wnt target genes such as cyclin D1, 

cyclin D2, CD44 and Slug was increased but it is not known in which cells this increased 

expression occurred. Nuclear β-catenin was eventually observed in RT2/TNC tumors but 

appeared to be a rare and local event (Saupe, Gasser, Jia et al., manuscript in preparation, 

Annex1).  

2.3 DKK1 and angiogenesis 

To address whether DKK1 levels had an impact on tumor angiogenesis, I had grafted 

osteosarcoma cells engineered to overexpress DKK1 under the skin of nude mice and had 

observed that these cells failed to induce vascularised tumors. Whereas proliferation of the 

DKK1 overexpressing cells was not diminished in vitro nor in vivo, tumors derived from 

DKK1 overexpressing tumor cells remained smaller which is presumably due to the 

reduced angiogenesis. Thus these observations suggest that DKK1 had a paracrine effect 

on tumor associated cells most likely on endothelial cells, CAF or other pro-angiogenic 

cells. The published role of DKK1 in tumor angiogenesis and progression is controversial. 

In colon cancer DKK1 is downregulated in comparison to the surrounding normal tissue 

(Gonzalez-Sancho et al., 2005). Whereas DKK1 is low in breast cancer cells with 

osteoblastic metastatic potential, DKK1 is highly expressed in breast cancer with an 

osteolytic metastasis potential and, DKK1 promoted osteolytic metastasis in myeloma 

(Pinzone et al., 2009). Finally, overexpression of DKK1 in canine Ace-1 prostate cancer 

cells promoted their metastatic potential upon intracardiac injection (Thudi et al., 2010). 
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2.4 Potential link between TNC and DKK1  

Min and colleagues had demonstrated, that DKK1 and DKK2 are two regulators of Wnt 

signalling, with opposing functions in angiogenesis. They demonstrated that DKK2 

stimulated filopodial dynamics and promoted endothelial cell proliferation/sprouting in an 

ischemia assay in mice. This activity was antagonized by DKK1 (Min et al., 2011). 

Preliminary results from the RT2 model do not support a potential role of DKK2 since there 

was no increased expression of DKK2 observed in RT2/TNC tumors (Falk Saupe, personal 

communication). Moreover, DKK2 was also not induced in several tumor cell lines on a TNC 

substratum while DKK1 was repressed under the same conditions (Anja Heinke, personal 

communication). Thus activation of Wnt signalling through repression of DKK1 by TNC may 

explain enhanced tumor angiogenesis by TNC in RT2 tumors.  

 

We had shown an inverse correlation of the TNC copy number and DKK1 expression levels 

in RT2 tumors with knockout wildtype, and overexpression of TNC, which suggested a 

functional link of TNC to DKK1 repression, to Wnt signalling and enhanced angiogenesis. 

 

3. Potential mechanism of TNC conduit formation and function 

Previously it had been demonstrated that tumor vessels are tortuous, heterogenous and 

structurally abnormal (Jain et al., 2001, Mazzone et al., 2009, Nagy et al., 2010).  Here, 

we demonstrated that tumors of RT2/TNC mice display an increased number of endothelial 

cells. But blood vessels appeared chaotic and were presumably less functional in blood 

supply which is supported by the observation that bigger tumors were less vascularized 

and less prominent in RT2/TNC mice (Falk Saupe, personal communication). We 

demonstrated the presence of atypical vessels by TEM and SEM in RT2/TNC tumors which 

were not seen in RT2 tumors suggesting a link to TNC expression levels. These atypical 

vessels exhibited a rough apical surface where matrix appeared to leak into the lumen. In 

addition, we also observed matrix rich conduits that lacked vessel features such as a 

basement membrane and lining endothelial cells. These conduits contained erythrocytes 

and presumably tumor cells which suggests a connection to the circulation. These conduits 



Discussion  

114  

did not appear to represent hemorraghies since signs of destroyed erythrocytes were 

missing.  

 

These observations strongly suggest a functional link of TNC expression levels to tumor 

angiogenesis processes, in particular the distribution and specific deposition of TNC in 

subendothelial ECM may have a crucial impact on the establishment of an aberrant tumor-

associated vessel network.  

 

The conduits were lined by a thick ECM layer and atypical tumor cells. In 1999, Maniotis 

reported that blood vessels of highly aggressive uveal melanomas are formed by tumor 

cells and lacked endothelial cells. This novel concept in tumor vascularization was termed 

vasculogenic mimicry (Maniotis et al., 1999). This concept has gained credibility from 

recent evidence (Yao et al., 2011; Comito et al., 2011; Sun et al., 2011), but is still 

controversially discussed (McDonald and Foss, 2000). The presence of these networks is 

associated with bad prognosis. Electron microscopy has shown that during vasculogenic 

mimicry, channels are lined by a layer of ECM material and that a layer of tumour cells 

surrounded the ECM channels. Whether the TNC conduits represent vasculogenic mimicry 

needs to be addressed in 3D culture experiments in the future.  

 

It is possible that TNC conduits represent the result of vessel pruning and may represent 

“mosaic vessels” which are characterized by endothelial cells that have lost their polarity 

and had died thus exposing tumor cells to the circulation with vessels that are highly leaky 

(Jain et al., 1988; Jain et al., 2005; Pettersson et al., 2000). 

 

Our data showed that cells expressing β1 chain containing integrins are directly adjacent to 

the TNC conduits which raises the possibility that integrin mediated ECM interactions play a 

role in conduit formation. It needs to be addressed which β1 integrin heterodimers are 

expressed in these cells which may allow to deduce relevant cell – ECM interactions in 

conduit formation and maintenance. We had seen that cells expressing the α6β1 integrin 
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are adjacent to the conduits. This integrin was shown to be overexpressed in 

hepatocellular carcinoma (Le Bail et al., 1997; Carlioni et al., 1998) and its overexpression 

was associated with enhanced tumor growth. Integrins are major receptor for 

mechanotransduction (reviewed in Papachristou et al., 2009) and thus interactions of cells 

with the conduits through integrins could transduce a signal into the cells that potentially 

has an impact on their physiology. Indeed TEM analysis revealed that conduit lining tumor 

cells had a very different appearance as e.g. a reduced number of secretory vesicles. This 

raises the question whether these adjacent cells are involved in conduit formation and/or 

are transdifferentiating into other cells such as endothelial cells upon contact with the ECM 

in the conduits. Finally, integrin antagonists have been or are currently developed for anti-

cancer intervention strategies. It will be interesting to see whether anti-β1 integrin 

targeting drugs potentially have an impact on the conduits.  

 

Tumors including RT2 insulinomas were described to be surrounded by a capsule that is 

composed of ECM including OPN and TSP1 (Gulubova and Vlaykova, 2006). It was 

speculated that this capsule potentially protects the tumor from infiltrating immune cells.  

Moreover, OPN and TSP1 were shown to associate with LM which appears to modulate cell 

migration, survival and angiogenesis (Liaw and Crawford, 1999). Here we have shown that 

this capsule does express TNC in addition to OPN and TSP1. In RT2/TNC tumors more 

tumors exhibited a disrupted capsule thus displaying more carcinomas. Potentially this 

disruption of the capsule is linked to an increased number of infiltrating macrophages and 

fibroblasts as observed in RT2/TNC tumors. Our data also suggest that the capsule 

potentially serves as starting point for the formation of TNC containing ECM conduits.  

 

Based on the observations presented in this study, we propose a working hypothesis in 

construction of TNC-driven ECM scaffolds that enable angiogenesis and metastasis (Figure 

53). This possibility is supported by our observation that TNC is locally expressed at 

several sites which appear to grow in size and while increasing in size attracting 

endothelial cells and CAF and potentially other pro-angiogenic cells. This observation is not 
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in line with pruning as a potential mechanism of TNC conduit formation. In a tumor, 

several factors such as growth factors, cytokines and hypoxia as well as mechanical stress 

can trigger CAF, tumor cells and other cancer associated cells such as TAM, or other 

immune cells to secrete TNC (Orend & Chiquet-Ehrismann 2006, Midwood & Orend 2009). 

We observed in RT2 tumors a massive invasion of macrophages and CAF. Whether these 

cells express TNC needs to be addressed by in situ hybridization and/or FACS analysis. 

Tumor xenografting experiments into a TNC negative host showed that TNC assembles into 

conduits when expressed by the tumor cells. In addition in RT2/TNC tumors human TNC is 

expressed by the tumor cells and in both cases tumors expressed TNC assembled into 

conduits.  Cancer associated cells are closely linked to TNC and some immunostaining 

results suggest that these cells might prepare space within the tissue, that is filled with 

matrix molecules such as LM, TNC, Coll IV, Coll V, Procoll III and FN. This hypothesis is 

supported by Gaggioli and colleagues who demonstrated that CAF prepare tracks into 

collagen enriched matrigel where they deposit TNC and FN (Gaggioli et al., 2007). 

Subsequently, these matrix channels were used by squamous carcinoma cells for invasion. 

Invasion of colorectal carcinoma cells into collagen gels was also guided by CAF, and this 

occurred in a TNC-dependent manner (De Wever et al., 2004). 

 

Figure 53: Summary of TNC conduit formation. TNC can be induced in tumor cells by various 
stimuli such as hypoxia, pro-inflammatory cytokines, TGFβ and mechanical stretch (Orend and 
Chiquet-Ehrismann, 2006). This occurs at multiple sites within a tumor thus generating a not 
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connected TNC network. Carcinoma associated fibroblasts migrate toward TNC, secrete 
metalloproteinase (MMPs) and create a lumen within the tissue that is filled with ECM molecules such 
as TNC and FN (Gaggioli et al., 2007). This structure may represent the origin of a matrix conduit. 
Tumor cells adjacent to this conduit may interact with the matrix through β1 integrins. This 
interaction presumably has an impact on the physiology causing tumor cells to differentiate into AtTu 
- attached tumor cells - that are characterized in the RT2/TNC model by less granular vesicles and 
potentially secrete other matrix molecules such as laminins, collagens, OPN, TSP1 and presumably 
more not yet identified matrix molecules. Adjacent tumor cells may also transdifferentiate into 
endothelial cells. Migratory CAF eventually will reach a blood vessel and thus produce a connection 
between a conduit and a blood vessel. Erythrocytes (Er) within the conduits do prove a connection 
between the conduit and the circulation. Endothelial cells or endothelial precursor cells may be 
attracted by TNC within the conduit (Zagzag et al., 1996) and potentially use the conduit as scaffold 
for angiogenesis (our observation). Motile tumor cells as e.g. colorectal carcinoma cells with an 
active Wnt signalling pathway may use the conduits for short distance trafficking ( De Wever et al., 
2004) which given the connection to the circulation may promote distant metastasis. The TNC 
conduits may resist an anti-angiogenic drug treatment (Vosseler et al., 2005) and could promote the 
reestablishment of the vasculature after destruction of endothelial cells and thus would represent a 
means of resistance against anti-angiogenic drugs. 

 

Reticulars fibers in secondary lymphoid organs represent a TNC- containing tubular matrix 

system that exists under physiological conditions. The fibers in thymic conduits consist of a 

inner collagen core, a layer of LM and an outer lining by TNC and are about 2 µm in 

diameter (Drumea-Mirancea et al., 2005). In contrast, the matrix conduits that we 

characterized in murine and human tumors are several times bigger with up to 30 nm in 

diameter and more. Also the organization of TNC and LM is different in the tumor conduits 

with TNC frequently in the center and LM at the outer rim. Reticular fibers are believed to 

play a role in antigen maturation and as guiding cue for immune cells. Given the striking 

similarity in matrix composition and organization into conduits (Drumea-Mirancea et al., 

2005), it is intriguing to speculate that a genetic program for TNC-containing reticular 

fibers is aberrantly activated in cancer and that these fibers serve a similar function as 

guiding cue in cancer. It will be interesting to see whether matrix conduits also form in 

RT2/TNCKO tumors which will provide information about the role of TNC in these conduits.  

 

The TNC conduits might be responsible for enhanced metastasis in RT2/TNC tumors. In the 

RT2 model lung micrometastasis was higher in dependence on the TNC copy, lowest in 

RT2/TNCKO and highest in RT2/TNC mice. By TEM analysis tumor cells were seen inside 

the conduits. Given that the conduits are connected to the circulation it is possible that the 

conduits served as short distance guiding cue for tumor cells to reach the circulation and 

then the distant organ. A role of TNC in lung metastasis was indicated by different studies. 
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It was shown that TNC expression levels correlate with lung metastasis in breast cancer 

patients. TNC was found in the gene signature that predicts breast cancer lung metastasis 

(Minn et al., 2005). A knock down of TNC in xenografted breast cancer cells reduced 

metastasis in the lung (Calvo et al., 2008; Tavazoie et al., 2008). A mechanistic link of 

TNC to lung metastasis was demonstrated by Tavazoie and colleagues who showed that 

miR335 suppresses lung metastasis by down-regulating Sox4 and TNC (Tavazoie et al., 

2008). Indeed TNC was recently found as a direct target of Sox4 (Scharer et al., 2009). 

Sox 4 had previously been uncovered as a TNC target gene in glioblastoma cells that had 

been grown on a TNC substratum (Ruiz et al., 2004) suggesting a positive 

interdependence. TNC appears to exhibit a pro-survival signal in metastasizing breast 

cancer cells and several candidate molecules and pathways had been identified. In 

particular Wnt signalling involving Lgr5 and Notch signalling involving Musashi-1 were 

shown to be relevant (Oskarsson et al., 2011). In the RT2/TNC model there is no indication 

that Lgr5 and Notch signalling play a role as deduced from gene expression analysis by 

qRT-PCR (Falk Saupe PhD thesis, 2011). Similarly, no induction of these genes was 

observed upon plating tumor cells on a TNC substratum (Anja Heinke, personal 

communication). In contrast, Wnt signalling potentially is linked to lung metastasis in the 

RT2 model since DKK1 expression was inversely linked to the TNC copy but this does not 

appear to include Lgr5. Thus it is possible that TNC promotes lung metastasis through 

different mechanisms in the different models. In the future it needs to be addressed 

whether an immune-compromised setting is suitable to address the role of TNC in lung 

metastasis (see below).  

 

4. Murine model systems and their potential applications in addressing the 

role of TNC in cancer progression 

4.1 Stochastic immune competent RT2 insulinoma model 

The RT2 model has been extensively used in cancer research and provides the opportunity 

to address tumorigenesis upon sporadic induction in a setting that is relevant for human 

cancer. The SV40T-antigen interferes with the tumor suppressor genes p53 and RB which 
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are frequently inactivated in and associated with human cancer formation. Moreover, RT2 

mice develop tumors in an immune competent setting which is important since the 

immune system plays a dual role in cancer (Coussens and Werb, 2002; Nathan, 2006) 

(see below). Here, it was shown that TNC is expressed in RT2 insulinomas in conduits and 

around newly formed blood vessels. Moreover, it was shown that CAF are in close 

association with the TNC matrix. In addition, we had shown that TNC levels correlate with 

lung micrometastasis suggesting that TNC promoted lung metastasis in this model. A 

similar organization of TNC into conduits and around blood vessels and a close association 

of the TNC matrix with CAF was also seen in human insulinomas. Thus, the RT2 model is 

not only a valid model for studying spontaneously arising tumorigenesis and tumor 

progression but also a proper model for human insulinoma which could improve our 

understanding about the origin of insulinomas and their eventual and rare progression into 

metastasis. 

 

4.2 Tumor xenografting into immune-compromised mice lacking TNC  

The Rag2KO mice are immune compromised since they lack the ability to make B and T 

cells and represent an established model for tumor xenografting experiments (Greenberg 

et al., 2004). Here these mice were used to address whether features of the tumor 

microenvironment such as TNC expression can be recapitulated in grafted tumors. We 

observed that upon grafting of human tumorigenic HEK293 (subcutaneous, heterotopic) 

and SW480 cells (caecum, orthotopic) tumors formed and exhibited an organisation of TNC 

into conduits where CAF and endothelial cells were embedded into the TNC rich matrix 

similar as in human colorectal carcinoma, human insulinomas and in RT2 tumors. 

Rag2KO/TNCKO mice were generated by breeding to address the role of host and tumor 

derived TNC in tumor cell engraftment, angiogenesis and conduit formation. It was seen 

that SW480 tumor cells with wildtype TNC formed tumors in a host lacking TNC. Arising 

tumors expressed TNC which was organized into conduits that embedded CAF and 

endothelial cells similar to human cancers. This experiment revealed that tumor cell 

derived TNC can assemble into conduits and with an apparently similar function as in a 
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TNC expressing host. Upon grafting of HEK293 cells with endogenous and ectopic TNC 

expression, respectively it turned out that more TNC conduits had formed when the tumor 

cells exhibited increased TNC levels. Together these studies revealed that tumor cells 

contributed to TNC conduit formation.  

 

By engineering tumor cells to lack TNC expression we addressed whether TNC was 

necessary for tumor cell engraftment and growth. Upon injection into Rag2KO/TNCKO mice 

we could not detect any tumor formation and tissue analysis revealed that the tumor cells 

did not have engrafted. In contrast, in an immune-compromised nude mouse with wildtype 

TNC, a TNC knock down in SW480 tumor cells did not affect tumor formation. Moreover, 

SW480 cells with wildtype TNC had formed tumors in a TNC negative Rag2KO/TNCKO host. 

These results suggest that for tumor cell engraftment and tumor growth TNC appears to be 

necessary but that it is irrelevant whether the source is the host or the tumor cells. It is 

possible that TNC is required for survival and/or proliferation. Both survival and 

proliferation was shown to be stimulated by TNC (reviewed by Midwood and Orend, 2009). 

Thus the Rag2KO model with wildtype TNC and TNCKO together with cells that express or 

lack TNC offers the opportunity to address potential functions of TNC in very early steps of 

tumorigenesis.  

 

The presented observations suggest the possibility that TNC is required for tumorigenesis. 

Thus it is expected that tumor prone mice with no TNC will not develop tumors. But this is 

not the case. It was shown that MMTV-Neu/TNCKO mice develop metastasizing mammary 

gland tumors with no difference in numbers and burden (Talts et al., 1999). Moreover, we 

had shown that RT2/TNCKO mice developed insulinomas that did not exhibit differences in 

numbers to that of RT2 mice with wildtype TNC (Saupe, Gasser, Jia et al., in preparation, 

Annex1). These results show that the absence of TNC does not interfere with 

tumorigenesis in stochastic tumor models with an intact immune system. The discrepancy 

between observations might be explained by a potential effect of TNC on the immune 

system. Indeed in the MMTV-Neu/TNCKO tumor tissue it was seen that the tumor 
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organization was different with more infiltration of macrophages. It was also shown that 

TNC modulates macrophage activities (Ruegg et al., 1989). Moreover, an RNA expression 

profiling derived from RipTNC islets revealed that ectopically expressed TNC had induced 

an immune signature (Falk Saupe, PhD thesis, 2011). Thus it is possible that TNC 

modulates the immune system which potentially has an impact on tumor onset and 

progression. Together these observations raise the question about the suitability of 

experiments in nude mice to address the role of TNC in lung metastasis (Oskarsson et al., 

2011). Moreover, a potential link of TNC and inflammation in promoting human cancers 

such as in hepatitis virus associated hepatocellular carcinoma and inflammatory bowel 

diseases associated colon cancers should be revisited.  

 

4.3 Orthotopic tumor xenografting mouse model for testing anti-

angiogenic treatment 

To recapitulate the features of human colorectal cancer a model in which tumors grow in a 

comparable tumor microenvironment is necessary. Therefore, the orthotopic grafting of 

SW480 cells was done into the caecum wall, which is part of the colon. This model 

recapitulates important features of human CRC such as high expression of TNC around 

blood vessels and organization of TNC into conduits that surround CAF.  

 

This mouse model was used here with the aim to study the impact of an anti-angiogenic 

treatment on tumor progression and the tumor microenvironment. Here we used 

Bevacizumab alone, even if in the clinics, it is combined with cytotoxic agents such as 5-

Fluorouracil (Hurwitz et al., 2004). A combination treatment in the mouse should be done 

in the future. Currently, patients with metastatic CRC receive Bevacizumab. In analogy, 

here we had used the human colorectal cancer cell line SW480 which was established from 

a primary adenocarcinoma of the colon that had metastasized to the liver (Leibovitz et al., 

1976). These cells can form liver metastasis in the mouse. By using cherry labelled SW480 

cells it was possible to decide when the Bevacizumab treatment should be started.  

 



Discussion  

122  

Nevertheless live imaging of labelled grafted tumor cells has some caveats which need to 

be taken into account, including masking of the signal that can occur during contractions of 

the intestine. Here, we observed that Bevacizumab treated mice had reduced angiogenesis 

since the CD31 quantification was significantly lowered when compared to controls. It was 

surprising however to observe that the frequency of metastasis to the liver was 

significantly increased in the Bevacizumab -treated group. A more detailed analysis is 

necessary to address the underlying mechanism and determine whether the tumor matrix 

and in particular TNC potentially concur to this increased propensity. 

 

Preliminary results obtained from a heterotopic glioblastoma model showed that 

Bevacizumab treatment did not reduce either tumor size or angiogenesis. Interstingly, an 

increased TNC expression and organisation into tracks was specifically observed in tumors 

that did not respond to the Bevacizumab treatment (Tristan Rupp, Master thesis, 2011). 

These experiments suggested that Bevacizumab may have an impact on the tumor 

microenvironment and that TNC potentially plays a role in counteracting this anti-

angiogenic treatment. This possibility is supported by experiments in xenografted 

squamous cell carcinomas where DC101 an anti-VEGFA antibody had caused destruction of 

blood vessels but did not affect the high TNC expression in the tumor bed (Vosseler et al., 

2005).  

 

A potential evasion mechanism involving the ECM was previously proposed. It was seen 

that matrix sleeves composed of laminins and coll IV which were interpreted as basement 

membranes had remained intact after an anti-angiogenic treatment and that these matrix 

structures were used for revascularization after the end of the anti-angiogenic treatment 

(McDonald and Foss, 2000). Currently it is not known whether these matrix sleeves 

contain TNC and potentially represent the described TNC conduits. Several evasion 

mechanisms are discussed that interfere with an anti-angiogenic cancer therapy which 

involve selection for other growth factors than VEGF (Berger and Hanahan, 2008). VEGF- 

targeted therapies can also initiate mechanisms that increase malignancy such as hypoxia 
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tolerance, intravasation and endothelial cell dysfunction. Anti-EGFR therapy represents 

another important approach in therapeutic treatment of metastatic CRC. However, a 

significant number of patients did not respond to this therapy (Loupakis et al., 2009; 

Viloria-Petit et al., 2004) presumably due to other evasion mechanisms. In the long run 

normalization of the tumor vasculature appears to be a more promising approach which 

would reduce hypoxia that is considered as a major pro-angiogenic condition. Moreover, a 

functional vasculature would also allow an improved delivery of cytotoxic or alternative 

drugs into the tumor tissue.  

Given its prominent and exclusive expression in cancer tissue TNC appears as a prime 

candidate for targeting. Indeed several approaches have been developed such as in-situ 

imaging of TNC expression, delivery of cytokines or radionuclides using TNC specific Ab or 

aptamers (Reviewed in Midwood et al., 2011). Since tumor associated cells such as CAF 

express TNC it may also be necessary to destroy these cells to prevent expression of TNC 

and formation of a matrix bed that promotes tumorigenesis. For future targeting TNC it will 

be important to understand which cells in a tumor express TNC. It will also be necessary to 

determine whether host and tumor derived TNC is molecularly similar or different and 

exhibits potentially different functions. This can be addressed by in situ hybridization, FACS 

and in cell culture. 

 

Altogether the presented murine tumor models offer several complementary opportunities 

to address the role of TNC in cancer progression which is summarized in Table 7. 
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Table 7:  Summary of models 

IS Tissue / Cells Mouse Result Conclusion 
I Human CRC / TNC conduits 

Embedding of EC, CAF 
TNC conduits: scaffold 
angiogenesis 
 

I Human 
insulinoma 

/ TNC conduits 
Connection to 

vasculature 
Embedding of EC, CAF 
 

Similar features as in RT2 
insulinomas 

I  RT2 
RT2/TNCKO 
RT2/TNC 

Increased lung 
metastasis linked 
to TNC copy 

DKK1 inversely linked 
to TNC copy 

TNC around blood 
vessels  
TNC in conduits 
TNC: more CAF, EC, 
macrophages 

TNC promotion of: tumor 
onset, angiogenesis, lung 
metastasis 
TNC conduits:  
alternative route for 

dissemination 
scaffold in angiogenesis 
result of pruning? 
TNC repression of DKK1 
and activation of Wnt 
signaling 
 

C KRIB:DKK1 Nude 
sc 

Smaller tumors 
Reduced angiogenesis 
 

Inhibition of angiogenesis 
by DKK1 

C HEK293:TNC Rag2KO  
sc 

More TNC conduits Contribution of tumor cell 
TNC to conduits 
 

C SW480 Rag2KO/TNCKO 
o 

Tumor cell 
engraftment 
TNC conduits 
Embedding of EC, CAF 
 

Conduit formation by 
tumor cell TNC with 
similar function  

C SW480shTNC Rag2KO/TNCKO 
o 

No tumors in absence 
of T and B cells 

Importance of TNC for 
engraftment  
Pro-tumorigenic impact of 
TNC on immune cells 
 

C SW480shTNC Nude 
sc / o 

Tumor engraftment Bypass of T and B cells by 
host TNC 
 

C Human CRC Nude 
sc 

TNC conduits 
Embedding of EC, CAF 

Preservation of TNC 
organization and function 
in tumor 
microenvironment in 
murine host 
 

C SW480 
Bevacizumab 

Nude 
o 

Reduced angiogenesis 
Enhanced liver 
metastasis 
 

Adverse effect of 
Bevacizumab 

The analyzed models are summarized according to tissue from human colorectal carcinoma (CRC), 
human insulinoma, murine RT2 and human tumor xenografts. Grafting experiments are sorted by 
immune competent (I) or immune compromised (C) immune system (IS), subcutaneous (sc) or 
orthotopic caecum (o) grafting. CAF, carcinoma associated fibroblast; EC, endothelial cells. 
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CONCLUSIONS AND PERSPECTIVES 

 

In this thesis, the microenvironment, in particular TNC expression and organization, should 

be investigated in tumor tissue of human cancer and murine cancer models. Therefore, 

tumor tissue from human insulinomas and colorectal carcinomas as well as of 6 different 

tumor xenograft models had been analyzed by immunostaining (and subsequent 

quantification of some stainings) using a huge collection of antibodies (20). All staining 

protocols had been established. In addition several tumor cells had been engineered and 

partially characterized in cell culture before xenografting into immune compromised mice. 

Some of these mice such as the Rag2KO/TNCKO mouse had been generated by breeding 

and Live imaging using the NightOwl apparatus was established for this model. For 

orthotopic xenografting into the caecum wall a surgical protocol had been adjusted.  

 

In addition, the well characterized sporadic RT2 insulinoma model was used here that had 

been engineered in the laboratory to express defined levels of TNC (wildtype, knock out 

and overexpression). Analysis of tumor tissue from these mice had shown that (i) TNC is 

highly expressd in the tumor tissue, ii) is organized into conduits that are composed of 

many ECM molecules , that iii) endothelial cells, CAF and macrophages are embedded into 

the TNC-rich matrix and that (iv) TNC had promoted angiogenesis and lung 

micrometastasis. 

 

Upon analysis of human insulinoma tissue several parallels to the RT2 model were 

apparent which suggests that the RT2 model could be a valid model for studying 

insulinoma tumorigenesis and progression.  

 

In the RT2 model DKK1 levels were found to be inversely linked to the TNC copy which 

suggested that repression of DKK1 by TNC is potentially linked to enhanced angiogenesis 

by TNC. This possibility was addressed in a xenograft model where high DKK1 turned out 
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to block angiogenesis. This result supports the possibility that TNC promotes tumor 

angiogenesis through repression of DKK1.  

 

By comparing hCRC with heterotopic tumor xenografts, it was shown that the all over 

morphology was recapitulated including the organization of TNC into conduits as well as 

embedding of endothelial cells and CAF into the TNC rich matrix. It was further 

demonstrated that after several passages of the human tumor material in the mouse the 

human tumor microenvironment including TNC was replaced by murine matrix molecules 

raising the question about the usefulness of advanced passaging of human cancer tissue in 

the mouse as experimental model for human cancer. 

 

By using a xenograft model with no TNC expression together with tumor cells that lack 

TNC it was observed that tumor engraftment was compromised which suggests that TNC 

has an impact on survival and/or tumor cell proliferation and that this involves an intact 

immune system (at least B and/or T-cells). Moreover, this observation raises the question 

about the suitability of immune compromised mouse models to study the role of TNC in 

tumorigenesis and metastasis. 

 

Each of the murine cancer models was used to address a specific question. Together with 

information from the human cancer tissues here important information about the 

organization of TNC into conduits was obtained that allows to raise several hypotheses 

about the potential functions of the matrix conduits. It is possible that the TNC conduits 

are encoded by a program for reticular fibers in secondary lymphoid tissues and that they 

have a similar function in guiding cells in the tumor. TNC conduits potentially play an 

instrumental role in angiogenesis and metastasis. It is not clear what exact role the TNC 

conduits would play. It is possible that they arise as a result of vessel pruning. Our data 

suggest that it is more likely that the TNC conduits initiate a matrix network that serves as 

guiding cue for attracting pro-angiogenic cells such as endothelial cells, CAF and 
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macrophages. This would represent a different mechanism than sprouting angiogenesis 

and would give the ECM a central role in tumor angiogenesis. Finally it is possible that the 

TNC conduits represent physical niches that may counteract anti-angiogenic therapies by 

protecting cancer stem cells and endothelial cells from drugs. These hypotheses should be 

addressed in the future. 

 

 

Pertinence and innovation 
 
Targeting of TNC could present a strategy to improve destruction of cancer tissue. A 

custom made treatment for cancer patients is an important goal to improve cancer therapy 

in the future. Ex vivo treatment of human CRC upon xenografting into an immune 

compromised mouse seems to be a feasible strategy to improve the choice of treatment. 

Here, an immune compromised tumor model system that lacks endogenous TNC was 

established where TNC can be targeted in the xenografted human CRC tissue. Drugs 

targeting TNC had been established by us and other laboratories and may be available in 

the near future for cancer treatment. Our model system may deliver important 

informations about the role of TNC in CRC and will provide a basis for targeting TNC in 

combination with other drugs. The established model system may also allow to develop 

TNC-based strategies for a non-invasive live imaging of cancer progression in the future.  
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Abstract

The tumor microenvironment is instrumental in cancer progression. The extracellular

matrix molecule tenascin-C (TNC) is a major component of the cancer specific matrix

and high TNC expression is linked to bad prognosis in several cancers. To delineate

TNC’s functions in cancer, we established transgenic tumor mouse lines with varying

levels of TNC expression and compared sporadic neuroendocrine tumor formation in

abundance or absence of TNC. We show that TNC promotes tumor angiogenesis,

carcinoma progression and lung micrometastasis formation. TNC represses the Dickkopf-

1 (DKK1) promoter and induces Wnt target genes in TNC transgenic tumors and in

cultured cells. While overexpression of DKK1 does not affect proliferation of tumor cells,

it compromises the formation of vascularised tumors. Thus TNC-induced repression of

DKK1 in tumor cells exerts a paracrine effect on the tumor microenvironment. Our

results implicate canonical Wnt signalling as underlying mechanism for TNC-mediated

promotion of tumor angiogenesis and subsequent metastasis. The transgenic cancer

models will be useful to evaluate the efficacy of therapeutic approaches targeting TNC

and downstream signalling pathways for repressing tumor angiogenesis and metastasis.

Key words: Angiogenesis, Dickkopf-1, metastasis, tenascin-C, Wnt signalling

Running title: Tumor progression by tenascin-C through DKK1 repression
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Introduction

Manifestation of cancer requires many steps in which the microenvironment plays an

essential role (Bissell and Labarge, 2005). Cells with oncogenic mutations do not readily

cause cancer, a phenomenon known as tumor dormancy (Aguirre-Ghiso, 2007; Folkman

and Kalluri, 2004). Angiogenesis presents an important step in awakening quiescent

tumors and in promoting their development into malignant cancers (Almog 2010). Many

factors are driving angiogenesis but the early events in tumor angiogenesis are poorly

understood. Tumor cells secrete soluble factors that attract endothelial cells (EC) and EC

progenitors. Blood and lymphatic EC invade the tumor tissue and establish a

neovasculature within the tumor which provides the tumor with a connection to the

blood circulation and the lymphatic vessel system. These routes may be used by

disseminating cancer cells to seed metastasis in distant organs (Bergers and Benjamin,

2003; Kerbel, 2008). Thus in addition to the cancer cells other cell types and the

extracellular matrix (ECM) constitute a major fraction of cancer tissue and contribute to

tumor angiogenesis and metastasis.

An important component of the tumor specific ECM is tenascin-C (TNC). TNC is

prominently expressed in the tumor microenvironment and plays a promoting role in

malignant tumor progression (Midwood and Orend, 2009). TNC is causally linked to lung

metastasis in experimental murine breast cancer (Calvo et al., 2008; Tavazoie et al.,

2008) and melanoma (Fukunaga-Kalabis et al., 2010) models. Moreover, TNC is

amongst a few genes with predictive value in glioma malignancy (Colman et al., 2010)

and in human breast cancer metastasis to the lung (Minn et al., 2005). High levels of

TNC are linked to tamoxifen resistance in breast cancer (Helleman et al., 2008).

Although TNC is now well linked to cancer progression, and first mechanistic insights

have been obtained (Midwood and Orend, 2009; Orend, 2005; Orend and Chiquet-

Ehrismann, 2006; Tavazoie et al., 2008), it is still unknown how TNC promotes tumor

angiogenesis and metastasis.
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Since no in vivo model with TNC overexpression existed that would allow to address the

role of TNC in tumor progression, here we generated mouse lines with different

expression levels of TNC (overexpression, wildtype, knock out) in the neuroendocrine

Rip1Tag2 (RT2) tumorigenesis model (Hanahan, 1985). In RT2 mice, oncogenic simian

virus 40 T-antigen (SV40Tag) is expressed under the control of the rat insulin II

promoter in the insulin-producing !-cells of the islets of Langerhans. SV40Tag

sequesters and represses the function of the two tumor suppressor gene products p53

and pRb, thus initiating transformation and hyperplasia of !-cells, which in turn triggers

angiogenesis and insulinoma formation in a reproducible and sequential manner

(Hanahan, 1985). This model recapitulates multistage tumorigenesis as observed in a

large fraction of human cancers (Nevins, 2001; Pipas and Levine, 2001).

Here, we demonstrate that TNC promotes tumor angiogenesis and tumor progression to

metastasizing carcinoma. We provide a mechanistic basis for TNC’s function by showing

that TNC induces canonical Wnt signalling and the expression of specific Wnt target

genes through repression of the soluble inhibitor Dickkopf-1 (DKK1). The described

mechanism potentially applies to malignancy in human gliomas where high TNC

expression correlates with low DKK1 and high Wnt target gene expression in a subset of

glioblastoma (GBM) grade IV tumors. Thus, TNC and DKK1 could be attractive

therapeutic targets for blocking tumor angiogenesis, tumor cell dissemination and

metastasis.

Results

Tenascin-C promotes proliferation and carcinoma formation in a stochastic

neuroendocrine tumor model

To determine the role of TNC in tumor onset and progression, we utilized the murine RT2

insulinoma model to generate double-transgenic mice with overexpression of human

TNC. For the generation of RipTNC single-transgenic mice, the cDNA of human TNC was
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cloned downstream of the rat insulin II promoter (Suppl. Fig. 1). Transgenic RipTNC

mice ectopically expressed the human TNC protein in !-cells of the pancreas (Fig. 1A),

were healthy and fertile and did not exhibit obvious alterations in tissue morphology.

Pancreatic islets normally displayed glucagon-positive "-cells surrounding !-cells. RipTNC

males also exhibited normal blood glucose levels after starvation (not shown). Thus,

ectopic expression of TNC did not appear to interfere with the function of the endocrine

pancreas in RipTNC mice.

RT2/TNC double-transgenic mice were generated by breeding. Tumors of double-

transgenic mice expressed human TNC (Fig. 1A). To determine a potential effect of TNC

on tumor onset, we analysed whether islet size, which correlates with the tumorigenic

state (Hanahan, 1985), was different between RT2/TNC and RT2 mice. We measured

islet diameter on tissue sections and observed that at 10 weeks the ratio of angiogenic

and tumorigenic islets (> 0.5 mm) over that of normal and hyperplastic islets (< 0.5

mm) was higher in RT2/TNC (0.8) than in RT2 control mice (0.4) and was close to

statistical significance (p = 0.06) (Suppl. Table 1). At 12 weeks there was no difference

in tumor number (Fig. 1B) or tumor volume (Fig. 1C) detectable between genotypes.

Next, we addressed whether ectopically expressed TNC had an effect on apoptosis and

proliferation. Staining for cleaved caspase-3, a marker of apoptotic cells, did not reveal

differences between tumors from 12 week old RT2/TNC and RT2 mice (not shown). Upon

immunofluorescent staining for the proliferation marker phospho-histone-H3 (P-H3)

followed by quantification, we noticed that tumors of RT2/TNC mice exhibited about 1.7-

fold more proliferating cells than those from RT2 mice (Fig. 1D).

To investigate whether TNC potentially influenced tumor invasion, we determined the

percentage of carcinomas amongst tumors of RT2 and RT2/TNC mice using invasion of !-

tumor cells into the exocrine pancreas, the lack of a continuous basement membrane

and the presence of atypical nuclei as parameters for carcinomas. We observed that the



6

frequency of carcinomas and the ratio of carcinoma versus adenoma was higher in

tumors of RT2/TNC mice (1.8) than in RT2 controls (0.8) (Fig. 1E, Suppl. Table 2).

In summary, in the spontaneous insulinoma model, ectopically expressed TNC promoted

tumor cell proliferation and invasion.

Tenascin-C promotes tumor angiogenesis

We addressed the role of TNC during tumor angiogenesis by quantification of CD31-

positive cells in tumor sections of both genotypes (Fig. 2A). The number of CD31-

positive endothelial cells (EC) turned out to be 1.9-fold (10 weeks) and 2.2-fold (12

weeks) higher in tumors of RT2/TNC mice than in tumors of RT2 controls (Fig. 2B, C).

To determine a potential effect of TNC on vessel anatomy we investigated Mercox

corrosion casts of the vasculature by scanning electron microscopy and observed that

vessels of RT2/TNC tumors were very different to that of RT2 control tumors; vessels

appeared larger, more dilated and disorganized (Fig. 2D).

A potential angiogenesis-promoting effect of TNC was addressed in the chick chorio-

allantoic membrane (CAM) assay. Compared to control treatment purified TNC increased

the number of vessels to a similar extent as PDGF-BB, a known angiogenic growth factor

(Fig. 2E).

Together these data demonstrate that ectopically expressed TNC promoted angiogenesis

in spontaneously arising tumors generating vessels with an abnormal morphology.

Tenascin-C increases lung micrometastasis

Since knock down of TNC reduced the ability of breast cancer cells (Calvo et al., 2008;

Tavazoie et al., 2008) and melanoma cells (Fukunaga-Kalabis et al., 2010) to form lung

metastasis in immune-compromised xenograft models we investigated whether

expression levels of TNC had an effect on metastasis in RT2 tumor mice. In a C57Bl6

background, RT2 mice usually do not exhibit macrometastasis (Hanahan, 1985; our
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result). Therefore, we determined potentially arising micrometastases in various organs

(heart, liver, lung) of 12 to 14 week old tumor-bearing mice by qRT-PCR for insulin. In

contrast to the background levels of insulin mRNA in lungs of control RipTNC and

wildtype mice and in hearts of RT2/TNC mice (not shown), a strong insulin-specific signal

was observed in livers and lungs of RT2 and RT2/TNC mice. Yet, while insulin expression

of micrometastatic !-tumor cells was indistinguishable between liver tissues of RT2 and

RT2/TNC mice (not shown), insulin levels in lungs of RT2/TNC double-transgenic mice

were 6.5-fold higher in comparison to lungs of RT2 single-transgenic mice (Fig. 3A).

This result suggests that ectopically expressed TNC enhanced lung but not liver

metastasis.

In RT2/TNC-/- mice we investigated whether the absence of TNC had an impact on

metastasis. Analysis of insulin expression by qRT-PCR revealed 10-fold lower insulin

levels in the lungs of RT2/TNC-/- mice than in RT2 mice carrying one intact TNC allele

(RT2/TNC+/-, Fig. 3B). Overall, insulin expression levels were lower (close to

background) in lungs of tumor mice with no transgenic TNC expression. Moreover, less

RT2/TNC-/- (4/13) mice exhibited significant insulin expression and thus less

micrometastasis than RT2/TNC+/- littermates (8/13).

To determine whether the insulin-positive signals were indeed derived from tumor cells

that had colonized the lung, we stained sections of lungs for insulin and could detect a

considerable number of insulinoma cells in clusters of 50 and more cells within the lung

parenchyma of RT2/TNC mice by immunofluorescence and histology (Fig. 3C).

Nuclear localization of !-catenin in RT2/TNC tumors

In search for a mechanism that could explain tumor progression by TNC, we investigated

a potential link of TNC to Wnt signalling in RT2/TNC tumors, since Wnt signalling was

activated by a TNC substratum in cultured GBM cells (Ruiz et al., 2004). Determining

expression of !-catenin revealed a profound difference between tumors of the two
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genotypes; in contrast to exclusively membraneous !-catenin in RT2 control tumors, in

RT2/TNC tumors !-catenin was also found in the nucleus of cells inside the tumor and at

the invading tumor front (Fig. 4A, B). In contrast, no nuclear !-catenin was found in

RT2 tumors (Fig. 4A). Confocal microscopic analysis confirmed that the !-catenin signal

was indeed nuclear (Fig. 2C, inlet). Together, these results demonstrate that in a tumor

context with forced expression of TNC, !-catenin was stabilized and translocated into the

nucleus.

Tenascin-C impact on Wnt signalling and DKK1 expression in RT2/TNC tumors

In RT2/TNC tumors we determined expression of Wnt target genes by qRT-PCR on RNA

extracted from isolated tumors. We observed that expression of cyclin D1 (2.5-fold),

cyclin D2 (1.6-fold), CD44 (1.8-fold) and Slug (1.8-fold) was significantly increased in

small still mostly differentiated tumors of RT2/TNC mice over that in RT2 controls (Fig.

5A, Suppl. Table 3). This was in contrast to other Wnt target genes (c-myc, Id2 and

Lgr5) which were not elevated (not shown). These results suggest induction of a subset

of Wnt target genes in a TNC-dependent manner in nascent carcinomas potentially

driving progression of adenomas into carcinomas.

To elucidate whether TNC potentially activated Wnt signalling through DKK1 repression

in RT2/TNC tumors, as had been demonstrated in cultured GBM cells (Ruiz et al., 2004),

we determined DKK1 levels in RT2 tumors by qRT-PCR. In RT2/TNC mice, 7-times more

tumors (50%) lacked DKK1 expression as compared to RT2 mice (7.1%) (Fig. 5B). In

tumors with detectable DKK1 expression, the levels were 3.2-fold reduced in RT2/TNC

mice in comparison to RT2 controls (Fig. 5C, Suppl. Table 3). Moreover, in RT2 tumors

with only one TNC allele DKK1 levels were significantly lower (2-fold) than in RT2/TNC-/-

tumors completely lacking TNC (Fig. 5D), which suggests that expression of TNC and

DKK1 are inversely linked.
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Impact of tenascin-C on DKK1 expression and Wnt signalling in cultured tumor cells

We investigated DKK1 mRNA levels in various cultured cancer cells that were grown on

fibronectin (FN) and on FN/TNC, a valid condition to investigate TNC functions as

previously described (Chiquet-Ehrismann, 1990; Huang et al., 2001). We observed that

in T98G cells, DKK1 levels exhibited 20-fold repression after 5h and 24h of culture in the

presence of TNC. DKK1 levels remained more than 5-times lower over a period of 12

days representing 80 - 95% repression (Fig. 6A). Although DKK1 protein levels still

remained high after 5h, they were reduced after 1, 2 and 6 days on the TNC containing

substratum (Fig. 6B).

We determined whether DKK1 repression is a general response of tumor cells on a TNC

substratum. Therefore we compared expression of DKK1 in T98G cells with that in KRIB

osteosarcoma, MCF7 and MDA-MB435 breast carcinoma and Caco-2 colon cancer cells.

We observed that in all tested tumor cells DKK1 expression was lowered ranging from

23.2 - fold (KRIB) to 2.8 - fold (MCF7) 24h after plating on FN/TNC (Fig. 6C).

To address whether a TNC substratum had an effect on DKK1 promoter activity we

determined DKK1 promoter-driven luciferase expression. Therefore we cloned a 3.0 kbp

DKK1 promoter sequence upstream of the transcriptional start site in front of the

luciferase gene. This reporter construct was used to measure luciferase activity upon

transfection into T98G cells in the presence or absence of TNC. On a FN substratum

luciferase expression was high which was in contrast to growth on FN/TNC where

luciferase expression driven by the DKK1 promoter was significantly and more than 2.5-

fold reduced in comparison to FN (Fig. 6E). This suggests that cell adhesion to TNC

blocked transcription of DKK1.

We investigated expression of Wnt target genes on a TNC substratum by qRT-PCR.

Whereas expression of some Wnt target genes (c-myc, cyclin D1, cyclin D2, CD44, Lgr5)
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was not elevated (not shown), Id2 and FN levels were increased on the TNC substratum

in T98G cells up to 3.4- and 2.6-fold at 7 and 12 days of culture, respectively (Fig. 6D).

Slug was also induced in the presence of TNC in a delayed response up to 2.1-fold and

2.4-fold after 7 and 12 days, respectively. To investigate induction of Wnt signalling by

TNC in more detail we determined expression of Wnt target genes in other cell lines.

Whereas in MDA-MB435 cells no induction by TNC was noted, in KRIB cells on a TNC

substratum an increased expression of the Wnt target genes Sox4 (van der Flier et al.,

2007) (2.1-fold) at 24h and of Slug (2.4-fold) and FN (2.2-fold) at 6 days was observed

(Suppl. Table 4). This was in contrast to CD44, Id2, c-myc, Lgr5 and cyclin D1 that

were not elevated in KRIB cells (not shown).

To address whether low DKK1 levels were responsible for derepression and activation of

Wnt signalling by TNC we engineered T98G cells stably overexpressing DKK1 (Fig. 6F).

Upon plating of T98G:DKK1 cells on FN/TNC for 24h we determined Wnt target gene

expression and observed that Id2 dropped to levels as on FN (Fig. 6G) which was in

contrast to parental cells with an elevated expression of Id2 on FN/TNC. This result

suggests that expression of Id2 is regulated by a TNC substratum through DKK1.

Together our data had revealed that in RT2 tumors TNC and DKK1 are inversely

expressed and that in cultured tumor cells a TNC substratum represses DKK1

transcription through promoter inhibition in an early and sustained manner which results

in the induction of Wnt target genes.

Role of DKK1 in proliferation, migration, angiogenesis and tumorigenesis

A potential functional link between TNC, DKK1 repression and tumorigenesis was further

addressed in a xenograft model with DKK1 overexpressing tumor cells (T98G, KRIB) that

we had generated (Fig. 6F, 7A). First we determined whether high DKK1 expression had

an impact on proliferation and noticed that proliferation was indistinguishable between

parental and DKK1 overexpressing KRIB (Fig. 7B) and T98G cells (data not shown). In a

wound closure migration assay we investigated whether ectopically expressed DKK1 had
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an impact on cell migration. KRIB cells migrated to close the scratched area in 13h,

while KRIB:DKK1 cells were significantly retarded to do so (Fig. 7C).

Parental and DKK1 overexpressing cells were subcutaneously grafted into nude mice.

Whereas T98G cells failed to induce tumors, KRIB cells induced tumors with 100%

penetrance independent of the DKK1 expression levels. But KRIB tumors overexpressing

DKK1 were highly necrotic (not shown) and remained significantly smaller (15.1 mm3)

than tumors originating from parental KRIB cells (591.3 mm3) (Fig. 7D). By staining for

KI67 we noticed that DKK1 overexpressing tumor cells were nevertheless proliferative

(not shown). Macroscopical inspection revealed that KRIB:DKK1 tumors were pale white

which was in contrast to KRIB tumors that were reddish and exhibited multiple blood

vessels at the tumor surface (Fig. 7E). This almost complete absence of vessels in the

DKK1 overexpressing tumors was confirmed by largely reduced CD31 staining (Fig 7F,

G).

Correlated expression of TNC, DKK1 and Wnt target genes in a subgroup of GBM tumors

Finally, we investigated DKK1 expression in human primary GBM with documented high

expression of TNC and Id2 (Ruiz et al., 2004). Protein expression levels were determined

by immunohistochemistry in human GBM (WHO IV) on a tissue microarray  (Murat et al.,

2008, visualized in Fig. 8). We observed that in 70% (28/40) of GBM with no or low

DKK1 immuno-positivity a robust expression of TNC coincided with elevated levels of Id2

and/or cyclin D1 in the majority of cases (Fig. 8). Unlike with other Wnt-pathway

antagonists (Lambiv et al. in press) the DKK1 promoter is not methylated in primary

GBM (Gotze et al., 2010). Hence, repression of DKK1 and induction of Wnt signalling by

TNC might be specifically relevant in the subset of GBM that exhibit high expression of

TNC, Id2 and cyclin D1 and low DKK1 expression. We also correlated the expression of

DKK1 mRNA to survival of patients with GBM IV that had been treated with combined

chemoradiotherapy comprising temozolomide (Murat et al., 2008; Stupp et al., 2009).

Interestingly, increased expression of DKK1 mRNA was associated with better outcome
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as indicated by a Hazard ratio below 1.0 (0.73, with 95% confidence interval 0.548-

0.981, n = 42; p = 0.037; Cox model corrected for MGMT methylation and age).

Discussion

TNC plays an instrumental role in events causing cancer progression and metastasis

(Midwood and Orend, 2009; Orend and Chiquet-Ehrismann, 2006) but the underlying

mechanisms are poorly understood. Here, we have phenocopied TNC actions in human

cancer by ectopically expressing TNC in insulinoma-prone RT2 mice and observed that

increased TNC expression promotes carcinoma progression by promoting proliferation,

invasion, angiogenesis and lung micrometastasis formation. Our results prove for the

first time in an immune-competent stochastic tumor model that TNC drives

tumorigenesis resulting in enhanced lung metastasis.

Our data suggest that enhanced tumor progression by TNC occurs through the

repression of DKK1, a soluble inhibitor of canonical Wnt signalling (Glinka et al., 1998),

and subsequent activation of Wnt signalling. The Wnt/!-catenin signalling pathway has

been documented to promote tumor angiogenesis (Dejana 2010), cancer progression

(Giles et al., 2003) and metastasis (Nguyen et al., 2009). By using RT2 mice with

different TNC expression levels (wildtype, knock out, overexpression) we showed that

DKK1 expression inversely correlates with the TNC copy number suggesting that TNC

has an impact on DKK1 expression in spontaneously arising tumors. We had previously

shown that a TNC substratum repressed DKK1 in GBM cells, stabilized !-catenin and

induced Wnt target genes (Ruiz et al., 2004). Now we extended this observation by

showing that DKK1 was robustly and consistently repressed by TNC in several tumor cell

lines derived from breast, brain, colon and bone cancer tissue. Repression of DKK1 by

TNC was already detectable after 4h and DKK1 remained repressed until the last time

point of analysis (12 days) which correlated with low DKK1 protein levels. Signalling

pathways involving p53 (Wang et al., 2000), c-jun (Grotewold and Ruther, 2002),

vitamin D3 (Pendas-Franco et al., 2008) and NANOG (Zhu et al., 2009) have been
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shown to induce DKK1 gene transcription. Conversely, promoter methylation (Aguilera et

al., 2006), histone acetylation, polycomb family members (Hussain et al., 2009), and

endothelin-1 signalling (Clines et al., 2007) downregulate DKK1 expression. Here, we

have shown that cell adhesion to TNC represses DKK1 transcription. It is intriguing to

speculate that endothelin signalling could be involved in TNC-induced DKK1 repression

since TNC induced the endothelin receptor type A (Lange et al., 2007).

In agreement with an effect of DKK1 on Wnt signalling, we observed activation of Wnt

signalling in small yet mostly differentiated tumors of RT2/TNC mice as evidenced by

nuclear localization of !-catenin and increased expression of the Wnt target genes cyclin

D1, cyclin D2, CD44 and Slug. Elevated expression of these genes in still differentiated

tumors could have been instrumental in driving their evolution into carcinomas which is

supported by an enhanced carcinoma formation seen in RT2/TNC mice.

In tumor cells cultured on a TNC substratum we also observed induction of Wnt targets,

Id2 (T98G) and Sox4 (KRIB) and, FN and Slug in both cell lines. We conclude that tumor

cells repress DKK1 and induce autocrine Wnt signalling resulting in cell type-specific

transcriptional responses that are presumably affected by the Wnt ligand/receptor status

and intrinsic signalling components. Functionally, we showed that DKK1 overexpression

diminished tumor cell migration in vitro. Our results are consistent with a model where

DKK1 repression in tumor cells could result in an autocrine activation of Wnt signalling

thus promoting tumor cell migration and carcinoma formation. Nevertheless, in tumors

reduced levels of secreted DKK1 may also lead to activation of Wnt signalling in stromal

cells in a paracrine fashion and thus promote tumor angiogenesis and metastasis (Fig.

9).

Angiogenesis represents an important step on the road to metastasis. Here, we have

demonstrated that tumors of RT2/TNC mice display an increased number of EC which is

a hallmark of enhanced angiogenesis. In RT2/TNC tumors, blood vessels appeared
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chaotic and were presumably not functional in supplying blood but may still have

contributed to metastasis as was documented for non functional blood vessels in another

study (Rolny et al., 2011). TNC has been shown to act as chemoattractant for EC, to

play a role in the generation of tumor derived endothelial cells (Pezzolo et al., 2011),

and to promote EC tube formation in vitro (Martina et al., 2010; Orend and Chiquet-

Ehrismann, 2006). Now, using the CAM assay, we showed that TNC also induced EC

sprouting. Despite a documented role of VEGFA-associated signalling in TNC-stimulated

tumor angiogenesis (Tanaka et al., 2004) and induction of several pro-angiogenic

factors   (Ruiz et al., 2004), by qRT-PCR we have not found evidence for an increased

expression of any of these molecules and pathways in RT2/TNC tumors (data not

shown). In contrast, our results suggest an important role of DKK1 and Wnt signalling in

TNC-driven angiogenesis. To address whether DKK1 levels had an impact on

tumorigenesis/angiogenesis in vivo, we had utilized KRIB osteosarcoma cells

overexpressing DKK1 and indeed observed that these cells failed to induce vascularised

tumors.

The role of DKK1 in tumor progression has remained controversial with apparently

contradictory observations published. In colon cancer (Gonzalez-Sancho et al., 2005),

melanoma (Kuphal et al., 2006) and advanced prostate cancer (Hall et al., 2006), DKK1

is downregulated in comparison to the corresponding healthy tissues. Whereas DKK1 is

low in breast cancer cells with an osteoblastic metastasis potential, it is highly expressed

in breast cancer cells with an osteolytic metastasis potential and, DKK1 promotes

osteolytic metastasis in myeloma (Pinzone et al., 2009). Finally, overexpression of DKK1

in canine Ace-1 prostate cancer cells promoted their metastatic potential upon

intracardiac injection (Thudi et al., 2010). The role of DKK1 in tumor angiogenesis is also

not clear. Whereas DKK1 appears to mobilize EC progenitor cells (Aicher et al., 2008;

Smadja et al. 2011) and slightly enhanced tumor angiogenesis of already established

xenografted human HBCx-12 breast cancer cells upon peri-tumoral injection of

recombinant DKK1 (Smadja et al. 2011) here we observed that DKK1 overexpressed by
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osteosarcoma cells blocked tumor growth, presumably by inhibiting tumor angiogenesis.

Possible explanations for the different effects of DKK1 may be found in the different

experimental systems and settings used and the influence of non-canonical Wnt

signalling pathways involving JNK (Thudi et al., 2010).

In summary, for the first time we had demonstrated that the TNC levels determine the

extent of angiogenesis and metastasis in an immune competent sporadic tumorigenesis

model. These results provide formal proof of a decisive role of TNC in cancer

progression. We also provide a mechanistic basis for the described TNC actions by

showing that TNC induces canonical Wnt signalling through transcriptional repression of

DKK1 thus triggering expression of selective Wnt targets. The described mechanism may

also apply to malignancy in human gliomas and could be relevant for therapy since a

high expression of DKK1 was linked to a better chemo- and radiotherapy response rate

in GBM patients. Based on these observations, TNC presents an attractive target for

blocking tumor angiogenesis and tumor cell dissemination. Drugs targeting TNC in

cancer are already in clinical trials (Brack et al., 2006; Pedretti et al., 2009; Reardon et

al., 2008). Our tumor mice with transgenic human TNC in a TNC negative background

could serve as an excellent preclinical model for evaluating the efficacy of drugs

targeting human TNC.
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Experimental Procedures (additional information in Suppl. information)

Generation of transgenic RipTNC mice

The human TNC cDNA sequence (accession number X78656.1, (Aukhil et al., 1993) was

cloned into the Rip1 vector by using the intermediate pcDNA3.1/Hygro(-) vector (Suppl.

Fig. 1). The construct was partially sequenced and transferred into fertilized oocytes.

Three transgenic mouse lines with stable expression and transmission of the transgene

in a C57Bl6 background were established. Transgenic mice were identified by PCR. All

experimental procedures involving mice were done according to the guidelines of the

Swiss Federal Veterinary Office and of Inserm.

Generation of tumor mice with different TNC expression levels

RT2/TNC and RT2/TNC-/- mice were generated by breeding RT2 transgenic mice

(Hanahan, 1985) with RipTNC (this study) and TNC-/- mice (Forsberg et al., 1996),

respectively. RT2/TNC and control mice were fed with 5% glucose starting at 10 weeks

of age. Tumors in RT2/TNC-/- and RT2/TNC+/- mice were investigated in a mixed

C57Bl6/129/Sv background at 15-17 weeks of age.

Generation of rabbit anti-TNC antibodies and tissue analysis

Rabbit antisera recognizing human and murine TNC were derived upon injection of

recombinant human TNC protein (Lange et al., 2007). Pancreata were dissected and

tumors were collected. Tumor diameter was measured with a caliper and used to

determine the tumor volume with the formula V = 4/3 # (d/2)3. Pancreata or xenograft

tumors were embedded in the Tissue Tek O.C.T. compound or were fixed in 4%

paraformaldehyde (PFA) followed by freezing in Tissue Tek O.C.T. or embedding into

paraffin. Tissue sections were stained with primary and Cy3-, Cy5-, FITC- or Dylight

488-labeled secondary antibodies. CD31-or PH3-positive signals were quantified per

constant field by using the Image J software. Tumor material from patients had been

acquired upon written consent according to conventional ethics standards, was frozen or
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embedded into paraffin before tissue analysis. Relative expression of the indicated gene

products was determined in 68 GBM (WHO IV) on a tissue micro array (Murat et al.,

2008) using immunohistochemistry. The immunostainings were scored semi-

quantitatively (score 0–3) and categorized as described previously (Sivasankaran et al.,

2009). Briefly, tumors were ordered by similarity of protein expression profiles using the

SPIN software (data are centered, divided by the mean) (Tsafrir et al., 2005).

DKK1 promoter luciferase assay

A 3kb human DKK1 promoter sequence was cloned into the multiple cloning site of

pGL3-basic Luciferase reporter vector (Promega). T98G cells were transiently transfected

with TK-Renilla and pGL3-DKK1 Promoter construct or empty pGL3-basic vector.

Transfections were performed with JetPEITM (Polyplus transfection). Cells were cultured

in 1% DMEM and transfected with the reporter gene constructs 40 hours before using

the Dual-Luciferase Reporter Assay System (Promega). Transfection with the renilla

luciferase vector was used for normalization. Luciferase activity is presented as the ratio

of pGL3-DKK1/pGL3-basic.

Cell culture

The indicated cell lines (ATCC) were plated onto FN or FN/TNC coated dishes for up to 12

days in DMEM supplemented with 10% FCS (MCF7 and MDA MB435) or 1% FCS (T98G,

KRIB, Caco2 and HT29; see details in Huang et al. (2001)). RNA was isolated with the

NucleoSpin RNA extraction kit (Macherey-Nagel, France) according to the manufacturer’s

instructions. Expression of candidate genes was determined by qRT-PCR using

expression of ß2-microglobulin for normalization. Primer sequences are available in

Supplemental Table 6. Cells were lysed in Laemmli buffer and immunoblotting was

performed with antibodies recognizing Anti-DKK1 (Sigma-Aldrich, AV48015), 1:400,

Anti-DKK1, N-terminal (Sigma-Aldrich, D3195), 1:1500, Anti-6xHis tag (Abcam,

ab18184), 1:5000, Anti-"-tubulin (CP06, Oncogene, Boston, MA, USA).
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Generation of DKK1 overexpressing cells

A BamHI and an EcoRI site were added in the pCDNA 3.1 mDDK1 V5 His plasmid before

the ATG or the stop codon of the mouse Dickkopf cDNA respectively, using the

GeneEditor™ in vitro Site-Directed Mutagenesis System, with the primers 5’-P-

GGTGGAATTGCCCTTGGATCCACATGATGGTTGTGT-3’ and 5’-P-ACCATCACCATTGAGAA

TTCACCCGCTGATCAGCC-3’. After BamHI-EcoRI digestion, 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. Retroviral particles were produced with the pQCXIP-

cherry and pQCXIP-mDKK1 V5 His vectors, that were then used to transduce the cell

lines according to standard protocols. Transduced cells were selected using Puromycin.

Tumor xenograft experiment

KRIB osteosarcoma cells (ATCC) with parental and ectopic DKK1 expression (4 million

cells/100µl) were injected in the left upper back of nude mice (Charles River, 5 mice per

condition). Mice were sacrificed after 3.5 weeks before measurement of the tumor size

with a caliper. Tumor tissue was embedded in OCT, frozen on dry ice, and conserved at -

80° C.

Expression analysis of candidate genes in the RT2 tumor model

Tissue from 12 – 17 week old mice was isolated, immediately snap frozen and RNA was

extracted using the RNA kit according to the manufacturer’s protocol (NucleoSpin Extract

II, Machery-Nagel, France). RNA was reverse transcribed and qRT-PCR was performed

using SYBR green or Taqman reaction mixtures. Primer sequences are available (see

Suppl. Table 5). Data were normalized to the average of three reference genes RPL9,

TBP and GAPDH. Relative expression between RT2 and RT2/TNC samples was calculated

based on the mean $$Ct-values.
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Analysis of the vessel morphology

For preparation of vascular casts, a Mercox solution containing accelerator was perfused

before the pancreas was excised and further processed. Tissue samples were sputtered

with gold and examined in a scanning electron microscope. For TEM the samples were

fixed in a 2% PFA/2.5% glutaraldehyde solution before further processing in a 1% OsO4

solution, dehydration in ethanol and embedding in epoxy resin. Upon staining with lead

citrate and uranyl acetate, tissue sections were analysed.

CAM assay

Egg white (5 ml) was removed from chicken eggs at day 3 after fertilization before

incubation at 37°C in a humidified chamber. At day 8 Whatman paper (0.5 cm in

diameter, Whatman) soaked with 20 !l PDGF-BB (200 ng/ml, Sigma), purified human

TNC (2 !g/ml) in PBS/0.01% Tween-20 and PBST control was placed onto the CAM in a

region devoid of blood vessels. At day 11 the CAMs were removed from the embryo and

analysed for blood vessel density by light microscopy. The number of vessels in 20

squares of 1 mm x 1 mm were used to quantify vessel density around and on top (not

shown) of each sample. Results derived from 3 independent experiments.

Statistical analysis

Statistical analysis was done on original data using GraphPad Prism version 5.00. For

significance of an association (contingency) Fisher’s exact test or chi-square test was

applied (tumor staging, gene expression, metastasis incidence, GBM analysis). Statistical

differences of events were analysed by unpaired t-test (Gaussian distribution) or

nonparametric Mann-Whitney test (no Gaussian distribution). Gaussian data sets with

different variances were analysed by unpaired t-test with Welch’s correction. p-values <

0.05 were considered as statistically significant.
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Figure legends

Fig. 1 TNC promotes tumor proliferation and invasion

Expression of transgenic TNC in pancreatic islets (encircled) of a RipTNC pancreas and in

RT2/TNC tumors (A) was determined by immunohistological staining of tissue sections

with a human TNC specific antibody. (B, C) All macroscopical visible tumors from 12

week old mice and the tumor volume was determined with the formula V=4/3 # (d/2)3,

(d=diameter in mm). RT2 (N = 33 mice, n = 156 tumors), RT2/TNC (N = 26; n = 117),

not significant. (D) Proliferating cells in islets of 12 week old RT2 and RT2/TNC mice

were identified with a phospho histone H3 (P-H3) specific antibody and quantified as

event per mm2 using the Image J program. RT2 (N = 13, n = 199 sections), RT2/TNC (N

= 13, n = 176). p < 0.0001, Mann Whitney test. (E) The number of adenomas (Ad) and

carcinomas (Ca) per mouse was determined in microscopic tumor sections of RT2 and

RT2/TNC mice. RT2 (N = 22, n = 120 tumors), RT2/TNC (N = 24, n = 157). SEM, p =

0.001, unpaired t-test. Scale bar, 100 µm (upper panels), 500 µm (lower panels).

Fig. 2  Overexpressed TNC promotes tumor angiogenesis

(A) Staining and quantification of CD31 in tumors of 10 (B) and 12 (C) week old RT2

and RT2/TNC mice. Relative expression was determined as event per mm2. Number of

samples; (B) 10 weeks, RT2 (N = 5 mice, n = 13 tumors), RT2/TNC (N = 7, n = 19);

1.92-fold, SEM, p = 0.0006, unpaired t-test; (C) 12 weeks, RT2 (N = 6, n = 34, 203

data points) and RT2/TNC (N = 4, n = 17, 106 data points), 2.27-fold, SEM, p < 0.0001,

Mann Whitney test. Scale bar 100 !m. (D) Reproduction of the vasculature in tumors of

12 week old RT2 and RT2/TNC mice in corrosion casts upon Mercox perfusion. (E) Blood

vessel quantification in the CAM assay. Number of samples, PBS-Tween (PBST) = 12,

PDGF = 10 and TNC = 9, 1.85 – fold (TNC over PBST), SD, p = 0.001, unpaired t-test.

Fig. 3 TNC enhances lung micrometastasis

(A, B) Relative expression of insulin in lung tissue of RT2, RT2/TNC, RT2/TNC-/- and

RT2/TNC+/- tumor mice was determined by qRT-PCR. (C) Immunofluorescent anti-
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insulin and H & E staining of lung tissue from a RT2/TNC mouse. Number of samples;

(A) 14 weeks, RT2 (N = 26), RT2/TNC (N = 24), 6.5 – fold, p = 0.0229, unpaired t-test,

(B) 16 – 17 weeks, RT2/TNC-/- (N = 13), RT2/TNC+/- (N = 13), 10.2 –fold, p = 0.0283

Mann Whitney test. Scale bar 50 µm.

Fig. 4 Nuclear localization of !-catenin in RT2/TNC tumors

Expression analysis of !-catenin was done by immunohistochemistry and

immunofluorescence in tumors of 14 week old RT2 (N = 5) and RT2/TNC (N = 8) mice.

Pictures display tumor cells with nuclear !-catenin inside the tumor (A), at the invading

front (B) and at the tumor rim (C, inlet: confocal picture). White asterisks (B, C), cells

with nuclear !-catenin. Scale bars, 100 µm (B inlet), 200 µm  (B – C), 10 µm  (C, inlet).

Boxes represent areas of higher magnification.

Fig. 5 TNC impact on Wnt signalling and DKK1 expression in RT2 tumors

(A) Wnt target gene and (B-D) DKK1 expression was determined by qRT-PCR on RNA

from tumors of 14-17 week old mice. (B) The number of tumors per genotype that

lacked any DKK1 RNA is displayed as % of all analysed tumors, p = 0.0031, Fisher`s

exact test. (C) DKK1 levels in RT2/TNC and control tumors of 14 week old mice with

detectable expression, p = 0.0021, unpaired t-test with Welsh`s correction. (D) DKK1

expression in RT2/TNC-/- and RT2/TNC+/- tumors. p = 0.0230, Mann-Whitney test.

Number of samples, RT2 (N = 11 mice, n = 28 tumors) and RT2/TNC mice (N = 3, n =

14). See details in Suppl. Table 3.

Fig. 6 Impact of TNC on DKK1 expression and Wnt signalling in cultured tumor

cells

Different tumor cells were plated on a FN or FN/TNC substratum for the indicated time

points, before extraction of RNA and subsequent qRT-PCR (A, C, D), or protein lysis and

immunoblotting for DKK1 (T98G cells) (B, F). Gene expression levels in the presence of

TNC are displayed in comparison to the absence of TNC (T98G). Note that a TNC
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substratum strongly reduced DKK1 expression in multiple tumor cell lines after 24 hours

(KRIB, MDA-MB435 (MDA), MCF7, Caco2 and T98G) (C) and over a period of 5 hours up

to 12 days (T98G) (A). This correlated with induction of Wnt target genes in T98G (D)

and KRIB cells (Suppl. Table 4). Unpaired t-test % p < 0.05, %% p < 0.01, %%% p < 0.001.

(E) DKK1 promoter inhibition by TNC. T98G cells were transfected with a DKK1-

promoter/luciferase (or empty pGL3 control) plasmid together with TK-Renilla before

plating on FN or FN/TNC (triplicates) and subsequent determination of luciferase activity

which is presented upon normalization to Renilla. p < 0.01. Paired t-test. (F) Ectopically

expressed murine DKK1 is detected by immunoblotting for murine DKK1 and the His-tag.

In contrast to indistinguishable levels of endogenous DKK1 a high expression of ectopic

murine DKK1 is noted in T98G:DKK1 cells. (G) Id2 expression in parental and

T98G:DKK1 cells on FN and FN/TNC was determined by qRT-PCR. SD, p< 0.05, unpaired

t-test.

Fig. 7 Consequences of DKK1 overexpression in KRIB cells in vitro and in vivo

(A – C), Consequences of DKK1 overexpression in cultured KRIB cells. (A) Western blot

of KRIB cells overexpressing DKK1. (B) Proliferation of KRIB:DKK1 and parental cells

was determined after the indicated time points by using the MTS assay. (C) Cell

migration of KRIB:DKK1 and parental cells was determined in a wound healing assay.

The scratched area covered by cells at day 13 (t = 3) is represented in comparison to

that at day 0 (t = 0) (%). Experiment was done in triplicates, SD, p< 0.0001, student`s

t-test. (D – G) Consequences of DKK1 overexpression in KRIB cells upon xenografting in

nude mice. (D) Determination of tumor volume, 39 – fold, p = 0.0079, Mann Whitney

test. (E) Macroscopical appearance of tumors. (F) Quantification of the CD31 signal

(area in mm2 / tumor) in parental and KRIB:DKK1 tumors. 7.5 – fold, SEM, p = 0.0079,

Mann Whitney test. (G) Immunostaining of representative slides from KRIB:DKK1 and

parental KRIB derived tumors for the indicated molecules. d, days. Scale bar represents

100 µm.
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Fig. 8 Correlated expression of TNC, DKK1 and Wnt target genes in a subgroup

of GBM tumors

Relative expression of the indicated gene products was determined in 68 GBM (WHO IV)

on a tissue microarray (Murat et al., 2008) using immunohistochemistry. Low DKK1

expression was significantly correlated with high cyclin D1 expression (Fisher`s exact

test p < 0.05).

Fig. 9 Proposed model of TNC effect on Wnt signalling and subsequent tumor

invasion, tumor angiogenesis and metastasis formation

(A) Adhesion of tumor cells to a TNC substratum blocks expression of the soluble Wnt

inhibitor DKK1 by promoter inhibition which subsequently leads to stabilization and

nuclear translocation of !-catenin and induction of Wnt target genes with an appropriate

Wnt receptor/ligand setting. (B) Repression of DKK1 by TNC in tumor cells does not only

have an autocrine effect on tumor cells such as promoting their invasion, but also may

de-repress and promote Wnt signalling in stromal cells in a paracrine manner thus

promoting tumor angiogenesis. This possibility is supported by DKK1 overexpressing

tumor cells forming poorly vascularised tumors.
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Supplemental Material and Methods

Construction of the TNC expression plasmid, generation of transgenic RipTNC mice and

genotyping

The 7.5 kbp sequence of human TNC (accession number X78565.1) harboring a

polyadenylation signal was removed from the HxBL.pBS plasmid (Aukhil et al., 1993;

Gherzi et al., 1995) by restriction enzyme cleavage with NotI and KpnI and transferred

into the intermediate pcDNA3.1/Hygro(-) vector (InVitrogen, Carlsbad, CA, USA). The

resulting plasmid was cleaved with XbaI and HindIII before ligation behind the rat insulin

II promoter into the corresponding cleavage sites of the 4.5 kb Rip1 vector containing an

intron sequence (Hanahan, 1985). Successful cloning was confirmed by restriction

enzyme cleavage and, by partial sequencing of 1000 bp around the start and the stop

codon, respectively. Expression and secretion of the transgene product was determined

upon 48h transient transfection of the expression plasmid into the established RT2 !-

tumor cell line !T2 by immunofluorescence for human TNC with the B28.13 antibody

(Wagner et al., 2003) in the absence of detergent for detection of secreted TNC.

Secretion of human TNC was also determined by sandwich ELISA on conditioned medium

from !T2 cells 48h after transfection using the B28.13 antibody for capturing and the

TNC1.2. antibody (see below) for detection of bound human TNC (not shown). The

RipTNC expression vector was used for injection into the pronucleus of  fertilized oocytes

upon linearization with SalI according to standard procedures (Labosky et al., 1994),

giving rise to transgenic mice with stable transmission and expression of the transgene.

Transgenic mice were identified by PCR with primers revP1 hTNC: 5`-GAA AGA CAC CTG

CCA ACA GC-3` and RipES/VD: 5`-TAA TGG GAC AAA CAG CAA AG-3). For generation of

double-transgenic RT2/TNC mice, single-transgenic RipTNC mice were crossed with RT2

mice (Hanahan, 1985).

Generation of RT2/TNCKO tumor model

RT2/TNCKO mice were generated by breeding of established transgenic Rip1Tag2

(Hanahan, 1985), TNCKO (Forsberg et al., 1996), respectively that had been crossed
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into a C57Bl6 background. The respective genotype was determined by PCR with the

following primers; RT2: Tag1 5`-GGACAAACCACAACTAGAATGCAG-3`, Tag2 5`-

CAGAGCAGAATTGTGGAGTGG-3`; TNCKO: TNCup 5`-CTGCCAGGCATCTTTCTAGC-3`,

TNCdown 5`-TTCTGCAGGTTGGAGGCAAC-3`, TNCNeoPA 5`-CTGCTCTTTACTGAAGGCTC-

3`. Tumors in RT2/TNCKO and RT2/TNC+/- mice were investigated in a mixed C57Bl6

background containing 50-75% of 129/Sv. In this background tumorigenesis was

delayed and mice were sacrificed at 15-17 weeks of age.

Generation of rabbit anti-TNC antibodies

Recombinantly expressed his-tagged human TNC was purified as described (Lange et al.,

2007) and was used for injection into 2 rabbits, which gave rise to antisera TNC1.2 and

TNC2.2 recognizing human and murine TNC by western blotting, IF and IHC.

Histological analysis and confocal microscopy

Pancreata from transgenic and control mice were isolated and fixed in 4%

paraformaldehyde (PFA) overnight, fixed for 2h in 4%  PFA and 20% sucrose overnight,

and embedded in paraffin or Tissue Tek O.C.T. (Sakura Finetek Europe B.V.,

Zoeterwoude, Netherlands). Freshly isolated tissue was embedded in Tissue Tek O.C.T.,

frozen on dry ice or was snap frozen in liquid nitrogen. Histological analysis was done on

H&E-stained paraffin sections. Immunostaining was done on paraffin sections (5 !m) or

on cryosections (7 and 30 !m) as described (Compagni et al., 2000). The following

antibodies were used: rabbit against TNC (TNC1.2, 1:200), phospho-histone-H3 (1:200,

Upstate), cleaved caspase 3 (Cell Signalling), !-catenin (1:200, BD Transduction

Laboratories), E-cadherin (1:200, BD Transduction Laboratories), KI67 (1:200, Thermo

Scientific (RM-9106)), rat antibodies against murine TNC (MTn12, 1:100, (Aufderheide

and Ekblom, 1988), CD31 (1:50, BD Pharmingen), the guineapig antibody against insulin

(1:200, DakoCytomation) and mouse antibody B28.13 (1:50, Wagner et al., 2003).

Nuclei were stained with 4`,6-diamino-2-phenylindole (DAPI).
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The tumor diameter in 10 and 12 week old mice was measured on pictures of DAPI-

stained tissue. Intra-tumoral microvessel density was analysed by quantifying CD31-

positive signals per constant field using the Image J software (National Institute of

Mental Health, Bethesda, MD). Students t-test was performed by using the Graph Pad

Prism 4 Demo software. Histologic staging and grading of tumors was done on H&E

sections. All sections were analysed with either an Axioskop2 plus light microscope using

Axiovision 3.1 Software (Zeiss) or a Nikon Diaphot 300 immunofluorescence microscope

(Nikon) using the Openlab 3.1.7. software (Improvision). Pancreatic islets were classified

according to their size in diameter: normal islets (less than 0.2 mm),

hyperplastic/dysplastic islets (0.2 – 0.5 mm), angiogenic islets (more than 0.5 up to 1.0

mm) and tumorigenic islets (more than 1.0 mm). Pancreatic islets were categorized

according to size and morphology as normal/hyperplastic, including normal as well as

enlarged islets; as angiogenic/tumorigenic (more than 0.5 mm), as adenoma (more than

1 mm), with well differentiated tumor cells, encapsulation, no invasive tumor edges;

carcinoma grade 1, well differentiated and homogenous appearance of tumor cells,

tumor capsule partially absent, one invasive tumor edge; carcinoma grade 2, partially

dedifferentiated and heterogenous appearance of tumor cells, tumor capsule largely

absent, more than one invasive tumor edge, carcinoma grade 3 or anaplastic tumor,

complete loss of tumor cell differentiation, very heterogenous tumor appearance. For

proliferation analysis tissue sections were stained with DAPI, insulin, and anti-PH3

antibody. Phospho-histone-H3 positive nuclei were counted in defined fields upon

costaining with DAPI and insulin.

Immunohistochemical investigations of a panel of primary GBM was performed on a

tissue micro array (Murat et al., 2008) according to standard procedures for paraffin

sections using a heat induced epitope retrieval technique in citrate buffer (pH 6.0;

pressure cooker, 3–5 min) and overnight incubation with the primary antibody. The

following antibodies were used, anti-TNC (monoclonal, B28.13; dilution 1:2500; anti-

DKK1 (IMGENEX ;1:500), Cyclin D1 (NeoMarker 1:500), and Id2 (Santa-Cruz;

1:10’000). The immunostainings were scored semiquantitatively. The tumors were
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ordered by similarity of the expression profiles (scores 0–3) using the SPIN software

(Tsafrir et al., 2005).

Expression analysis of candidate genes by qRT-PCR

Tissue from tumors, liver and lung of 12 – 17 week old mice was isolated and

immediately snap frozen in liquid nitrogen. Total RNA was extracted using

NucleoSpin RNA II kit (Macherey-Nagel, Düren, Germany) according to the

manufacturer’s protocol. Tissue from liver (1 !g), tumor or lung (2 !g) was treated with

DNase I (Invitrogen) and reverse transcribed using MultiScribe reverse transcriptase

(Applied Biosystems, Fostercity, CA, USA). cDNA was diluted with water to 100 !l (liver,

lung) or 200 !l (tumors). QRT-PCR was performed on a 7500 Real Time PCR System

(Applied Biosystems) using SYBR green (Applied Biosystems, Warrington, UK) or

Taqman reaction mixtures (Applied Biosystems, Fostercity, CA, USA). Primers were

found in the database (http://medgen.ugent.be/rtprimerdb/), designed using

appropriate tools (Primer3 or Roche software, Roche) or Applied Biosystems (Taqman

assay) and are listed in Suppl. Tables 5 and 6. Samples were analysed in 10 !l using

1 –5 !l (tumors) or 2.5 !l (liver, lung) cDNA. Data were normalized to a reference (sum

of RPL9, TBP and GAPDH (tumors), TBP (liver, lung) and !2MG (cells). Relative

expression between RT2 and RT2/TNC and, FN and FN/TNC samples was calculated

based on the mean ""ct-value.

Scanning electron microscopy and transmission electron microscopy

For preparation of vascular casts, the systemic vasculature was perfused with a freshly

prepared Mercox solution (Vilene Company, Japan) containing 0.1 ml of accelerator per

5 ml of resin. One hour after perfusion, the pancreas was excised and tissue was

removed in 7.5% potassium hydroxide for up to 3 weeks. After washing, the casts were

dehydrated in ethanol and dried in a vacuum desiccator. The samples were then

sputtered with gold to a thickness of 10 nm and examined in a Philips XL-30 SFEG

scanning electron microscope (SEM). Sections (80 - 90 nm) were prepared and mounted
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on copper grids coated with Formvar (polyvinyl formal; Fluka, Buchs, Switzerland). They

were stained with lead citrate and uranyl acetate prior to viewing in a Philips EM-400

electron microscope.



6

References to Supplemental Material

Aufderheide, E. and Ekblom, P. (1988) Tenascin during gut development: appearance in

the mesenchyme, shift in molecular forms, and dependence on epithelial-

mesenchymal interactions. J Cell Biol, 107, 2341-2349.

Aukhil, I., Joshi, P., Yan, Y. and Erickson, H.P. (1993) Cell- and heparin-binding domains

of the hexabrachion arm identified by tenascin expression proteins. J Biol Chem,

268, 2542-2553.

Compagni, A., Wilgenbus, P., Impagnatiello, M.A., Cotten, M. and Christofori, G. (2000)

Fibroblast growth factors are required for efficient tumor angiogenesis. Cancer

Res, 60, 7163-7169.

Forsberg, E., Hirsch, E., Frohlich, L., Meyer, M., Ekblom, P., Aszodi, A., Werner, S. and

Fassler, R. (1996) Skin wounds and severed nerves heal normally in mice lacking

tenascin-C. Proc Natl Acad Sci U S A, 93, 6594-6599.

Gherzi, R., Carnemolla, B., Siri, A., Ponassi, M., Balza, E. and Zardi, L. (1995) Human

tenascin gene. Structure of the 5'-region, identification, and characterization of

the transcription regulatory sequences. J Biol Chem, 270, 3429-3434.

Hanahan, D. (1985) Heritable formation of pancreatic beta-cell tumours in transgenic

mice expressing recombinant insulin/simian virus 40 oncogenes. Nature, 315,

115-122.

Labosky, P.A., Barlow, D.P. and Hogan, B.L. (1994) Embryonic germ cell lines and their

derivation from mouse primordial germ cells. Ciba Found Symp, 182, 157-168;

discussion 168-178.

Murat, A., Migliavacca, E., Gorlia, T., Lambiv, W.L., Shay, T., Hamou, M.F., de Tribolet,

N., Regli, L., Wick, W., Kouwenhoven, M.C., Hainfellner, J.A., Heppner, F.L.,

Dietrich, P.Y., Zimmer, Y., Cairncross, J.G., Janzer, R.C., Domany, E., Delorenzi,

M., Stupp, R. and Hegi, M.E. (2008) Stem cell-related "self-renewal" signature

and high epidermal growth factor receptor expression associated with resistance

to concomitant chemoradiotherapy in glioblastoma. J Clin Oncol, 26, 3015-3024.



7

Tsafrir, D., Tsafrir, I., Ein-Dor, L., Zuk, O., Notterman, D.A. and Domany, E. (2005)

Sorting points into neighborhoods (SPIN): data analysis and visualization by

ordering distance matrices. Bioinformatics, 21, 2301-2308.

Wagner, S., Hofstetter, W., Chiquet, M., Mainil-Varlet, P., Stauffer, E., Ganz, R. and

Siebenrock, K.A. (2003) Early osteoarthritic changes of human femoral head

cartilage subsequent to femoro-acetabular impingement. Osteoarthritis Cartilage,

11, 508-518.



8

Supplemental Figures

Suppl. Fig. 1  TNC expression vector

Cloning of the sequence encoding human TNC harboring a polyadenylation signal was

removed from the HxBL.pBS plasmid  by restriction enzyme cleavage with NotI and KpnI

and was transferred into the Rip1 vector by using the indicated restriction enzymes and

the pcDNA3.1 vector as intermediate. The inserted human cDNA sequence comprises 45

nucleotides upstream of the start site and 639 nucleotides downstream of the stop

signal.
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Suppl. Table 1   TNC-dependent pancreatic islet size in RT2 tumors

Genotype N (%) H (%) A (%) T (%) N, H (%) A,T (%) AT/NH

RT2 12.3 58.9 24.7 4.1 71.2 28.8 0.4

RT2/TNC 15.2 40.5 35.4 8.9 55.7 44.3 0.8

Analysis of pancreatic islets of RT2 (n = 5) and RT2/TNC (n = 7) mice at 10 weeks of

age. Islet diameter on tissue sections (average 12 tumors per mouse, total 73 RT2 and

79 RT2/TNC) was used for classification. Normal (N) (< 0.2 mm), hyperplastic (H) (0.2 -

0.5 mm), angiogenic (A) (> 0.5 - 1 mm) and tumorigenic (T) (> 1.0 mm). AT/NH, p =

0.06, Fisher`s exact test.
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Suppl. Table 2   Carcinoma progression by TNC

Genotype Adenoma (%) Carcinoma (%)
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

Analysis of numbers of adenomas and carcinomas grade 1 – 3 in 12 week old mice. The

distribution of adenomas and compiled carcinomas grade 1 – 3 between genotypes was

significantly different, p < 0.05, Fisher`s exact test.
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Suppl. Table 3   Analysis of Candidate Gene expression in RT2 Tumors

Candidate gene Tumor ""Ct

RT2/TNC

versus RT2

p value Relative

expression

CD44 All        -0.46 0.22 1.38
 Small        -0.54 0.19 1.45
 Small + Diff        -0.88 0.03 1.84

 Big 0.71 0.11          -1.64
 Big + Diff 0.71 0.11          -1.64
 Diff        -0.54 0.15 1.46

Cyclin D1 All        -0.77 0.13 1.70
 Small        -1.02 0.11 2.02
 Small + Diff        -1.30 0.03 2.46

 Big 0.13 0.86          -1.10
 Big + Diff 0.51 0.50          -1.43
 Diff        -0.91 0.07 1.88

Cyclin D2 All        -0.38 0.29 1.30
 Small        -0.50 0.14 1.42
 Small + Diff        -0.71 0.03 1.64

 Big 0.43 0.37          -1.35
 Big + Diff 0.67 0.21          -1.59
 Diff        -0.41 0.21 1.33

DKK1 All 1.71     <0.01          -3.23

 Small 1.61 0.02          -3.03

 Small Diff 1.36 0.02          -2.56

 Big 1.88 n.a.          -3.70
 Big Diff 0.74 n.a.          -1.67
 Diff Only 1.22 0.01          -2.33

  Diff n.a. n.a. n.a.

Slug All        -0.25 0.43 1.19
 Small        -0.72 0.04 1.64

 Small + Diff        -0.84 0.02 1.79

 Big 1.29 0.05          -2.44
 Big + Diff 1.00 0.19          -2.00
 Diff        -0.44 0.18 1.36

Relative gene expression of candidate genes (alphabetical order) in RT2/TNC tumors

versus RT2 tumors is based on ""Ct values that were determined by SYBR Green qRT-

PCR on RNA isolated from 14 week old RT2 (N = 11 mice, n = 28 tumors) and RT2/TNC

mice (N = 3, n = 14). Gene expression was normalized to the median value of three

genes, TBP, GAPDH and RPL-9 and was used to determine ""Ct. Data are presented for

all tumors (All), small tumors (Small, 1 – 3 mm in diameter, RT2 (n = 20), RT2/TNC (n

= 11), big tumors (Big > 3 mm, RT2 (n = 8), RT2/TNC (n = 3), differentiated tumors

(Diff., high expression of insulin and E-cadherin), RT2 (n = 23), RT2/TNC (n = 14), small

and differentiated tumors (Small diff.), RT2 (n = 18), RT2/TNC (n = 11) and big and
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differentiated tumors (Big diff.), RT2 (n = 5), RT2/TNC (n = 3). Statistical differences

were calculated for the ""Ct values using adequate Student’s t-test. Bold numbers

represent statistically significant data:  p values, cyclin D1 (p = 0.0336, t-test), cyclin

D2 (p = 0.0321, t-test with Welsh correction), CD44 (p = 0.031, t-test), Slug (p .0195,

t-test). n.a., not applicable due to too small sample number with detectable expression.

DKK1, Dickkopf 1, Id2, inhibitor of differentiation 2.
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Suppl. Table 4 TNC-dependent Gene Expression of Wnt Target Genes in

Cultured Tumor Cells

Cell line Time

(days)

Id2 Slug FN Sox4

T98G 1

2

7

1.9

2.5

3.5

1.3

1.2

2.1

1.8

6.9

3.0

1.5

0.9

2.0

KRIB 1 0.9 0.8 1.0 2.1

6 0.9 2.4 2.2 1.1

MDA MB435 1

6

0.6

0.6

0.7

0.7

0.3

0.4

1.0

1.3

Gene expression was determined by qRT-PCR on RNA isolated from the indicated cell

lines upon plating on FN or FN/TNC and is expressed as ratio FN/TNC versus FN (fold).

Experiments were done in triplicates per time point. Bold,  p value < 0.05.
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Suppl. Table 5  Primer List for qRT-PCR on tumor and lung tissue

Gene Forward primer Reverse primer

CD44 GTCTGCATCGCGGTCAATAG GGTCTCTGATGGTTCCTTGTTC

CyclinD1 CGCACTTTCTTTCCAGAGTCA AAGGGCTTCAATCTGTTCCTG

CyclinD2 CACCGACAACTCTGTGAAGC TCCACTTCAGCTTACCCAACA

DKK1 Taqman mDKK1 Mm00438422_m1

DKK1 CCGGGAACTACTGCAAAAAT CCAAGGTTTTCAATGATGCTT

E-Cadherin CAGCCTTCTTTTCGGAAGACT GGTAGACAGCTCCCTATGACTG

Insulin TGGCTTCTTCTACACACCCAAG ACAATGCCACGCTTCTGCC

Insulin Taqman mIns1 Mm01259683_g1

Slug GAAAAGCACATTGCATCTTTTCT TGTTCCTTTGGTTGAAATGGT

TNC mouse GCGCAGACACACACCCTAGC TTTCCAGGTCGGGAAAAGCA

TNC human CCTTGCTGTAGAGGTCGTCA CCAACCTCAGACACGGCTA

RPL9 ACCCTGGCCCGACGG TACCCTTCCTCTTCCCTATGCC

TBP CCCCACAACTCTTCCATTCT GCAGGAGTGATAGGGGTCAT

GAPDH Taqman Mm99999915_g1
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Suppl. Table 6  Primer List for qRT-PCR on cultured cells

Gene Forward primer Reverse primer

DKK-1 GACCATTGACAACTACCAGCCG TACTCATCAGTGCCGCACTCCT

Id2 TCAGCCTGCATCACCAGAGA CTGCAAGGACAGGATGCTGATA

Slug ATGAGGAATCTGGCTGCTGT CAGGAGAAAATGCCTTTGGA

Fibronectin CCCATCAGCAGGAACACCTT GGCTCACTGCAAAGACTTTGA A

Sox4 CAGCAAGAGAAACTGTGTGTGA AAGAGCGTGCAAGAACTAGAGA

!2-Microglobulin GTGGGATCGAGACATGTAAGCA AATGCGGCATCTTCAAACCT
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ABSTRACT  In addition to soluble factors, the extracellular matrix (ECM) also plays a vital role 

in normal vasculogenesis and in the pathological angiogenesis of many disease states. Here we 

will review what is known about the role of the ECM molecules fibronectin and tenascin-C in the 

vasculature and highlight a potential collaborative interplay between these molecules in develop-

mental and tumorigenic angiogenesis. We will address the evolution of these modular proteins, 

their cellular interactions and how they become assembled into an insoluble matrix that impacts 

the assembly of other ECM proteins and the bioavailability of pro-angiogenic factors. The role of 

fibronectin and tenascin-C networks in tumor angiogenesis and metastasis will be described. We 

will elaborate on lessons learned about their role in vessel function from the functional ablation 

or the ectopic expression of both molecules. We will also elaborate on potential mechanisms of 

how fibronectin and tenascin-C affect cell adhesion and signaling that are relevant to angiogenesis.

KEY WORDS: tumor angiogenesis, matrix assembly, ibronectin, tenascin-C

Introduction

Cells and extracellular matrix (ECM) form tissues, and collections 

of tissues form organs. In the organism different organs act together 

through blood and lymphatic vessels. Solid tumors resemble organs 

that are structurally and functionally abnormal. They contain multiple 

cell types and ECM components and develop through complex 

interactions between these different components using processes 

that often resemble those used by developing organs (reviewed 

in Egeblad et al., 2010). It is long known that tumors need to turn 

on angiogenesis in order to grow more than a few millimeters in 

diameter. Tumors have developed several strategies to trigger the 

so called “angiogenic switch” in order to develop a connection to 

the hemapoietic and lymphatic vasculature which is believed to 

be essential for nourishment and oxygenation. Connections to the 

vasculature also present pathways for motile cancer cells to travel 

to distant organs to seed metastasis. 

In the initial concept of sprouting angiogenesis, largely supported 

by angiogenesis observed in tumor xenograft experiments, tumors 

secrete factors that stimulate the process of the outgrowth of new 
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blood vessels from preexisting vessels (Risau, 1997). The devel-

opment of new vasculature by angiogenesis occurs in two stages. 

First, a dense, immature, evenly spaced network of new vessels 

develops by recursive sprouting and fusion of sprouts. Second, 

the network is remodeled into a hierarchically spaced network by 

adaptive pruning events and blood low. How vessel branching is 
regulated at the molecular level is a matter of debate. Whether 

the tip cell represents the default state or is actively induced is not 

clear. At least it is known that VEGFR2, Wnt and notch signaling 
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are involved in tip cell organization (Bentley et al., 2008). Apart 

from sprouting angiogenesis, there are several other mechanisms 

of tumor vascularization, including intussusceptive angiogenesis, 

vessel co-option, and recruitment of endothelial progenitor cells. 

In addition, lymphangiogenesis and vasculogenic mimicry are 

involved in the formation of the tumor microcirculation (Dome et 

al., 2007; Hillen and Grifioen, 2007; Kucera et al., 2009). 

Much emphasis has been placed on the role of angiogenic 

cytokines such as vascular endothelial growth factor (VEGF) in 

endothelial cell biology. However, considerable evidence indicates 
that the matrix is equally important in vessel homeostasis and 

remodeling. Its role at the molecular level is still poorly under-

stood. ECM proteins provide instructive signals to cells during 

development, homeostasis and in disease states. The ECM can 

regulate cell and tissue behavior by serving as a structural net-

work as well as initiating biochemical signaling cascades in cells 

through interactions with a number of specialized transmembrane 

ECM receptors such as integrins (reviewed in Erler and Weaver, 

2009). Emerging evidence indicates that distinct ECM molecules 

act in concert to elicit their biological effects. Thus, deciphering 

the coordinated action of ECM proteins is key to understanding 

how the ECM network can support normal vascular function and 

inluence the tumor microenvironment to promote angiogenesis. 
Fibronectin is a large multi-domain ECM glycoprotein with a 

fundamental role in blood vessel morphogenesis during embry-

onic development and pathological angiogenesis. Since the irst 
investigation of ibronectin distribution by Linder and collaborators 
in chick embryos (Linder et al., 1975), countless studies have 

documented its elevated expression at sites of tissue remodel-

ing, organogenesis and in numerous disease states. Whereas 

ibronectin is strongly expressed around developing blood vessels 
during embryogenesis (Peters and Hynes, 1996), its expression 
is barely detectable in the normal adult vasculature (ffrench-

Constant and Hynes, 1989; Peters et al., 1996). Re-expression 
of ibronectin occurs during pathological angiogenesis in vari-
ous diseases such as cancer, late stage artherosclerosis and 

in blinding ocular conditions (Astrof and Hynes, 2009; Neri and 
Bicknell, 2005; Pedretti et al., 2009, 2010; Roy et al., 1996, and 
references therein). 

Fibronectin is commonly classiied into two forms, plasma i-

bronectin (p-ibronectin), a soluble form produced by hepatocytes 
that circulates in blood at high concentrations, and cellular ibro-

nectin (c-ibronectin) produced in tissues where it is incorporated 
in a ibilllar matrix. c-Fibronectin differs from p-ibronectin by the 
presence of additional domains, including the highly conserved 

ibronectin type III “extra” domains B (EDB) and/or A (EDA), that 
arise from alternative splicing of the pre-mRNA. (Fig. 1, ffrench-
Constant and Hynes, 1989; Peters et al., 1996; White et al., 2008, 

Fig. 1. Domain structure of fibronectin 

and tenascin-C and potential binding 

partners. (A) Fibronectin is a dimeric 

protein of 240-270KDa, composed of 2 

similar or identical monomers joined by a 

pair of disulfide bonds near the C terminus. 

Each monomer is organized into type I, 

type II and type III repeats (FN I-III). Extra 

Domains B (B) and A (A) correspond to type 

III repeats. Alternate splicing at a third site 

(V) gives rise to inserts of variable length 

(up to 5 in humans) that are nearly always 

included in c-fibronectin. Heparin-binding 

domains (Hep) I-III and binding domains 

for cellular receptors, ECM components, 

enzymes and growth factors are indicated. 

Multiple cellular binding sites for fibronec-

tin contribute to angiogenesis (reviewed 

in Avraamides et al., 2008; Hynes, 2007). 

Most notably, the tri-peptide motif Arg-Gly-

Asp (RGD) located in the 10th FN type III 

repeat (FN III-10) is the site of binding to 

a5b1 integrin, as well as av-based integrins 

(Leiss et al., 2008; Pankov and Yamada, 

2002) including avb3 and avb5, which are 

all currently targeted in anti-angiogenic 

strategies (Desgrosellier and Cheresh, 

2010). The asterisks correspond to sites of 

mutations FN1 identified in patients with 

glomerulopathy and fibronectin deposits 

(GFND) (Castelletti et al., 2008). Integrin 

a5b1 binding to the RGD motif in FN III-10 

requires the synergy region in the 9th FN 

type III repeat (Danen et al., 1995). (B) 
Tenascin-C is a modular molecule composed of an oligomerization domain, EGF-L and FN type III (constant and alternate) repeats, and a fibrinogen like 

domain (see Orend and Chiquet-Ehrismann, 2006). Binding sites for interacting molecules are indicated. CALEB, chicken acidic leucine-rich EGF like 

domain containing brain protein, EGFR, epidermal growth factor receptor, NaN, sodium channel subunit b 2, RPTPb, protein tyrosine phosphatase b, 

TLR4, toll like receptor 4.
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in enhancing tumor cell proliferation, promoting angiogenesis, 

invasion and metastasis (Orend and Chiquet-Ehrismann, 2006). 
Tenascin-C interacts with several ECM molecules and cell surface 

receptors, thus affecting tissue architecture, tissue resilience and 

cellular responses relevant in angiogenesis, metastasis and the 

stem cell niche (reviewed in Midwood and Orend, 2009). 

At present, little is known about the interdependence of 

tenascin-C and ibronectin, yet a functional complicity of these 
two ECM molecules is strongly supported by their overlapping 

expression, physical interaction and modulatory role in cell 

adhesion-dependent processes (reviewed in Midwood and Orend, 

2009). Here, we will address when both matrix molecules have 
evolved and how this may further our knowledge about their 

potential role in the vasculature of vertebrates in normal tissue 

homeostasis and in cancer. We will describe how the ablation of 

ibronectin and tenascin-C affects developmental and pathologi-
cal angiogenesis. Finally, we will summarize and discuss what 

is known about ibronectin and tenascin-C in angiogenesis, in 
pathologies including cancer. 

Evolutionary aspects of ibronectin and tenascin-C in 
the vasculature

The vasculature of vertebrates has a number of anatomical 

features that sets it apart from the vasculature of other members of 

the phylum Chordata. Notably, it is composed of a closed system 
of tubes lined by endothelial cells that are in turn invested by a 

basement membrane (Fig. 2). The urochordates (also known as 

tunicates or sea squirts), which are generally believed to be the 

closest relatives to the vertebrates (e.g., Putnam et al., 2008)), 

have what appear to be inside-out vessels, at least from a ver-

Fig. 2. Evolution of fibronectin and tenascin-C. (A) Integrins are found in single-celled holozoans 

and fungi, but extracellular matrix (ECM) first appeared in early metazoans. Tenascins (TN) and fibro-

nectin (FN) evolved much later in basal chordates. (B) The evolution of blood vessels in the Phylum 

Chordata. In cephalochordates (also known as lancelets or amphioxus) the circulatory system is open, 

and blood vessels are matrix tubes without endothelial cells (EC) or surrounding epithelial cells (EP). 

Cephalochordates have a tenascin gene, but not a fibronectin gene. In urochordates (also known as 

tunicates or sea squirts) the circulatory system is also open. Blood vessels are lined by extracellular 

matrix and surrounded by epithelial cells. Occasionally cells are encountered lining the lumen of the 

vessels, but it is not known if these are endothelial cells. The urochordate Ciona has a tenascin gene 

and a fibronectin-like gene that lacks key features of vertebrate fibronectin. In vertebrates the circula-

tory system is closed and lined by endothelial cells; all vertebrates examined have multiple tenascin 

genes and a highly conserved fibronectin gene. 

and references therein). Importantly for clinical applications, 

ibronectin splice variants containing the EDB and EDA domains, 
often referred to as oncofetal variants, are amongst the most 

speciic markers of angiogenic blood vessels to date (Kaspar 
et al., 2006). In addition to promoting adhesion and signaling 
through cell surface receptors, the ibronectin matrix functions 
as a ibrillar scaffold for the assembly of other matrix proteins. 
Itprovides a platform for angiogenic signaling by increasing the 

bioavailability of soluble angiogenic factors, and cooperating 

with their transmembrane receptors (Hynes, 2007; Hynes, 2009; 
Miyamoto et al., 1996; Mosher et al., 1980). 

Tenascin-C is another large modular ECM protein that exhibits 

a restricted and low expression in normal tissue. It is the founding 

member of the tenascin familiy with four members, tenascin-C, 

-R, -W and tenascin-X (reviewed in Chiquet-Ehrismann and Chi-

quet, 2003). All tenascins harbor several homologous domains 

that have been extensively described elsewhere (reviewed in 

Chiquet-Ehrismann and Chiquet, 2003; Orend, 2005; Orend and 

Chiquet-Ehrismann, 2006, Fig. 1). Tenascin-C can assemble into 
hexamers, it can be processed into monomers and it interacts 

with several cell surface receptors and other matrix molecules 

(reviewed in Midwood and Orend, 2009, Fig. 1). Its expression is 

elevated in embryonic tissues and in tissue of several cancers, 

and high tenascin-C expression has been found to correlate with 

lymph node metastasis and poor prognosis (reviewed in Midwood 

and Orend, 2009). Tenascin-C is one of the few genes within the 

signature of predictive value for lung metastatis in breast cancer 

patients (Minn et al., 2005). Moreover, a robust expression of 

tenascin-C is associated with resistance to tamoxifen therapy 

in patients with estrogen receptor positive breast cancer (Hel-
leman et al., 2008). Tenascin-C plays a yet poorly deined role 

BA
tebrate’s point of view: the lumen of the 

tunicate heart and major vessels is lined by 

the basement membrane of myoepithelial 

cells and not by an endothelium (Davidson, 

2007). Cells are occasionally encountered 

lining the lumen of urochordate vascu-

lature, and though these may represent 

endothelial-like cells, recent evidence 

suggests that in at least some colonial 

tunicates they are Piwi-positive stem cells 

(Rinkevich et al., 2010). In contrast to the 

closed system of vertebrates, the circula-

tory system of the tunicates is open, with 

the vessels leading from the heart empty-

ing into lacunae where the hemolymph can 

bathe the organs. The cephalochordates 

(also known as lancelets or amphioxus), 

which are most likely a more distantly 

related invertebrate chordate, also have 

an open vascular system lined by ECM, 

but it lacks the epithelial lining of tunicate 

vessels (Fig. 2). For example, the aorta 

of amphioxus forms from the basement 

membranes of the gut endoderm and the 

ECM of the surrounding mesenchyme 

(Kucera et al., 2009). This primitive acel-

lular matrix-tube vasculature is widely 

found in other invertebrates as well (Rupert 
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and Carle, 1983; reviewed by Kucera and Lammert, 2009), even 
though invertebrates are perfectly capable of making tubular or-

gans lined with epithelia like the trachea or salivary glands (e.g., 

see Castillejo-Lopez et al., 2004). Other anatomical features that 

are unique to the vertebrates include a lymphatic system and 

thymus (Bajoghli et al., 2009): no comparable systems are found 

in tunicates or amphioxus. 

On the cellular, physiological and molecular levels the vertebrate 

circulatory system also has a number of unique features. For 

example, an adaptive immune system appears to have evolved 

with jawed ish (e.g., see Bajoghli et al., 2009), and amphioxus 

and tunicates lack the complex coagulation systems of vertebrates 

(Doolittle, 2009). Amphioxus and tunicates have many blood 

cells that appear to share roles with leukocytes, but they do not 

have erythrocytes (Cima et al., 2001; Huang et al., 2007). The 

tunicate Ciona has both globin and hemocyanin-related genes, 

but it is unknown if one or both play roles in respiration (Ebner 

et al., 2003).

Many ECM genes have origins that coincide with the appear-

ance of basal metazoa, including collagens (Exposito et al., 2008), 

thrombospondins (Bentley and Adams, 2010) and syndecans 

(Chakravarti and Adams, 2006). Wnt and key players that make 
up the Wnt signaling pathways are present in sponges but not 

choanolagellates, suggesting that they also evolved with the irst 
metazoans (Richards and Degnan, 2009). Even more ancient 

are the integrins and molecules involved in integrin signaling 

like paxilin, talin and Integrin-linked Kinase (ILK) (Sebe-Pedros 

et al., 2010), some of which are in single-celled holozoans as 

well as fungi. In contrast, tenascins and ibronectin are encoded 
by relatively new genes, having evolved early in the chordate 

lineage. Of the two, tenascins appear to have evolved irst, as the 
amphioxus Branchiostoma has a gene that encodes a tenascin 

that closely resembles vertebrate tenascins, but it lacks a ibro-

nectin gene (Tucker and Chiquet-Ehrismann, 2009). Nothing is 
known about the expression of the amphioxus tenascin, but it is 

remarkable for having multiple (at least 7) copies of RGD motifs 

predicted to be exposed to integrin binding. It is interesting to 

speculate that at least some of the functions of ibronectin in ver-
tebrates may be carried out in amphioxus by this RGD-rich form 

of tenascin. In contrast, the tunicate Ciona has a tenascin gene 

and a ibronectin-like gene, but the predicted protein encoded by 
the latter has distinctive features (e.g., it lacks an RGD motif and 

domains that correspond to EDA and EDB domains) that leads 

one to suggest that it may play different roles than its highly con-

served vertebrate counterpart (Tucker and Chiquet-Ehrismann, 

2009). Interestingly, the Ciona tenascin gene is expressed in 

the notochord and muscle cells, and is not associated with the 

developing heart (Kawashima et al., 2009; Tucker et al., 2006). 
What can we learn from the evolution of ECM about the ori-

gins of the distinctive anatomical and molecular features of the 

circulatory system in vertebrates? Only in vertebrates do we see 

a closed circulatory system with proper endothelial cells, and 

during vertebrate development cells lining blood vessels, which 

are likely to be endothelial cells, express both tenascin (Tucker, 

1993) and ibronectin (Astrof and Hynes, 2009; ffrench-Constant 
and Hynes, 1989). As we will see below, both tenascin-C and 
ibronectin are critical for normal vascularization, so the appear-
ance of these interrelated matrix molecules may have played 

a role in the evolution of this distinctive feature of vertebrates.

Fibronectin and tenascin-C in loss of function models 

Effect of a loss of ibronectin and its receptors on the vas-
culature

Genetic evidence points to a major role for ibronectin and its 
receptors in vascular development. Ablation of the ibronectin gene 
leads to embryonic lethality at embryonic day 9.5 (E9.5) with se-

vere cardiovascular defects and aberrant somitogenesis (George 

et al., 1993). Interestingly, the severity of the defects was found 

to vary as a function of the genetic background of the ibronectin-
null mice (George et al., 1997). A search for gene modiiers of the 
heart defects led to the identiication of potential candidates on 
chromosome 4, proposed to affect a migratory process involved 

in coalescence of the two heart primordia into a single heart tube 

(Astrof et al., 2007b). The gene encoding tenascin-C is also located 

on chromosome 4, at a distinct locus. It is intriguing to speculate that 

tenascin-C could participate in genetic interactions that determine 

the severity of the phenotype. Integrin a5-null mice lacking the main 

ibronectin receptor, a5b1, die at E10.5 with a phenotype similar 

to ibronectin-null mice (Francis et al., 2002; Yang et al., 1993). A 

comparable phenotype was observed in mice with an inactivating 

mutation of the a5b1-binding motif of ibronectin (RGD to RGE) 
(Takahashi et al., 2007), attesting to the functional importance of 

this ligand-receptor pair for vascular morphogenesis. Concerning 

the role of other ibronectin-binding integrins in vascular develop-

ment and angiogenesis (reviewed in Hynes, 2007)), avb3 and 

avb5 integrins that bind to the RGD sequence in the cell-binding 

domain of ibronectin have received the most attention. Studies 
of integrin antagonists indicate that av integrins promote angio-

genesis, while genetic deletion studies indicate that av integrins 

are not required for angiogenesis. Although their exact function in 

angiogenesis has been subject to much debate (see (Astrof and 

Hynes, 2009; Desgrosellier and Cheresh, 2010; Hodivala-Dilke, 
2008), av-targeting agents are currently being developed or used 

in the clinic for cancer therapeutics. 

Genetic ablation of the ibronectin gene deletes all ibronectin 
variants (up to 20 in humans). What about the role of the alter-

nately spliced isoforms, and their cellular receptors? Selective 

ablation of EDB and EDA domains suggests that these domains 

confer essential functions to ibronectin, as evidenced by the early 
embryonic death of mice lacking both exons (Astrof et al., 2007a). 

However, the precise roles of these domains and the molecular 
events involved have yet to be fully understood, as compensatory 

mechanisms can rescue mice with single knock outs of either the 

EDB or EDA variant (recently reviewed in Astrof and Hynes, 2009; 
White et al., 2008). The EDB domain has been proposed to gener-

ate a conformational modiication of ibronectin and improve the 
access to nearby integrin binding domains (see Balza et al., 2009; 

Bencharit et al., 2007; Carnemolla et al., 1992; Hashimoto-Uoshima 

et al., 1997; Ventura et al., 2010). This function is consistent with 

results from isoform-selective knockdown studies in endothelial 

cells (Cseh et al., 2010).

Whereas no EDB-speciic cellular receptor has been identiied 
to date, inclusion of the EDA repeat in c-ibronectin creates new 
binding sites for a4b1, a4b7 and a9b1 integrins (Kohan et al., 

2010; Liao et al., 2002) (Fig. 1). a4b1 and a9b1 are structurally 

similar integrins that can bind to several ECM proteins; in the case 

of a9b1 this includes tenascin-C (Humphries et al., 2006; Yokosaki 
et al., 1998). Genetic and pharmacological studies in mice reveal a 
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role for these integrins in the lymphatic vasculature. Hence, a9b1 

null mice die between 8-12 days after birth from major defects in 

development of the lymphatic system (Huang et al., 2000). More 

recently, it was shown that the interaction between integrin a9 and 

ibronectin containing the EDA domain is required for ibronectin 
matrix assembly during lymphatic valve morphogenesis (Bazigou 

et al., 2009). Integrin a4 knock out mice die at E11.5 with cardiac 

malformations and placental defects. Interestingly, targeted dele-

tion of a4 in lymphatic vessels or pharmacological inhibition of 

a4b1 was found to suppress growth factor- and tumor-induced 

lymphangiogenesis and prevent metastatic spread in vivo. In this 

same study, a4b1 and c-ibronectin were identiied as markers of 
proliferative lymphatic endothelium in invasive tumors (Garmy-

Susini et al., 2010). In addition to the EDA domain, sequences in 

the variable (V) region (Fig. 1) can also bind to a4b1 integrin and 

thus contribute to the observed effects. Collectively, these indings 
shed light on the role of c-ibronectin variants as fundamental 
regulators of both blood and lymphatic vessels. 

In humans, mutations in the ibronectin gene were identiied in 
patients with glomerulopathy with ibronectin deposits (GFND), 
an autosomal dominant disease characterized by proteinuria, 

microscopic hematuria, hypertension, and massive glomerular 

deposits of non-ibrillar ibronectin in the mesangium and subendo-

thelial space that lead to end-stage renal failure (Castelletti et al., 

2008). These mutations affect the heparin binding domains Hep-II 
and Hep-III. Functional studies showed that mutant recombinant 
Hep-II fragments display lower binding to endothelial cells and 
podocytes, compared to wild-type Hep-II, and an impaired ability 
to induce endothelial cell spreading and cytoskeletal reorganiza-

tion. Hep-II and -III domains participate in ibronectin assembly in 
ECM, through complex ibronectin-ibronectin and ibronectin-cell 
surface proteoglycan interactions (Singh et al., 2010). Interestingly, 

heparin-binding domains of ibronectin are sites of tenascin-C 
binding and have been shown to mediate functional interactions 

between ibronectin and tenascin-C that involve cell surface pro-

teoglycans of the syndecan family, as discussed below.

Effect of tenascin-C knock out on the vasculature
Tenascin-C knock out mouse was generated in two different 

laboratories (Forsberg et al., 1996; Saga et al., 1992). In both 

studies the signal peptide and the heptad repeat sequences were 

disrupted. Saga and colleagues inserted a lacZ-neo construct just 

in front of the translational initiation codon in exon 2 of the tenascin-

C gene, deleting parts of the exon 2 and intron 2 and keeping the 

regulatory unit of the tenascin-C gene for lacZ expression (Saga 

et al., 1992). Since expression of a truncated tenascin-C in these 

mice was detected (Mitrovic and Schachner, 1995), a second 

independent tenascin-C knock out mouse was generated where 

a neomycin resistance cassette was inserted into exon 2 leading 

to two aberrant splice products of tenascin-C in homozygous mice 

inducing a frameshift and translation stop after 99 and 18 nucleotides 

(Forsberg et al., 1996). It is now clear that tenascin-C expression 
is lost in most tissues. Surprisingly, in both cases tenascin-C knock 

out mice were alive and fertile and exhibited an apparently normal 

development. The apparently normal development and tissue 

organization of these mice has been attributed to compensation 

mechanisms (reviewed in Orend and Chiquet-Ehrismann, 2006). 
It was noticed that in the subventricular zone of the brain oligoden-

drocyte precursor cells respond differently to growth factors and 

proliferate less, but this appears to be compensated by a reduced 

apoptosis rate later on. Thus the number of oligodendrocytes ends 

up being similar in the tenascin-C knock out and wildtype mouse 

(Garcion et al., 2001). Later studies showed that the absence of 
tenascin-C imposes problems for tissue homeostasis which is 

particularly evident during wound- or inlammation-associated 
tissue repair (reviewed in Orend and Chiquet-Ehrismann, 2006). 
Meanwhile tenascin-C knock out mice present valuable tools for 

addressing the roles of tenascin-C in development, angiogenesis, 

inlammation, heart failure and tumorigenesis. 
By using a cardiac allograft model it was shown that tenascin-

C is a mediator of postnatal cardiac angiogenic mechanisms in 

mice (Ballard et al., 2006). Upon subdermal transplantation of 
wild-type cardiac tissue into a syngenic host, a ibrin clot forms 
around the allograft and both the clot and cardiac tissue become 

vascularized, resulting in engraftment of viable cardiac tissue. Clot 

formation is unaffected in tenascin-C-null mice; however, these 

mice fail to form any vessels and no engraftment of cardiac tissue 

is observed. In wildtype mice the donor endothelial cells engrafted 

at sites of tenascin-C expression, suggesting that tenascin-C acts 

to promote homing and incorporation of endothelial or progenitor 

cells. Indeed, cultured rat cardiac microvascular endothelial cells 

adhere to tenascin-C substrata, but spreading and monolayer 

formation are delayed compared to cells plated on ibronectin or 
collagen. Futhermore, migration of these cells into a collagen gel 

is enhanced when cultured on tenascin-C (Ballard et al., 2006). 
These data support a role for tenascin-C in the early stages of 

angiogenesis by modulating endothelial cell adhesiveness, and 

thus promoting migration. 

Tenascin-C also seems to play a role in vascularization asso-

ciated with lung development. The tenascin-C knock out mouse 

does not show apparent defects in lung anatomy and function, 

presumably due to unknown compensatory mechanisms. This 

compensation seems not to apply when the embryonic lung is 

placed in culture since the lung explants from tenascin-C knock 

out embryos display reduced branching (defective cleft formation 

and enlarged terminal lung buds) and decreased vascularization 

(Roth-Kleiner et al., 2004). Results from another report indicate 

that lung vascularization and branching morphogenesis are de-

pendent on Wnt and ibronectin signaling. Wnt signaling is turned 
on between E10.5 and E12.5 in the developing lung. Later (E13.5) 
Wnt signaling is largely reduced by Dickkopf (DKK) 1–3, and 
this coincides with induction of the Wnt target gene, ibronectin. 
Moreover DKK1 and ibronectin are instrumental in promoting lung 
branching morphogenesis and angiogensis, since recombinant 

DKK1 and anti-ibronectin antibody both block cleft formation and 
angiogenesis. DKK1 treatment causes thinner blood vessels, re-

duced sprouting from existing vessels and impaired formation of 

large vessels with fewer interconnections (De Langhe et al., 2005). 

Given that tenascin-C blocks ibronectin signaling, represses DKK1, 
and plays a role in lung branching morphogenesis, it is possible 

that a tight balance between ibronectin and tenascin-C regulates 
normal lung branching and vascularization. In this scenario DKK1 
repression by tenascin-C would result in Wnt activation and induc-

tion of ibronectin.
The role of tenascin-C in tumorigenesis was also investigated 

in a mouse model that develops metastasizing mammary gland 

tumors (due to ectopic expression of the polyoma virus middle T-

antigen in the mammary epithelium) in the presence of wildtype 
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tenascin-C or in a tenascin-C knock out setting (Talts et al., 

1999). There was no difference observed in tumor onset, 

angiogenesis or metastasis between the genotypes, but the 

authors observed an altered organization of the tumor tissue. In 

tenascin-C wildtype tumors ECM molecules such as ibronectin, 
collagen I, nidogen and ibulin-2 were arranged in continuous 
long tracks whereas they were assembled in shorter matrix 

patches in the tenascin-C knock out background. These struc-

tures might represent matrix channels that were subsequently 

identiied by others in metastasizing melanomas (Kaariainen 

et al., 2006, see below). In contrast to melanomas, where the 
tenascin-C matrix channels seem to promote metastasis, other 

mechanisms might exist to promote metastasis in mammary 

gland tumors, in the absence of tenascin-C. It was also noted 

that tenascin-C knock out breast carcinomas are signiicantly 
more iniltrated by activated macrophages (Talts et al., 1999). 

Since M2 macrophages promote tumor metastasis (Mantovani 

et al., 2008) it is possible that this species is increasingly at-

tracted to the tissue that lacks tenascin-C. Previously it was 

shown that tenascin-C inhibits T lymphocyte adhesion to 

ibronectin (Hauzenberger et al., 1999) and activation (Puente 

Navazo et al., 2001). Thus, it is possible that in the tenascin-C 

knock out mammary gland carcinomas the inhibitory effect of 

tenascin-C is absent and this situation allows the attraction of 

macrophages. The reason why this would only affect a subset 

of macrophages needs to be addressed in the future. 

In Balb/c-nude mice lacking tenascin-C, subcutaneously 
xenografted human melanoma cells made smaller tumors 

tenascin-C and ibronectin in several different carcinomas using 
antibodies speciic for different splice variants (Berndt et al., 2010). 

Both proteins were generally present in the vessel wall, with ibro-

nectin being preferentially localized at the luminal side and tenascin-

C at the extraluminal side of the vascular basement membrane. 

Interestingly, tumour vessels showed a heterogenous positivity for 

oncofetal ibronectin and tenascin-C variants, with some vessels 
lacking both proteins, some vessels exclusively positive for ibro-

nectin or tenascin-C, and other vessels surrounded by both matrix 

proteins. As an example, expression and partial colocalization of 

c-ibronectin variants and tenascin-C in a murine RT2 insulinoma is 
shown (Fig. 3). This stratiied pattern clearly suggests a temporally 
and spatially regulated expression of these ECM proteins in the 

tumor vasculature and may relect different maturation states of the 
vessels. In the study by Berndt et al., ibronectin was expressed 
by endothelial cells and carcinoma associated ibroblasts (CAFs) 
whereas tenascin-C was abundantly produced by carcinoma cells. 

It will be important to identify which cell types in various cancer 

tissues express tenascin-C and ibronectin with different domain 
structures. Further, it remains to be determined whether tenascin-C 

and c-ibronectin variants with different domain compositions fulill 
distinct roles in tumor angiogenesis. 

Some light was shed on these questions by RNA expression 
analysis in breast cancer tissue. Amongst the more than 500 theo-

retically possible splice variants only 2 or 3 are usually expressed in 

cancer tissue, and these differ between cancers of different organs 

(reviewed in Orend, 2005). In invasive breast cancer, the authors 

found a prominent expression of a tenascin-C molecule with extra 

repeats B and D that is derived from the tumor cells, whereas a 

tenascin-C molecule only expressing the D domain appears to 

be expressed by carcinoma associated ibroblasts (reviewed in 

Fig. 3. Colocalization of fibronectin and tenascin-C in the tumor vasculature. 

(A-D) Tenascin-C and fibronectin expression in tumors. Coexpression of total 

fibronectin (A), FN-EDA (B,C) or FN-EDB (D) and tenascin-C in fibrils of an RT2 

tumor (Gasser and Orend, unpublished). The anti FN-EDB antibody was kindly 

provided by Dr. A. K. Olsson (Uppsala University, Sweden). Scale bar 20 mm 

(A,C) and 100 mm (B,D). Note the fibrillar organization of both molecules and 

their close apposition in tube-like structures, presumably representing blood 

vessels and/or matrix tubes.

(Tanaka et al., 2004). In this model blood vessels were visualized 

by immunoluorescence upon injection of rhodamine-labeled gela-

tin, which allows selective visualization of perfused vessels that 

arise through sprouting angiogenesis. Despite a lack of quantita-

tive data, the authors showed in tissue stainings that the arising 

tumor vasculature is reduced in the absence of host tenascin-C. 

They link this to reduced VEGFA expression in the tumor tissue. 

Although the melanoma cells exhibit strong tenascin-C expres-

sion, this does not appear to have a signiicant impact on VEGFA 
levels in the tumor. These data suggest that tenascin-C made by 

stromal cells has a major impact on VEGFA expression and that 

this mechanism potentially accounts for the angiogenesis promot-

ing effect of tenascin-C (Tanaka et al., 2004). 

Effects of ibronectin and tenascin-C on the vasculature 
in tumors and in other pathological tissues

Similar to ibronectin, tenascin-C is only weakly expressed, 
or undetectable, in the ECM of quiescent vasculature. However, 
following vessel injury, tenascin-C and ibronectin are highly 
upregulated. Tenascin-C expression is strongly associated with 

sites of vascular remodeling during dermal tissue repair (Betz et 

al., 1993; Fassler et al., 1996; Latijnhouwers et al., 1996; Mackie 

et al., 1988). Tenascin-C expression is also highly associated with 

angiogenesis in a wide range of disease states, including diabetes, 

aortic aneurysm (Castellon et al., 2002; Jallo et al., 1997; Paik 

et al., 2004), artherosclerosis (Fischer, 2007), ulcerative colitis 

(Dueck et al., 1999), inlammatory bowel disease (Geboes et al., 

2001), Crohn‘s disease (Riedl et al., 2001), vasculitis (Gindre et 

al., 1995) and cancer. 

Recently, Berndt and collaborators reported the distribution of 
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Guttery et al., 2010).

During tissue neovascularization, endothelial cells undergo 

pro-angiogenic activation, and assume a migratory morphology 

(Carmeliet, 2000; Ingber, 2002). Tenascin-C may promote tumor 

angiogenesis through several mechanisms, such as by serving 

as a chemoattractant for endothelial cells by initiating endothelial 

cell differentiation, or by promoting survival and proliferation. In 

vitro, tenascin-C is speciically upregulated by sprouting and cord 
forming bovine aortic endothelial cells but not by non-sprouting 

(i.e., resting) cells (Canield and Schor, 1995; Schenk et al., 1999). 

This angiogenic phenotype is inhibited when cells are grown in the 

presence of anti–tenascin-C antibodies, suggesting that the transi-
tion from a resting to a sprouting phenotype may be promoted by 

tenascin-C (Canield and Schor, 1995). Indeed, soluble tenascin-C 
reduces focal adhesions in endothelial cells (Chung et al., 1996; 
Murphy-Ullrich et al., 1991) and enhances endothelial cell migra-

tion (Chung et al., 1996). These events appear to involve integrin 
avb3, FAK and Prx1 amongst other, not yet identiied, molecules 
(reviewed in Orend and Chiquet-Ehrismann, 2006). 

Counter-adhesive activities of ibronectin and tenascin-C

Shortly after its discovery in the early 1980s as myotendinous 

antigen (Chiquet and Fambrough, 1984), as glioma-mesenchymal 

extracellular matrix molecule (GMEM) (Bourdon et al., 1983) and 

as neuronal protein janusin J1 (Faissner et al., 1988) it was noted 

that tenascin-C can bind to ibronectin (Chung et al., 1995; Lightner 
and Erickson, 1990). Since then, several reports have extended 

this inding although some controversy exists whether the long 
and/or the short form of tenascin-C (i.e. including or lacking the 
alternatively spliced ibronectin type III repeats, respectively) 
(Chiquet-Ehrismann et al., 1991; Chung et al., 1995; Huang et 

al., 2001) have different afinities for ibronectin. All three heparin 
binding domains seem to bind tenascin-C, with Hep-I being cryptic 
and exhibiting low afinity (Ingham et al., 2004). Tenascin-C binds 

to the Hep-III domain in ibronectin, but it is not known whether 
this interaction competes with binding of cell adhesion receptors. 

Binding of tenascin-C to the ibronectin-Hep-II domain blocks 
cell spreading (Chiquet-Ehrismann et al., 1991; Huang et al., 

2001; Midwood et al., 2004a; Orend et al., 2003) and ibronectin 
ibrillogenesis (To and Midwood, 2010) through competition with 
syndecan-4. The Hep-II domain serves as coreceptor for the major 
ibronectin binding integrin a5b1 (Fig. 4 A,B). The exact binding 

site in ibronectin has been mapped to the 13th ibronectin type III 
repeat within the Hep-II domain, and a peptide representing 10 
amino acids of the cationic craddle rescued tenascin-C induced 

cell rounding (Huang et al., 2001; Orend et al., 2003). Activation 

of syndecan-4 signaling induced upon ectopic expression of syn-

Fig. 4. Inhibition of syndecan-4 by tenascin-C. (A) 

Cells activate integrin a5b1 and syndecan-4 upon ad-

hesion to their respective binding sites in fibronectin 

(FN type III repeats 9 and 10, and 13, respectively). 

This induces formation of focal adhesions. Crucial 

steps in cell spreading are phorphorylation of focal 

adhesion kinase (FAK) and paxillin and GTP loading 

of RhoA. Consequently, G-actin is polymerized into 

F-actin and cells spread on fibronectin. (B) Tenascin-C 

binds to the 13th FN type III repeat in fibronectin 

thus competing for cell binding to this domain. This 

mechanism applies to tumor cells and fibroblasts, 

but has yet to be addressed in endothelial cells. 

In the presence of tenascin-C, FAK and paxillin 

stay unphosphorylated and RhoA remains inactive 

(Huang et al., 2001, Midwood and Schwarzbauer, 

2002). No focal adhesions or actin stress fibers 

are formed. The rounded cell shape translates into 

altered gene expression and causes repression of 

alpha tropomyosin (aTM) and Dickkopf-1 (DKK1) 

as well as induction of endothelin receptor type A 

(EDNRA) amongst changes in expression of several 

other genes (Ruiz et al., 2004). (C) The rounded cell 

shape can be reverted on a fibronectin/tenascin-C 

substratum upon activation of syndecan-4 with a 

peptide (pep I) that mimics the cationic craddle in 

syndecan-4 or upon overexpression of syndesmos, 

a molecule that binds to the cytoplasmic tail of syn-

decan-4 and provides a molecular bridge in the focal 

adhesions to proteins binding to integrins (Baciu et 
al., 2000; Lange et al., 2008; Orend et al., 2003). Inhibition of EDNRA with BQ123 also induces cell spreading (Lange et al., 2007). Combined signaling 

from platelet derived growth factor (PDGF) and the lysophosphatidic acid (LPA) and by endothelin receptor type B (EDNRB) involving the EGFR induce 

cell spreading on the mixed fibronectin/tenascin-C substratum. Signaling by these molecules induces focal adhesion and actin stress fiber formation 

although with a cell shape that is particular for each treatment. Nevertheless, repression of aTM is ablated and tropomyosins 1-3 are expressed to 

stabilize actin stress fibers (Lange et al., 2007; Lange et al., 2008). Regulation of aTM is crucial for cell spreading on fibronectin since its knock down 

inhibits cell spreading on fibronectin and interferes with restored cell spreading on the fibronectin/tenascin-C substratum upon treatment with pep I 

and activation of LPA receptors and PDGF receptors or EDNRB (Lange et al., 2007; Lange et al., 2008). 
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decan-4 (but not of syndecan-1 or –2) rescued tenascin-C-inhibited 
cell spreading on ibronectin (Huang et al., 2001; Midwood et al., 

2004b; Orend et al., 2003) as did overexpression of syndesmos, 

a molecule that binds to the cytoplasmic tail of syndecan-4 and 

triggers downstream signaling (Lange et al., 2008, Fig. 4C). The 

major binding site for ibronectin-Hep-II may reside in the 6-8 ibro-

nectin type III repeats of tenascin-C as was deduced from antibody 

blocking experiments (Chiquet-Ehrismann et al., 1988; Riou et al., 

1990). This is now supported by a recent report demonstrating 

that memprinb-cleaved tenascin-C loses its anti-adhesive prop-

erties in a ibronectin context (Ambort et al., 2010). The authors 

showed that memprinb cleaves within the 7th ibronectin type III 
repeat of tenascin-C thus destroying this interaction site, and that 

memprinb-cleaved tenascin-C does not interfere with cell spreading 

on ibronectin (Ambort et al., 2010). Inhibition of syndecan-4 by 

tenascin-C prevents focal adhesion formation, blocks activation of 

FAK and paxillin and has a strong negative impact on expression 
and protein stability of RhoA and tropomyosin 1–3 (Lange et al., 

2007; Lange et al., 2008), and Rho activation (Midwood et al., 2006). 
The effect on the cytoskeleton appears to be instrumental in cell 

rounding by tenascin-C since ectopic expression of tropomyosin-1, 

an actin stress iber stabilizing molecule with tumor suppressor 
activity, restores cell spreading which is linked to FAK and paxillin 
phosphorylation (Lange et al., 2007). 

Binding of tenascin-C to the Hep-II domain of ibronectin can also 
have implications for angiogenic growth factor signaling. Indeed, 

it has been shown using molecular and biochemical approaches 

that several growth factors (up to 25, including VEGF, HGF, FGF-2, 
PDGF-BB and TGF-b1) bind to this domain (see (Hynes, 2009; Mar-
tino and Hubbell, 2010). Moreover, ibronectin-Hep-II-bound growth 
factors are even more potent than their un-bound counterparts in 

triggering capillary morphogenesis of endothelial cells in ibrin gels 
(Martino and Hubbell, 2010). Although not shown in endothelial 
cells, cellular responses to tenascin-C can be modulated by growth 

factors. Thus, in ibroblasts and tumor cells growth factor signaling 
can override the necessity of syndecan-4 in ibronectin-induced cell 
spreading. Combined signaling from LPA and PDGF-BB (but not 
from each factor alone) restores cell spreading on a ibronectin/
tenascin-C substratum even in cells that lack syndecan-4 (knock 

out) in a PI3K- and MEK-dependent manner, and this is linked to 
restored high expression of tropomyosins 1-3 and RhoA (Lange 

et al., 2008, Fig. 4C). Again, high levels of tropomyosin 1-3 are 

essential since sh-mediated knock down of the tropomyosins 1, 2 

and 3 counteracts LPA/PDGF-BB-induced cell spreading on the 
ibronectin/tenascin-C substratum (Lange et al., 2008). 

Adhesion to a ibronectin/tenascin-C substratum also has long 
term consequences as revealed by RNA proiling (Ruiz et al., 2004). 

In particular, 12h after plating, endothelin receptor type A (EDNRA) 
is induced 5-fold, and, signaling through this receptor maintains 

cell rounding by tenascin-C since it is blocked by a speciic ED-

NRA inhibitor. EDNRA associated cell rounding occurs in a MEK-
dependent manner and EDNRA inhibition causes cell spreading 
with activation of FAK and restoration of tropomyosin and RhoA 
levels (Fig. 4 B,C). These studies also reveal that, depending on 

the receptors present on the membrane, interactions with tenascin-

C can be interpreted very differently. In particular, in contrast to 

EDNRA signaling that induces tenascin-C cell rounding, activation 
of EDNRB restores cell spreading through a different pathway that 
does not involve MEK but does involve EGFR, PLCg, PI3K and 

JNK (Lange et al., 2007, Fig. 4C). Thus, whether cells respond to 

a ibronectin/tenascin-C matrix by rounding or spreading appears 
to be highly regulated and may have an impact on cell function, 

tissue stiffness and vessel diameter. Both endothelin receptors play 

an important role in modulating blood pressure and are linked to 

high blood pressure in heart disease and artherosclerosis (Nguyen 

et al., 2010). Since tenascin-C is expressed in diseased heart 

tissue and artherosclerosis, it remains to be determined whether 

tenascin-C-associated EDNRA signaling plays a role in blood pres-

sure regulation that has an impact in heart diseases. 

Tenascin-C potentially plays a role in EDNRA-associated events 
involving angiogenesis, e.g., in ovarian cancer progression. Primary 

and metastatic ovarian cancer cells not only overexpress tenascin-C 

(Wilson et al., 1999; Wilson et al., 1996) but also EDNRA and its 
ligand endothelin-1 (ET1) (Rosano et al., 2001). EDNRA signaling 
contributes to tumor angiogenesis presumably through stabilization 

of HIF-1a, induction of VEGFA (Grimshaw, 2007) and b-arrestin-

linked Wnt signaling (Rosano et al., 2001).

A tenascin-C – EDNRA axis might also be relevant in tumor 
cell migration and tumor lymphangiogenesis (Cueni et al., 2010). 

Tumors derived from xenografted breast adenocarcinoma cells 

that ectopically express the orphan receptor podoplanin induce 

lymphatic vessels, whereas this was not observed in tumors of 

control cells with low or no podoplanin expression. RNA proil-
ing of microdissected areas of the invading tumor front revealed 

overexpression of tenascin-C, ET1 and the ERM member villin. 

Previously it was shown that binding of the ERM family member 

ezrin to the cytoplasmic tail of podoplanin induces ilopodia which 
was linked to collective tumor cell migration (Wicki et al., 2006). 
These results suggest that ET1 signaling may induce migration 

on a tenascin-C substratum by podoplanin through its link to the 

actin cytoskeleton. 

In addition to EDNRA, Wnt signaling is also induced in glioblas-

toma cells on a ibronectin/tenascin-C substratum. In particular, 
DKK1 is repressed, b-catenin stabilized and Wnt targets such 

as Id2 are induced (Ruiz et al., 2004). This observation could 

be relevant in glioblastomas where a high expression of Id2 and 

tenascin-C correlated with malignancy (Ruiz et al., 2004). Given 

that Wnt signaling is instrumental in angiogenesis, by triggering 

endothelial cell proliferation and sprouting (reviewed in Franco et 

al., 2009), it remains to be determined whether tenascin-C pro-

motes angiogenesis through Wnt signaling. Since EDNRA and 
Wnt signaling are linked through b-arrestin (Rosano et al., 2009) 

and through ET1-induced DKK1 repression (Clines et al., 2007) it 

is possible that tenascin-C enhances this cross-talk by activating 

both pathways.

Organization of ibronectin and tenascin-C into matrices

Fibronectin assembly and angiogenesis
Fibrillar organization is a key feature of the ECM. Many of the 

functions of ibronectin depend not only on its linear sequence but 
on the 3-dimensional structure of the protein and its assembly into 

a functional ibrillar matrix (see Mao and Schwarzbauer, 2005). Due 
to its compact conformation, ibronectin does not form ibrils in solu-

tion. Rather, ibril assembly is a cell-driven process in which a5b1 

integrin plays a major role (recently reviewed in Singh et al., 2010) 

and shown diagrammatically in Fig. 5). Importantly, soluble ibro-

nectin selectively binds to a5b1 integrin, and not other RGD-binding 
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integrins (Huveneers et al., 2008). Hence, bloodborne p-ibronectin 
in quiescent vessels is segregated from a5b1 integrins, located on 

the abluminal surface of endothelial cells. Studies to elucidate the 

mechanisms of ibronectin ibrillogenesis in endothelial cells have 
revealed a determinant role for ILK in this process (Vouret-Craviari 
et al., 2004). ILK, an integrin beta subunit adaptor, regulates actin 
dynamics and ibronectin ibrillogenesis by recruiting actin-binding 
regulatory proteins such as a-parvins and tensin (Legate et al., 

2006; Stanchi et al., 2009) involved in generating acto-myosin 

contractility for ibril growth. More recently, loss of function studies 
have revealed that ibronectin ibrillogenesis in endothelial cells 
is a cell autonomous process, wherein basally directed secretion 

of autocrine ibronectin is tightly coupled to ibronectin assembly 
and cadherin-based junction formation (Cseh et al., 2010). These 

results highlight the importance of spatial and temporal regulation 

of c-ibronectin expression and they support a model in which the 
induction of cellular c-ibronectin expression by angiogenic factors 
triggers the deposition of a perivascular ibrillar matrix.

One example of how transient c-ibronectin expression partici-
pates in a “pro-angiogenic switch” comes from elegant studies on 

vascular patterning in the developing retinal vasculature (Gerhardt 

et al., 2003; Jiang et al., 1994; Uemura et al., 2006). During this 
process, blood vessels use the existing astrocyte network as a 

template, and ibronectin is the principal component of the astro-

cyte-derived extracellular scaffold. Upon contact with the growing 
blood vessels, ibronectin expression becomes dramatically down 
regulated in the astrocytes and turned on in the endothelial cells 

that deposit ibronectin matrices. It should be interesting to examine 
the expression and localization of tenascin-C in this model. 

Once assembled, ibronectin ibrils provide a scaffold for the 
assembly of a growing list of matrix proteins, including ibrillar 
collagens, thrombospondin-1, ibulin-1, ibrinogen, ibrillins and 
tenascin-C (reviewed in Dallas et al., 2006). Further, ibronectin 
interactions can impact higher order ibrils and matrix rigidity by 
bringing together cross-linking enzymes such as tissue transglu-

taminase (Mosher et al., 1980) and lysyl oxidase (Fogelgren et 

al., 2005) as well as their activators (e.g., Bone Morphogenetic 

Protein-1) and substrates (e.g., procollagen, biglycan and chordin, 

Huang et al., 2009).

Fibronectin and tenascin-C co-assemble into a matrix
Apart from the a5b1 integrin, other ibronectin-binding integrins 

Fig. 5. Fibrillar organization of c-fibronection in endothelial cells and mechanisms of assembly. 

(A,B) Immunostaining of fibronectin in bovine aortic endothelial cells plated on adsorbed p-fibronectin 

(left) or non-coated (right) coverslips. Upon adsorption, fibronectin undergoes conformational changes 

(stretch-induced “activation”) that modify its interaction with other proteins (e.g. cellular receptors, ECM 

components) and affect its biological activity. Note the increase in stress fiber formation in cells plated 

on a dense carpet of p-fibronectin. Scale bars 20mm. (C) Sequence of events involved in fibronectin 

assembly. Work from numerous laboratories have contributed to the understanding of fibrillogenesis 

that can be summarized as follows (for a detailed review see Singh et al., 2010. Binding of secreted 

c-fibronectin to inactive a5b1 integrins (bent conformation) leads to integrin activation, clustering, and 

recruitment of integrin effectors, such as ILK, PINCH, parvin (IPP complex, (Legate et al., 2006)) and 

tensin that mediate cytoskeletal linkage and actin crosslinking. Acto-myosin-generated contractility 

“streches” the integrin-bound fibronectin, thereby exposing cryptic self-assembly sites and fibrillogen-

esis proceeds as integrins translocate along paths of growing fibrils.
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have been reported to promote ibrillar 
assembly, albeit less eficiently (see 
Leiss et al., 2008). Fibronectin matrix 

is also regulated by molecules that 

affect integrin expression or function, 

including transmembrane molecules 

(e.g., syndecans 2 and 4, the receptor 

for urokinase-type plasminogen activa-

tor, CD98hc, VEGFR1 and neuropillin), 

intracellular proteins (e.g., the tumor sup-

pressor von Hippel-Lindau protein) or ex-

tracellular components (e.g., extracellular 

Alix ALG-2-interacting protein X). With 
regard to functional interactions between 

ibronectin and tenascin-C that impact 
matrix formation, they are likely to involve 

effects on the ibronectin matrix mediated 
by syndecans 2 and 4, and regulation of 

intracellular signaling events that accom-

pany ibronectin binding to integrins, as 
mentioned above. Proteoglycans, such as 

decorin and periostin, known to modulate 

ibronectin matrix assembly (Kii et al., 

2010; Kinsella et al., 2000) are essential 

for matrix incorporation of tenascin-C 

(Chung and Erickson, 1997; Kii et al., 

2010). It is known that tenascin-C can 

bind to puriied ibronectin and co-localize 
with ibronectin ibrils on the surface of 
cultured cells (e.g., Ramos et al., 1998). 

A recent study in ibroblasts involving 
the use of recombinant tenascin-C do-

mains demonstrated an inhibitory effect 

of tenascin-C domain III 1-8 (ibronectin 
type III domains 1-8) on the formation of 

an insoluble ibronectin matrix, whereas 
the full length protein was without effect 

(To and Midwood, 2010). These data 
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suggest that conformational changes may expose ibronectin-
tenascin-C interaction sites that are important for regulation of 

matrix assembly in vivo.

Tenascin-C and ibronectin in tumor matrix tubes
In breast cancer tissue tenascin-C causes remodeling of the 

matrix. This effect, apparent at irst glance by disruption of the 
basement membrane, can be seen in tumors and in cultured 

mammary epithelial cells. Using a 3-dimensional model of breast 
tumor cells, Taraseviciute and colleagues showed that tenascin-C 

interferes with basement membrane assembly in a c-Met dependent 

manner. In presence of tenascin-C the mammary epithelial cells 

proliferate and ill the acini lumen (Taraseviciute, 2009). In cancer 
tissue, the expression of tenascin-C is frequently not homogenous. 

Rather, it accumulates in matrix tracks as seen in the tissue of 

malignant melanomas (Kaariainen et al., 2006), breast (Degen et 

al., 2007) and colorectal carcinomas (Degen et al., 2008). In the 

case of melanomas, the combined high expression of tenascin-C 

and ibronectin, amongst other factors, was found to discriminate 
between metastatic and non-metastatic malignancies. The switch 

to an invasive phenotype was associated with the presence of 

tenascin-C and ibronectin, colocalized with laminin and procollagen 
in tubular channels containing tumor cells, but not blood endothe-

lial or lymph endothelial cells (Kaariainen et al., 2006). In another 
study gene proiling revealed a panel of ECM molecules, includ-

ing tenascin-C, several laminins, and collagens that were highly 

expressed in metastatic breast cancers from MMTV-VEGF/c-myc 
transgenic mice, whereas their expression was largely reduced or 

undetectable in non-metastatic c-myc-induced tumors (Calvo et al., 

2008). These studies suggest that a combined high expression of 

distinct ECM molecules, including tenascin-C and ibronectin, and 
their assembly in matrix channels, is somehow linked to metastasis. 

The existence of vessel-like structures that are distinct from 

blood and lymphatic vessels has been known for a long time 

and was described as vasculogenic mimicry (VM) (Hendrix et al., 

2003). VM is characterized by the large absence of endothelial 

cells and by staining with PAS (Periodic Acid Schiff reagent), which 

identiies proteoglycans with glycosaminoglycan residues present 
in the ECM without further information on the molecular nature of 

these proteoglycans. It is likely that the matrix tubes that contain 

tenascin-C and ibronectin described in melanomas (Kaariainen 

et al., 2006) are part of the PAS-positive structures that are char-
acteristic of VM. In a large number of different cancers including 

melanoma, uveal melanomas, colorectal carcinoma, ovarian 

carcinoma (summarized in Kucera and Lammert, 2009) and astro-

cytoma (El Hallani et al., 2010), VM is frequently associated with 

metastasis and bad prognosis. It is claimed that several forms of 

VM exist, which are classiied according to the degree and nature 
of cells that associate with the ECM: no endothelial cells, patchy 

distribution of endothelial cells, tumor cells only, or a combination 

of both cell types. By comparing in vitro cultures of cancer cells that 

do or do not exhibit VM in vivo, several VM-associated molecules 

have been identiied. These include g2 chain containing laminins, 

several metalloproteases (MMPs 1, 2, 9 and 14), Cox2, PI3K, 
EphA2, nodal and pigment epithelial derived factor, amongst a list 

of growing candidates (reviewed in Dome et al., 2007; Paulis et al., 

2010). Eventually, cells are found associated with matrix structures: 

melanoma cells, and erythrocytes in tenascin-C matrix channels 

(Kaariainen et al., 2006), and macrophages along collagen-rich 

tracks found in so called co-opted vessels (Pollard, 2008). Although 

matrix structures had been identiied that appear to be different, 
more work is needed to clarify whether they are potentially part of 

the same matrix network. 

Currently there is little known about the functional signiicance 
of these matrix structures in respect to tumor angiogenesis and 

progression. However, there is experimental evidence that cancer 
cells can use the tenascin-C-containing matrix tubes to disseminate. 

In a coculture experiment of ibroblasts together with squamous 
carcinoma cells, the ibroblasts scouted their way through collagen-
enriched matrigel by degrading the ECM at the front. Tubes were 

left behind that were illed with ibronectin and tenascin-C. The 
squamous carcinoma cells invaded the matrigel by using these 

matrix tubes (Gaggioli et al., 2007). It was previously shown that 

carcinoma-associated ibroblasts or TGFb1 treated ibroblasts 
(differentiating into myoibroblasts) secrete tenascin-C into the 
collagen gels preparing a path for colorectal carcinoma cells to 

invade in a c-MET- and EGFR-dependent manner, involving activa-

tion of Rac and inhibition of RhoA (De Wever et al., 2004). They 

proved a crucial role of tenascin-C in these events since invasion 

was inhibited with an anti-tenascin-C antibody. Whether ibronectin 
plays a role in these structures is unknown, but likely.

Evolutionary development of endothelium-lined blood vessels in 

vertebrates seems to have followed laminin-based matrix tracks in 

invertebrates (Kucera et al., 2009) (Fig. 2). In amphioxus, laminin-

illed tubes are laid down as a scaffold in which a hole is drilled by 
cells of unknown origin to generate a coelom that allows blood to 

circulate (Kucera et al., 2009). As mentioned above the tenascin-C 

gene is present in amphioxus and it remains to be seen whether 

tenascin-C is part of this matrix circulation network. In co-cultures of 

endothelial cells with a macrophage cell line, where the endothelial 

cells deposit laminin, macrophages create a coelom-like cavity by 

partially digesting and clearing the ECM to generate space. Thus, 

it is possible that this ancient vessel program is turned on in tumors 

to establish the observed matrix-based networks. More informa-

tion about the composition of the matrix blood vessels in chordata 

and in human cancers is necessary to elucidate this possibility 

further. The observed tenascin-C matrix tubes in melanomas and 

other cancers may offer a route for dissemination of tumor and 

other cells through their continuum with blood vessels. They also 

potentially provide a scaffold to support growth of blood vessels. 

This possibility is interesting, considering that anti-angiogenic 

therapeutic approaches, despite eficient killing of the endothelial 
cells, fail in the long-run, and even promote tumor progression and 

earlier tumor metastasis (Paez-Ribes et al., 2009; Stockmann et 

al., 2008). Tenascin-C matrix tubes would not be affected by anti-

angiogenic drugs. Indeed, Fusenig and coworkers (Vosseler et al., 

2005) demonstrated that expression of tenascin-C in xenografts of 

squamous carcinoma cells is unchanged upon elimination of the 

endothelial cells with a VEGFA-targeting antibody. 

Matrix tubes containing tenascin-C are also present in a normal 

setting in mammals in so called reticular ibers of secondary lymphoid 
tissues such as lymph nodes, thymus and spleen (Lokmic et al., 

2008). They combine characteristics of basement membranes and 

ibrillar matrices, resulting in scaffolds that are strong and lexible, 
and in certain organs, such as the spleen and the thymus, form 

conduit networks for rapid luid transport and cells (Lokmic et al., 

2008). In the thymus, the conduits exhibit a collagen core, a laminin 

wrapping and an outer lining of tenascin-C (Drumea-Mirancea et 
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al., 2006). Fibronectin is also part of the reticular iber network 
(Sobocinski et al., 2010). Whether tenascin-C and or ibronectin are 
required for the formation and function of the conduits is not known. 

We speculate that a program may exist for the establishment 

of structured matrix that is potentially turned on inappropriately in 

cancer resulting in the described tenascin-C/ibronectin-containing 
matrix tubes. It is also tempting to consider that tubular matrix 

structures containing ibronectin and tenascin-C had developed 
once during evolution and were potentially further developed to fulill 
other needs such as a transport system for maturing macrophages 

in reticular ibers, as scaffold for endothelial cell lined vessels and 
as an instructive matrix for branching morphogenesis. It will be 

important to understand how these matrix networks are created, 

and which signals induce their emergence. 

Lysyl oxidase, transglutaminase and other enzymes modifying 
ibronectin may be relevant in modulating interactions of ibronectin 
with tenascin-C and other matrix molecules. It is likely that mono-

meric rather than bulky hexameric tenascin-C is part of a dense 

tubular matrix network. Monomeric tenascin-C can be generated 

upon cleavage by several proteases that are abundant and active 

in cancer tissue. In particular, separation of the N-terminal part 
from the remainder of the molecule seems to result in the release 

of monomeric tenascin-C from the hexamer (Mackie, 1997). The 

N-terminal oligomerizing part of tenascin-C can be cleaved off 
by memprina and b (Ambort et al., 2010), pepsin (Chiquet et al., 

1991), trypsin (Fischer et al., 1995) and MMP7 (Siri et al., 1995). 

It will be necessary to determine what exact role tenascin-C 

plays in the matrix tubes in cancer. Recently, it was found that 

cancers are able to trick the immune system by using a chemokine 

signaling program that would mischievously tell the body that the 

tumor is a lymphoid tissue (Shields et al., 2010) and thus trigger 

tumor evasion. Given that lymphocytes use the reticular iber sys-

tem to translocate within the lymphoid tissue and that tenascin-C 

and ibronectin are structural components of the reticular ibers it 
will be interesting to see whether these matrix molecules play a 

role in immune evasion in reticular ibers and in cancer. Assuming 
that ancient programs developed in evolution and are potentially 

involved in the creation of tubular matrix structures in mammals, 

it is intriguing to speculate that laminins and integrins may play 

an initial role followed by tenascin-C, ibronectin and other ECM 
molecules that were developed later during evolution.

Potential applications and outlook

Together, these data demonstrate that tenascin-C and ibronectin 
are key players in tumor angiogenesis and metastasis, and they 

represent attractive anti-cancer targets. Drugs targeting tenascin-C 

and c-ibronectin, or interactions with their cellular receptors are 
currently being developed, or have already reached clinical trials 

(reviewed in Desgrosellier and Cheresh, 2010; Midwood and Orend, 

2009; Pedretti et al., 2009; Schliemann and Neri, 2010). Novel 
approaches involving immunization against the EDB domain of 

c-ibronectin also may provide interesting alternative strategies for 
interfering with tumor angiogenesis and cancer growth (Huijbers et 

al., 2010). To optimize potential treatments, several questions related 

to the biology of these relatively new (evolutionarily speaking) ECM 

proteins remain to be further addressed. Many secrets appear to be 

hidden in their topographical organization, some of which may be 

revealed by comparing cancer tissue with embryonic tissue, and the 

ECM of different types of cancer. Beyond circumstantial evidence, 

do these molecules collaborate or counteract each other in induction 

of pro-angiogenic signaling and blood vessel remodeling? Does 

this occur through a receptor-mediated mechanism or indirectly 

e.g. by modulating signaling of proangiogenic growth factors? 

What are the mechano-regulatory mechanisms involved? How is 
their spatial regulation (different cells) and temporal regulation in 

tumors controlled? Do both molecules serve as chemoattractants 

for endothelial cells or their precursors? How are they involved in 
the recruitment of mural cells or cells of the hematopoetic system? 

Finally, do ibronectin and tenascin-C-containing matrix channels 
support regrowth of vessels in residual tumor tissue upon an 

anti-angiogenic therapy? Finding answers to these questions will 

require the complicity of many researchers. The answers should 

clarify the function of ECM in the evolution and development of 

vasculature, and should lead to the discovery of more effective 

therapies for ighting tumor growth and metastasis.
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The Strasbourg University PhD school in Life and Health Sciences launched an initiative called
‘‘OpenLAB.’’ This project was developed in an effort to help high school teenagers understand theoreti-
cal and abstract concepts in genetics. A second objective of this program is to help students in defining
their future orientation and to attract them to biology. The general idea is a 2-hour PCR-based practical
that is developed around a fictitious criminal investigation. The practical is taught by PhD graduate stu-
dents who bring all the required reagents and modern equipment into the classroom. Running the PCR
provides free time dedicated to discussions with students about their future plans after the high school
diploma. A specific website and a powerpoint presentation were developed to provide appropriate scien-
tific information. Starting on a modest scale in Strasbourg in December 2008, ‘‘OpenLAB’’ was rapidly
and well received all around, visiting 53 classes spread over a 200 km area in Alsace until May 2009. It
permitted interactions with almost one thousand students in their last year of high school, with the pros-
pect to visit 20% more classes this school year. Our experience, along with feedback from students and
their teachers, suggests that it is possible to reach out to many students and have a strong impact with
a rather limited budget.

Keywords: hands-on experiments, in-school learning, molecular biology education, PCR, genetics.

Although research careers were once very attractive in
Europe, they have become less so in several countries,
including France, particularly in Biology. Multiple reasons
might explain this partial disaffection. Scientific careers
are less prestigious, less glamorous, and offer lower sal-
aries than jobs in finance and business. Science has
become very specialized, and young people often fail to
see the broader picture. Hence, only a few students are
attracted to the rare aspects of biology that they do hear
about in the news. Finally, recent affairs have perhaps
made Biology slightly frightening, such as when the gen-
eral public hears about mad cow, tainted blood [1], Ge-

netically Modified Organisms (GMO; see debate at http://
www.gmo-safety.eu/en/debate/) and stem cells [2].

In parallel to those general concerns, teaching molecu-
lar concepts in Genetics and Biology is challenging,

because DNA and proteins are invisible entities that can

thus remain abstract notions. Helping those teenagers

who dislike abstractness understand what DNA actually

is and how genes and characteristics can be transmitted

is important to raise general awareness in biology among

the population. Indeed, teenagers will become adults,

and it might help them in their life, as they may face

(directly or through their relatives) issues related to DNA

(for instance genetic counseling, cancer diagnosis [3, 4])

or it might help them grasp the complexity of news con-

cerning hot issues such as GMO. Last, because modern

biology has made huge and rapid progress during the

last decades, even teachers have a hard time keeping up

with new concepts, which, as a result, are often rapidly
skimmed over during high school courses. A strategy of-

ten useful to help understand abstract notions is to prac-

tice ‘‘hands-on’’ experiments. Its power has been dem-

onstrated by the French physicists Georges Charpak,
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Pierre Léna and Yves Quéré, with their project ‘‘La Main

à la Pâte’’ (http://www.lamap.fr/) for teaching science to
children under 10. However, demonstrating that DNA or

proteins can be visualized requires specific equipment,

often beyond the reach of high school budgets.
With these issues in mind, the Strasbourg PhD School

in Life and Health Sciences decided to launch an initia-
tive that might: (i) help teenagers understand the concept
of DNA and heredity; (ii) modify the perhaps negative
view of research in biology; (iii) show that science can be
fun; (iv) provide information about careers in biology and
the many job opportunities in this area.

Below, we describe the strategy used for that initiative,
exploring both its organizational and practical aspects.

MATERIALS AND METHODS

DNA Preparation

For technical and ethical reasons, the DNA samples pro-
vided to the students was not of human origin. Although we
did not openly inform the classroom of the true nature of the
DNA used, we clearly mentioned during the presentation that
DNA-based forensic police investigations rely on noncoding
DNA, which frequently prompted questions about the real ori-
gin of the DNA. We always provided details when asked such
a question by teachers and students. They correspond to two
mouse b-actin cDNA fragments of 155 bp and 298 bp,
respectively, which were amplified by RT-PCR from mouse em-
bryonic stem cells and cloned with a TOPO TA Cloning1 Kit
into the pCR12.1-TOPO1 vector (Invitrogen) according to the
manufacturer’s recommendations, using the primers 50-
GACGGCCAGGTCATCACTAT-30 (forward primer) and 50-
CCACCGATCCACACAGAGTA-30 (1st reverse primer for the
298 bp cDNA clone) or 50-GGCATAGAGGTCTTTACGGA-30

(2nd reverse primer for the 155 bp cDNA clone). Plasmids are
available upon request.

PCR Amplification

Students were paired together and each pair received six
1.5-mL microtubes containing the different solutions necessary
for running the PCR:

- Two tubes containing 10 lL of forward (50-GAGCTCGGATC-
CACTAGTAA-30) and reverse (50- GTGTGATGGATATCTGCA-
GAA-30) primers at 10 lM. The complementary sequence of
these two primers flank the insert on the pCR

1

2.1-TOPO
1

vector.
- One tube containing 80 lL PCR mix (13 Taq polymerase

buffer (Roche)/0.2 mM of each desoxyribonucleotide (Promega)
/ 1.5 mM MgCl2).

- One tube with 10 lL water (used as negative control).Two
tubes annotated ‘‘victim,’’ ‘‘suspect 1’’ or ‘‘suspect 2’’ contain-
ing 2 ng/lL of plasmids.

The classroom was divided in two halves, each of which
received a different ‘‘DNA sample from a suspect’s car’’. The
tubes ‘‘victim’’ and ‘‘suspect 1’’ contained plasmids with the
155 bp cDNA clone corresponding to the ‘‘deleted gene frag-
ment’’, whereas the tube ‘‘suspect 2’’ contained plasmid with
the 298 bp cDNA clone corresponding to ‘‘the gene fragment of
a non-diseased person.’’ After adding 2 lL of each primer and
1 lL of Taq DNA Polymerase to the PCR mix tube, each team
of students divided the mixture in three 0.2 mL PCR microtubes
(24 lL per tube). In the first one, they added 1 lL of ‘‘victim
DNA’’; in the second, 1 lL of DNA from ‘‘suspect 1’’ or DNA
from ‘‘suspect 2’’; in the third, 1 lL of water. PCR was per-
formed in a thermocycler (Applied Biosystems) with conditions
set at 968C for 15 seconds followed by 25 cycles of 948C for 3

seconds, 568C for 3 seconds and 728C for 5 seconds. Based
on the positions of the primers used for PCR, the expected
sizes of the PCR products are 236 bp and 379 bp for suspect 1
and suspect 2, respectively (Fig. 1).

Gel Electrophoresis

Three microliters of loading buffer 63 (Fermentas, France)
was added to each PCR product and 12 lL of each mixture
(‘‘victim’’/‘‘suspect 1 or 2’’/‘‘negative control’’) were subjected to
electrophoresis on a 1.5% agarose gel containing SYBR-Green
dye (1:10,000-fold dilution of the stock solution; Invitrogen). To
estimate the size of the DNA fragments, a DNA ladder (Fer-
mentas, France) was run in parallel. Electrophoresis was per-
formed at 100 V in 0.53 TAE buffer. A minigel electrophoretic
system was used (RunOne electrophoresis system, Embi Tec)
and a short time of migration (about 15 minutes) was sufficient.
The agarose gel was rapidly cooled down by a 2–3 minutes
immersion in water. The DNA fragments were then visualized
under a Dark Reader transilluminator (Clare Chemical Research).
The advantage of this transilluminator is that it emits in visible
blue light, and therefore does not raise the typical safety issues
encountered with traditional UV transilluminators. An amber
screen that fits over the glass surface and the agarose gel per-
mits visualization of fluorescent light through DNA fragments in
the dark. Results of the electrophoresis were captured with a
standard commercial digital camera, or in some instances with
the camera device present in students’ cell phones.

Companion Website

A specific website (http://www-ed-sdvs.u-strasbg.fr/openlab/
accueil/index.php) was designed, which provides information
about genes, the flow of information from DNA to protein, and
heredity. It also features a glossary of technical terms, useful
links to other websites. Pictures of the practical are also
available. Registration and evaluation forms can be downloaded
and teachers can obtain further information via email
(contact-openlab@unistra.fr).

Miscellaneous

A powerpoint presentation was prepared to help introduce
the practical as well as understand the different scientific
notions. This slideshow also provides explanations on the use of
micropipettes (P-20 and P-200). As most students have never
used such material before, explanations were important to
ensure accurate pipetting of small volumes during the practical.

FIG. 1. Structure of the plasmid used as a template for
PCR. Two fragments of mouse b-actin cDNA were cloned in
the pCRII1TOPO1 vector. Their PCR amplification with a
unique set of primers (arrows) generated fragments of 379 bp
and 236 bp, which were considered as representative of ‘‘non-
diseased’’ and ‘‘baker’s,’’ respectively.
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RESULTS AND DISCUSSION

General Scheme of the Project

French high schools offer students who embark in a
theoretical, rather than practical, curriculum, to specialize
in humanities, economics, math/physics, or biology. We
initially targeted high school students who specialize in
biology, and only those in their final high school year,
which is when they study DNA and heredity. This is also
the year they have to determine their future orientation.
The general scheme was to offer these students the pos-
sibility to perform a PCR reaction [5] using modern labo-
ratory equipment and reagents brought by PhD graduate
students involved in the project.

High schools are under the supervision of the local
government (Region) and of the local representative of
the Ministere de l’Education Nationale (Rectorat). Both
entities expressed their high interest and approval for the
project. The higher authorities of Strasbourg University
also enthusiastically offered support for this new activity,
which nicely fits with one of the official missions of the
university, namely transmission of advanced knowledge
gained in laboratories to the public. The three entities
signed an agreement endorsing the project, which we
nicknamed ‘‘OpenLAB’’ (standing for ‘‘Ouverture PÈdago-
gique Et Novatrice des LABoratoires,’’ or ‘‘educational

and innovative opening of laboratories’’). Two PhD gradu-
ate students (EK and SK) initially designed and tested
the protocol, and subsequently six additional graduate
students were recruited to run the project (CB, JE, EF,
IG, SM, TS). Graduate students will hereafter be referred
to as instructors. Each instructor had a fellowship for his
or her PhD. In addition to their regular salary, they signed
a specific contract and also received a supplementary
stipend for their involvement in the project, which was
paid by the University and the local government (their of-
ficial denomination was ‘‘doctorant–conseil’’ last year,
now ‘‘doctorant missionné’’). Funds for reagents, equip-
ment, and gas were entirely provided by external spon-
sors (see Title page footnote). High schools are thus free
of charge for this 2-hours PCR-based practical.

Problem to be Solved

To add interest for the students, ‘‘OpenLAB’’ was pre-
sented as a fictitious criminal investigation along the fol-
lowing line: ‘‘The baker (a young lady) had disappeared.
Two eyewitnesses saw her being abducted and forced
into a car, but as it was dark they could not identify the
kidnapper. The police could rapidly identify two individu-
als as the potential perpetrator of the kidnapping. Which
one is the real culprit?’’ To solve this question the stu-
dents had a clue: ‘‘The baker, who is fair haired, has a
genetic disorder caused by a very rare deletion of � 150
bp in a well-characterized gene. Hairs of the same color
were found in the car of each suspect.’’ Thus to identify
the culprit amongst the two suspects, the students had
to determine whether or not the hairs found in each car
belonged to the baker. For this purpose, the students
had to compare the DNA samples extracted from the
hairs found in the two cars (suspect 1 and suspect 2)
with a reference sample (DNA extracted from hairs found
on a baker’s hairbrush) after amplifying a gene fragment
spanning the region mutated in the baker’s genome. We
chose to portray the victim as having a genetic disorder
on purpose, to be subsequently able to introduce the
concept of genetic disease and genetic mutation.

Organization of the Practical

The practical took place during a session of 2 hours
corresponding to the time slot normally devoted for biol-
ogy practical in the high school curriculum. Nothing is
required from the high school except a video-projector,
water and either a microwave or an electrical plate. The
instructors worked in pairs to present the project, teach
high school students how to perform and interpret the
experiment, assisting them at each step. High school
students worked in teams of two (exceptionally three).

The organization of a typical session in terms of timing
and steps is described in Fig. 2. At the beginning of each
session, the goal of the practical and the problem to be
solved were introduced with the help of an appropriate
powerpoint presentation. A two-page hand-out describ-
ing the protocol was distributed, and the use of P-20
and P-200 micropipettes for manipulating small volumes

FIG. 2. Description of the 2-hour OpenLAB session. Sched-
ule of a typical OpenLAB session. White boxes, steps run by
OpenLAB instructors; grey boxes, steps performed by high
school students. As the PCR runs, instructors provide back-
ground information about the PCR, then teach students how to
load a gel and at the same time freely discuss with them about
Biology curriculum and careers. Above and below the dashed
lines are represented the time required for instructors before
and after the practical. For further details, see text.
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was explained (10 minutes). Thereafter, the students pre-
pared the PCR tubes according to the protocol and
placed them into the thermocycler (25 minutes). While
the PCR program was running (30 minutes), the princi-
ples of this amplification technique and of gel electro-
phoresis were explained (15 minutes). Subsequently,
each student practiced loading samples into agarose gel
slots (15 minutes). This time period was also dedicated
to discussions with students about their orientation after
the high school diploma. The small generation gap
between high school students and instructors made this
discussion very lively; instructors could share their expe-
rience, and high school students could collect useful in-
formation from young adults who had been in their posi-
tion only 5 or 6 years before.

Once the PCR program was over, each group added
loading buffer to their PCR products and loaded their
amplification products on a SYBR-Green stained agarose
gel (15 minutes). While electrophoresis was taking place
(20 minutes), various applications of PCR were reviewed
and illustrated with concrete examples. At the end of the

practical, students were invited to discuss the results of
the electrophoresis easily visualized on a Dark Reader
transilluminator (10 minutes). The main equipment used
for the practical is shown in Fig. 3. Tips, microtube racks,
and gloves are also provided. Altogether, three plastic
boxes of appropriate size are sufficient to carry the ma-
terial in the classroom.

Typical Results and Interpretation

A typical result is available on Fig. 4. We explain that
the smaller PCR product of 236 bp migrates further and
faster than the larger PCR product of 379 bp on a gel.
As the baker supposedly has a deletion in a gene, stu-
dents know that the ‘‘victim’’ PCR product will migrate
further than one from a non-diseased person. According
to the difference of migration of the PCR products, stu-
dents can easily find the culprit, which is ‘‘suspect 1.’’

On average, 7–8 groups within a class of 10 groups
could obtain the expected results, indicating both that
the protocol is robust enough to be handled by new-
comers and that we could train them adequately to per-
form PCR. Students who failed generally experienced dif-
ficulties in dealing with the micropipettes. The following
problems were encountered: (i) no PCR product, which is
probably due to the omission of either the Taq DNA poly-
merase or the DNA template, or to mis-pipetting (too lit-
tle or too much), (ii) PCR products in negative control
well, probably due to DNA contamination. Successful
pipetting helps students understand why it is important
to concentrate and be meticulous when working in life
science. The final discovery of the results under the blue
light brings a climax to the practical, and making the
appropriate deductions generally brings a large smile
among students.

Concepts Illustrated

While the PCR is running, a certain number of biologi-
cal concepts with direct relevance to PCR are explained
to the students using the PowerPoint presentation.
Although the biology teacher has generally introduced
several issues prior to the practical, these should be pre-

FIG. 3. Material used during OpenLab operation. (a) Micro-
pipettes (Labmate). (b) Gel electrophoresis chamber (Embi Tec).
(c) Dark reader Transilluminator (Clare Chemical Research). (d)
Thermocycler (Roche).

FIG. 4. PCR result. Typical PCR results using the protocol performed by high school students. Comparison between an agarose
gel stained with Ethidium bromide and viewed with a UV transilluminator (a) and a similar gel stained with SYBR Green I and
viewed with the Dark Reader Transilluminator (b). The latter solution, which was chosen for the practical, provides good pictures
and is safe to use.
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sented again as they are important for its understanding.
In particular, the PCR can serve to explain the constitu-
tion of DNA as a double-stranded structure, its replica-
tion and the different mutational changes such as inser-
tion, deletion, and point mutation. The electrophoresis
part helps students understand that DNA is a negatively
charged molecule, and that it has a defined size that
affects its migration behavior. As the plot supposedly
involves a victim with a genetic disease, the PCR helps
to highlight one of the most striking achievements in
biology, namely that the human genome has been fully
sequenced. Explaining how PCR primers are designed,
certainly the most difficult part to convey, helps students
think about the genome [6–9]. Finally, as we explain that
the French legislation forbids the use of coding sequen-
ces for human genotyping, which must thus rely on poly-
morphisms located in noncoding regions, the students
learn how each individual is likely to be different
from his/her neighbor. All the information used for the
PowerPoint presentation is available on a dedicated
website (http://www-ed-sdvs.u-strasbg.fr/openlab/

accueil/index.php). Teachers are invited to encourage
their students to visit the website prior to our visit. It is
perhaps useful to point out what we did not attempt to
do. We did not quiz students after our visit to assess
whether they actually understood the practical; we leave
it to teachers. We also by no means planned to cover
the whole curriculum of the students; our purpose is to
bring a snapshot of modern techniques and the world of
biological research.

The PCR technique offers several highly remarkable
features for a classroom practical. It is a fairly robust and
rapid technique, which has revolutionized biology and is
commonly applied in many fields of science. We illustrate
some of them with examples in medicine with both clini-
cal (e.g., diagnosis of infectious and genetic diseases)
and fundamental research aspects, food industry (e.g.,
GMO), forensic genetics (e.g., paternity test, scientific
police investigation) and ancient DNA with historical
examples (e.g., identification of the members of the
Romanov family) [10, 11], and population migration his-
tory such as the origin of Icelanders [12].

FIG. 5. Achievements and assessment. (a) Map of the Alsace region with the positions of towns in which at least one high
school received an OpenLAB visit. A larger black circle is associated to Strasbourg’s town where 21 classes were visited. (b) High
school students’ assessment. Results are given in percentage. The questions were: Plot, ‘‘Did you like the background of the
experiment?’’; Protocol, ‘‘Did you understand the protocol?’’; Explanations, ‘‘Did you understand the explanations provided by
instructors?’’; Experiment, ‘‘Did you understand what you did?’’; Results, ‘‘Did you understand the interpretation of results?’’; Sci-
ence, ‘‘How attractive is the world of Science to you?’’; Discussion, ‘‘Were free discussions with instructors positive and useful?’’;
Website, ‘‘Did you visit and like our website?’’ A total of 321 student pairs provided an answer, thus 642 students (about 2/3 of all
students); although not all students provided an answer, we do not think there was any significant bias. (c) High school biology pro-
fessors’ assessment. The questions were: Overall, ‘‘Do you feel that the practical was overall a benefit for your class?’’; Experi-
ment, ‘‘Do you think that the experiment was interesting and manageable by your students?’’; Explanations, ‘‘Do you think that the
explanations that were provided were understandable by your students?’’; Repeat, ‘‘Would you ask us to come back next year?’’;
Website, ‘‘Did you visit and like our website?’’ 15 professors provided an answer.
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Achievements and Assessment

The project started on a modest scale, yet between
December 2008 and May 2009 we visited 53 classes in
30 different high schools spread over 200 km area of the
Alsace Region of France (Fig. 5a). It allowed us to interact
with �950 high school students aged between 17 and 19
at a time when they decide on their next step in life.
Applications for the 2009–2010 school year, with 67 pro-
spective classes (i.e., corresponding to about 80% of the
high schools in Alsace) to visit, give a rather positive mea-
sure of our impact.

As we were eager to improve the quality of each ses-
sion, we asked high school students and their teachers
how they appreciated the practical using a questionnaire
containing three parts. The first part dealt with the pro-
posed experiment and its understanding, the second
part enquired about how students appreciate the world
of Science and whether they enjoyed the discussion with
PhD graduate students, and the last one concerned our
website. Figure 5 presents the responses.

High school students overall enjoyed the practical a lot
(78%; not shown). Specifically, �70% of them enjoyed
the plot a lot, had a good understanding of the protocol
and of the explanations provided by the instructors (Fig.
5b, first 3 sections). Satisfaction was lower for the exper-
imental part itself, and the analysis of the results (Fig. 5b,
sections 4, 5). Understanding how to use micropipettes
and how to be very precise when pipetting and loading
gels, a real surprise and in our experience a significant
hurdle for many, might explain why several students
rated the experimental part lower. Devoting more time to
the interpretation of results is necessary, yet difficult,
because it comes late in the session when students are
preparing for their next class. To address this issue, we
have recently created an animation within the website,
which is structured as a game, and should help them
understand what they have done. Clearly, this practical
exposes high school students to novel information and
new tools, which is a challenge for them, even though
they like this challenge, as it is a welcome departure
from their routine. We also noticed that student groups
who had visited our website prior to the practical or who
had been prepared by their professor did much better.

Discussion with the students indicated that, while 55%
have a very positive view of science (Fig. 5b, section 6),
few actually choose to embark in a scientific curriculum.
Students generally (55%; Fig. 5b section 7) very much
appreciated the interactions with PhD graduate students
and being able to ask information about their curriculum,
their work environment and research project. The ques-
tionnaire finally revealed that few students had visited the
website, and that those who did it thought it could be
improved (Fig. 5b, last section). We have refurbished it
for the 2009–2010 school year trying to make it more
interactive.

Biology professors had in general a very positive view
of our practical (Fig. 5c), with more than 70% giving the
highest rating for all categories, except the website.
Indeed, professors for all 53 classes (but two) requested
us to come back this year. A few professors mentioned

in written remarks that our visit had prompted some of
their students to consider entering Biology University af-
ter high school. Discussing with some of them, they also
encouraged us in creating new modules in the future that
might help students to understand other abstract
notions, such as protein folding and 3D-structure.

Finally, it is worth pointing out that the instructors also
enjoyed their experience. At a stage when graduate stu-
dents are still training and hesitating between research in
private industries or in academia, whether or not to seek
a teaching position or to become a manager, the
‘‘OpenLAB’’ experience provides an opportunity to test
other skills and reflect on which one they may prefer. It
helps instructors to address a nonspecialist public with
the appropriate words while remaining precise. It pro-
vides confidence when speaking in public. It helps
organizational skills and teaches efficient management of
two projects (PhD experiments and the practicals). A
gratifying aspect is that graduate students realize they
had most of those skills but did not know about it. Over-
all, the ‘‘OpenLAB’’ project was exciting for those who
had been running it (even for the three PIs) as it was a
team effort with a social purpose.

CONCLUSIONS

We feel that the practical is overall well understood
and has reached its main goals, although there is room
for some technical improvements. Similar initiatives have
been recently proposed in Europe to address the very
same issues outlined at the beginning. To name a few,
the University of Utrecht PhD program in Development
and Cancer Biology has pioneered a similar project
named ‘‘DNAlabs’’ (http://www.dnalabs.eu/); the INMED
in Marseille has launched a program for hosting classes
and even patient with genetic diseases (http://www.
touschercheurs.fr); six high schools located at the Ger-
man/Swiss/French border have launched a related pro-
ject, the Biovalley College Network (http://www.biovalley-
college.net/). We hope that our experience and that in
Utrecht can inspire others.
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their enthusiastic support. The OpenLAB project would not
have been possible without the generous support from the
companies Roche Diagnostics and Dominique Dutscher, which
provided the equipment used for the project, to the IBMP and
the local CNRS Administration, which allowed us to use the
IBMP car to reach high schools, as well as to the company
FranceSystèmes for additional support. They are also very
thankful to Michel Dreyer and Christophe Laville, Inspecteurs
d’Académie, Rectorat de Strasbourg for their support and for
organizing the contacts with high school professors. The
authors thank Fanny Hummel, Pascal Mathelin, Arnaud de la
Hogue, and Sylviane Bronner for their practical help.

REFERENCES

[1] J.J. Lefrere and P. Hewitt (2009) From mad cows to sensible blood
transfusion: the risk of prion transmission by labile blood compo-
nents in the United Kingdom and in France, Transfusion 49, 797–
812.

301



[2] M. A. Majumder and C. B. Cohen (2009) Research ethics. The NIH draft
guidelines on human stem cell research, Science 324, 1648–1649.

[3] C. Gonzalo and A. R. Quesada (2000) PCR as a specific, sensitive
and simple method suitable for diagnostics. Biochem. Mol. Biol.
Educ. 28, 223–226.

[4] U. Bacher, S. Schnittger, C. Haferlach, and T. Haferlach (2009).
Review: Molecular diagnostics in acute leukemias, Clin. Chem. Lab.
Med. 47, 1333–1341.

[5] K. Mullis, F. Faloona, S. Scharf, R. Saiki, G. Horn, and H. Erlich
(1986) Specific enzymatic amplification of DNA in vitro: The poly-
merase chain reaction. Cold Spring Harb. Symp. Quant. Biol.
51(Part 1), 263–273.

[6] S. Deepak, K. Kottapalli, R. Rakwal, G. Oros, K. Rangappa, H. Iwa-
hashi, Y. Masuo, and G. Agrawal (2007) Real-time PCR: Revolutio-
nizing detection and expression analysis of genes. Curr. Genomics
8, 234–251.

[7] J. C. Venter, M. D. Adams, E. W. Myers, P. W. Li, R. J. Mural, G. G.
Sutton, H. O. Smith, M. Yandell, C. A. Evans, R. A. Holt, J. D.
Gocayne, P. Amanatides, R. M. Ballew, D. H. Huson, J. R. Wortman,
Q. Zhang, C. D. Kodira, X. H. Zheng, L. Chen, M. Skupski, G. Subra-
manian, P. D. Thomas, J. Zhang, G. L. Gabor Miklos, C. Nelson, S.
Broder, A. G. Clark, J. Nadeau, V. A. McKusick, N. Zinder, A. J. Lev-
ine, R. J. Roberts, M. Simon, C. Slayman, M. Hunkapiller, R. Bola-
nos, A. Delcher, I. Dew, D. Fasulo, M. Flanigan, L. Florea, A. Hal-
pern, S. Hannenhalli, S. Kravitz, S. Levy, C. Mobarry, K. Reinert, K.
Remington, J. Abu-Threideh, E. Beasley, K. Biddick, V. Bonazzi, R.
Brandon, M. Cargill, I. Chandramouliswaran, R. Charlab, K. Chatur-
vedi, Z. Deng, V. Di Francesco, P. Dunn, K. Eilbeck, C. Evangelista,
A. E. Gabrielian, W. Gan, W. Ge, F. Gong, Z. Gu, P. Guan, T. J. Hei-
man, M. E. Higgins, R. R. Ji, Z. Ke, K. A. Ketchum, Z. Lai, Y. Lei, Z.
Li, J. Li, Y. Liang, X. Lin, F. Lu, G. V. Merkulov, N. Milshina, H. M.
Moore, A. K. Naik, V. A. Narayan, B. Neelam, D. Nusskern, D. B.
Rusch, S. Salzberg, W. Shao, B. Shue, J. Sun, Z. Wang, A. Wang, X.
Wang, J. Wang, M. Wei, R. Wides, C. Xiao, C. Yan, A. Yao, J. Ye, M.
Zhan, W. Zhang, H. Zhang, Q. Zhao, L. Zheng, F. Zhong, W. Zhong,
S. Zhu, S. Zhao, D. Gilbert, S. Baumhueter, G. Spier, C. Carter, A.
Cravchik, T. Woodage, F. Ali, H. An, A. Awe, D. Baldwin, H. Baden,
M. Barnstead, I. Barrow, K. Beeson, D. Busam, A. Carver, A. Center,
M. L. Cheng, L. Curry, S. Danaher, L. Davenport, R. Desilets, S.
Dietz, K. Dodson, L. Doup, S. Ferriera, N. Garg, A. Gluecksmann, B.
Hart, J. Haynes, C. Haynes, C. Heiner, S. Hladun, D. Hostin, J.
Houck, T. Howland, C. Ibegwam, J. Johnson, F. Kalush, L. Kline, S.
Koduru, A. Love, F. Mann, D. May, S. McCawley, T. McIntosh, I.
McMullen, M. Moy, L. Moy, B. Murphy, K. Nelson, C. Pfannkoch, E.
Pratts, V. Puri, H. Qureshi, M. Reardon, R. Rodriguez, Y. H. Rogers,
D. Romblad, B. Ruhfel, R. Scott, C. Sitter, M. Smallwood, E. Stew-
art, R. Strong, E. Suh, R. Thomas, N. N. Tint, S. Tse, C. Vech, G.
Wang, J. Wetter, S. Williams, M. Williams, S. Windsor, E. Winn-
Deen, K. Wolfe, J. Zaveri, K. Zaveri, J. F. Abril, R. Guigo, M. J.
Campbell, K. V. Sjolander, B. Karlak, A. Kejariwal, H. Mi, B. Lazar-
eva, T. Hatton, A. Narechania, K. Diemer, A. Muruganujan, N. Guo,
S. Sato, V. Bafna, S. Istrail, R. Lippert, R. Schwartz, B. Walenz, S.
Yooseph, D. Allen, A. Basu, J. Baxendale, L. Blick, M. Caminha, J.
Carnes-Stine, P. Caulk, Y. H. Chiang, M. Coyne, C. Dahlke, A. Mays,
M. Dombroski, M. Donnelly, D. Ely, S. Esparham, C. Fosler, H. Gire,
S. Glanowski, K. Glasser, A. Glodek, M. Gorokhov, K. Graham, B.
Gropman, M. Harris, J. Heil, S. Henderson, J. Hoover, D. Jennings,
C. Jordan, J. Jordan, J. Kasha, L. Kagan, C. Kraft, A. Levitsky, M.
Lewis, X. Liu, J. Lopez, D. Ma, W. Majoros, J. McDaniel, S. Murphy,
M. Newman, T. Nguyen, N. Nguyen, M. Nodell, S. Pan, J. Peck, M.
Peterson, W. Rowe, R. Sanders, J. Scott, M. Simpson, T. Smith, A.
Sprague, T. Stockwell, R. Turner, E. Venter, M. Wang, M. Wen, D.
Wu, M. Wu, A. Xia, A. Zandieh, and X. Zhu (2001) The sequence of
the human genome. Science 291, 1304–1351.

[8] E. S. Lander, L. M. Linton, B. Birren, C. Nusbaum, M. C. Zody, J.
Baldwin, K. Devon, K. Dewar, M. Doyle, W. FitzHugh, R. Funke, D.
Gage, K. Harris, A. Heaford, J. Howland, L. Kann, J. Lehoczky, R.
LeVine, P. McEwan, K. McKernan, J. Meldrim, J. P. Mesirov, C. Mir-
anda, W. Morris, J. Naylor, C. Raymond, M. Rosetti, R. Santos, A.
Sheridan, C. Sougnez, N. Stange-Thomann, N. Stojanovic, A. Sub-
ramanian, D. Wyman, J. Rogers, J. Sulston, R. Ainscough, S. Beck,
D. Bentley, J. Burton, C. Clee, N. Carter, A. Coulson, R. Deadman,
P. Deloukas, A. Dunham, I. Dunham, R. Durbin, L. French, D. Graf-
ham, S. Gregory, T. Hubbard, S. Humphray, A. Hunt, M. Jones, C.
Lloyd, A. McMurray, L. Matthews, S. Mercer, S. Milne, J. C. Mulli-
kin, A. Mungall, R. Plumb, M. Ross, R. Shownkeen, S. Sims, R. H.
Waterston, R. K. Wilson, L. W. Hillier, J. D. McPherson, M. A. Marra,
E. R. Mardis, L. A. Fulton, A. T. Chinwalla, K. H. Pepin, W. R. Gish,
S. L. Chissoe, M. C. Wendl, K. D. Delehaunty, T. L. Miner, A. Dele-
haunty, J. B. Kramer, L. L. Cook, R. S. Fulton, D. L. Johnson, P. J.
Minx, S. W. Clifton, T. Hawkins, E. Branscomb, P. Predki, P.
Richardson, S. Wenning, T. Slezak, N. Doggett, J. F. Cheng, A.
Olsen, S. Lucas, C. Elkin, E. Uberbacher, M. Frazier, R. A. Gibbs,
D. M. Muzny, S. E. Scherer, J. B. Bouck, E. J. Sodergren, K. C.
Worley, C. M. Rives, J. H. Gorrell, M. L. Metzker, S. L. Naylor, R. S.
Kucherlapati, D. L. Nelson, G. M. Weinstock, Y. Sakaki, A. Fujiyama,
M. Hattori, T. Yada, A. Toyoda, T. Itoh, C. Kawagoe, H. Watanabe,
Y. Totoki, T. Taylor, J. Weissenbach, R. Heilig, W. Saurin, F. Artigue-
nave, P. Brottier, T. Bruls, E. Pelletier, C. Robert, P. Wincker, D. R.
Smith, L. Doucette-Stamm, M. Rubenfield, K. Weinstock, H. M.
Lee, J. Dubois, A. Rosenthal, M. Platzer, G. Nyakatura, S. Taudien,
A. Rump, H. Yang, J. Yu, J. Wang, G. Huang, J. Gu, L. Hood, L.
Rowen, A. Madan, S. Qin, R. W. Davis, N. A. Federspiel, A. P.
Abola, M. J. Proctor, R. M. Myers, J. Schmutz, M. Dickson, J.
Grimwood, D. R. Cox, M. V. Olson, R. Kaul, N. Shimizu, K. Kawa-
saki, S. Minoshima, G. A. Evans, M. Athanasiou, R. Schultz, B. A.
Roe, F. Chen, H. Pan, J. Ramser, H. Lehrach, R. Reinhardt, W. R.
McCombie, M. de la Bastide, N. Dedhia, H. Blocker, K. Hornischer,
G. Nordsiek, R. Agarwala, L. Aravind, J. A. Bailey, A. Bateman, S.
Batzoglou, E. Birney, P. Bork, D. G. Brown, C. B. Burge, L. Cerutti,
H. C. Chen, D. Church, M. Clamp, R. R. Copley, T. Doerks, S. R.
Eddy, E. E. Eichler, T. S. Furey, J. Galagan, J. G. Gilbert, C. Har-
mon, Y. Hayashizaki, D. Haussler, H. Hermjakob, K. Hokamp, W.
Jang, L. S. Johnson, T. A. Jones, S. Kasif, A. Kaspryzk, S. Kennedy,
W. J. Kent, P. Kitts, E. V. Koonin, I. Korf, D. Kulp, D. Lancet, T. M.
Lowe, A. McLysaght, T. Mikkelsen, J. V. Moran, N. Mulder, V. J. Pol-
lara, C. P. Ponting, G. Schuler, J. Schultz, G. Slater, A. F. Smit, E.
Stupka, J. Szustakowski, D. Thierry-Mieg, J. Thierry-Mieg, L. Wag-
ner, J. Wallis, R. Wheeler, A. Williams, Y. I. Wolf, K. H. Wolfe, S. P.
Yang, R. F. Yeh, F. Collins, M. S. Guyer, J. Peterson, A. Felsenfeld,
K. A. Wetterstrand, A. Patrinos, M. J. Morgan, P. de Jong, J. J. Cat-
anese, K. Osoegawa, H. Shizuya, S. Choi, and Y. J. Chen (2001) Ini-
tial sequencing and analysis of the human genome. Nature 409,
860–921.

[9] I. H. G. S. Consortium (2004) Finishing the euchromatic sequence
of the human genome. Nature 431, 931–945.

[10] M. D. Coble, O. M. Loreille, M. J. Wadhams, S. M. Edson, K. May-
nard, C. E. Meyer, H. Niederstatter, C. Berger, B. Berger, A. B.
Falsetti, et al. (2009) Mystery solved: the identification of the
two missing Romanov children using DNA analysis. PLoS One 4,
e4838.

[11] P. Gill, P. L. Ivanov, C. Kimpton, R. Piercy, N. Benson, G. Tully, I. Evett,
E. Hagelberg, and K. Sullivan (1994). Identification of the remains of
the Romanov family by DNA analysis. Nat. Genet. 6, 130–135.

[12] A. Helgason, S. Sigureth Ardottir, J. Nicholson, B. Sykes, E. W. Hill,
D. G. Bradley, V. Bosnes, J. R. Gulcher, R. Ward, and K. Stefansson
(2000) Estimating Scandinavian and Gaelic ancestry in the male
settlers of Iceland. Am. J. Hum. Genet. 67, 697–717.

302 BAMBED, Vol. 38, No. 5, pp. 296–302, 2010


	Développement d’un modèle murin pour cibler et comprendre le rôle de la Ténascine-C dans la progression tumorale
	Summary / Résumé
	Acknowledgments
	Table of contents
	LIST OF FIGURES
	LIST OF TABLES
	ABBREVIATIONS
	Introduction
	1. Tumorigenesis is a multi step process
	1.1 Cancer cell initiation
	1.2 Tumor angiogenesis
	1.3 Metastatic dissemination of tumor cells

	2. Tumor as an organ: the importance of the microenvironment in tumor progression
	2.1 Concept of the tumor as an organ
	2.2 Tumor microenvironment
	2.2.1 Cancer-associated fibroblasts
	2.2.2 Immune cells
	2.2.3 Endothelial cells
	2.2.4 Extracellular matrix molecules

	2.3 The extracellular matrix molecule: Tenascin-C, a key player intumorigenesis
	2.3.1 Structure
	2.3.2 Role of TNC in cancer


	3. Mouse and human models to study the role of the tumor microenvironment in tumorigenesis
	3.1 Murine Rip1Tag2 insulinoma model
	3.2 Human colorectal cancer analysis

	4. Different targets on the road of cancer therapy : cancer cells, tumorvasculature and the tumor microenvironment
	5. Limits of anti-angiogenic therapies: the case of Bevacizumab
	5.1 A general introduction to Bevacizumab and resistance to antiangiogenic drugs
	5.2 Human colorectal cancer and Bevacizumab treatment

	6. The role of the tumor microenvironment in tumor resistance and recurrence after anti-angiogenic therapies

	Objectives
	Objective 1: Characterization of the extracellular matrix and cellular components of the tumor microenvironment in a murine tumor model and inhuman cancer tissue
	Objective 2: Development of a murine orthotopic xenograft model for investigating the role of tumor and host-derived TNC on tumor angiogenesis
	Objective 3: Preliminary results : development of a murine orthotopic xenograft model for investigating the impact of an anti-angiogenic therapy on the microenvironment

	Material and Methods
	1. In vitro experiments
	1.1 Cell lines and culture conditions
	1.2 Generation of cells for live imaging
	1.3 Generation of cells with overexpression of DKK1
	1.4 Generation of cells with knock down of TNC
	1.5 Expression analysis by immunoblotting

	2. Tumor material
	2.1 Human colorectal carcinoma
	2.2 Human insulinoma

	3. Animals
	3.1 RT2 and RT2/TNC insulinoma mice
	3.2 Ras and APC mice
	3.3 Immunodeficient mice
	3.3.1 Nude mice
	3.3.2 Rag2KO and Rag2KO/TNCKO mice


	4. Heterotopic and orthotopic xenograft models
	4.1 Heterotopic xenograft model
	4.1.1 Cell injection
	4.1.2 Injection of human tumor material

	4.2 Orthotopic colon cancer xenograft model

	5. Live imaging of tumorigenesis
	6. Experimental design of the anti-angiogenic treatment
	7. Analysis of tumor volume and tissue preparation
	7.1 Tumor volume
	7.2 Tissue preparation
	7.2.1 Analysis of the vasculature (done by V. Djonov, Bern)
	7.2.2 Tissue preparation


	8. Analysis of protein expression by tissue staining
	9. Tumor analysis: imaging and quantification
	10. Analysis of candidate gene expression by qRT-PCR
	11. Statistical analysis
	12. Analysis of liver metastasis

	Results
	PART A: CHARACTERIZATION OF THE EXTRACELLULAR MATRIX AND CELLULAR COMPONENTS OF THE TUMOR MICROENVIRONMENT IN A MURINE TUMOR MODEL AND IN HUMAN CANCER TISSUE
	1. Description of the neuroendocrine Rip1Tag2 model with ectopic TNC expression
	1.1 Tumor progression
	1.2 Tumor growth
	1.3 Tumor angiogenesis
	1.4 Vessel anatomy
	1.5 Expression and organization of TNC and other ECM molecules
	1.6 TNC and tumor associated cells
	1.6.1 Potential impact of TNC on fibroblasts
	1.6.2 Potential impact of TNC on macrophages
	1.6.3 No impact of TNC on lymph endothelial cells

	1.7 Potential link of TNC to DKK1 repression and tumor angiogenesis

	2. Organization of TNC in the microenvironment of intestinal carcinomas
	2.1 TNC expression and ECM organization
	2.2 Establishment of an optimized staining protocol for tissue analysis
	2.3 TNC expression in human colon cancer xenografts
	2.4 Association of CAF with TNC in human colorectal carcinoma and inthe murine tumor xenografts

	3. Organization of TNC in the microenvironment of human insulinomas

	PART B: DEVELOPMENT OF A MURINE ORTHOTOPIC XENOGRAFT MODEL FOR INVESTIGATING THE ROLE OF TUMOR AND HOST-DERIVED TNC ON TUMOR ANGIOGENESIS
	1. Use of immune-compromised Rag2KO mice for tumor engrafting
	2. Establishment of immune-compromised Rag2KO mice lacking TNCexpression for tumor cell grafting

	PART C: DEVELOPMENT OF A MURINE ORTHOTOPIC XENOGRAFT MODEL FOR INVESTIGATING THE IMPACT OF AN ANTI-ANGIOGENIC THERAPY ON TENASCIN-C EXPRESSION
	1. Monitoring tumorigenesis by live imaging
	2. Histological characterization
	3. Effect of Bevacizumab on the tumor vasculature
	4. Effect of Bevacizumab on liver metastasis


	Discussion
	1. TNC effects on tumor cells – impact on proliferation, migration, invasionand dissemination
	2. TNC effects on tumor associated cells – role in angiogenesis
	2.1 TNC effects on tumor associated cells
	2.2 Wnt/β-catenin pathway and angiogenesis
	2.3 DKK1 and angiogenesis
	2.4 Potential link between TNC and DKK1

	3. Potential mechanism of TNC conduit formation and function
	4. Murine model systems and their potential applications in addressing the role of TNC in cancer progression
	4.1 Stochastic immune competent RT2 insulinoma model
	4.2 Tumor xenografting into immune-compromised mice lacking TNC
	4.3 Orthotopic tumor xenografting mouse model for testing antiangiogenic treatment


	Conclusions and Perspectives
	References
	Annex
	Annex 1 : Tenascin-C promotes tumor angiogenesis and metastasis through repression of dickkopf-1
	Annex2 : Fibronectin and tenascin-C : accomplices in vascular morphogenesis during development and tumor growth
	Annex3 : « OpenLAB » : A 2h PCR- based practical for high school students




