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Thesis Abstract 

This thesis is divided in two chapters:  

The first chapter presents the work that described the mechanism 

by which the EphB−ephrin-B interactions repressed colorectal 

cancer progression through the compartmentalization of tumor 
cells. We also discovered that EphB receptor activation enforces 

the adhesion of EphB-positive cells mediated by E-cadherin [1]. 

The second chapter provides an in depth analysis of the 

mechanism that induces E-cadherin remodeling upon EphB 
activation. In particular, we describe RhoA, p120-catenin and the 

metalloproteinase ADAM10 as downstream effectors of EphB 
signaling in colorectal cancer (CRC) cells. We demonstrate that 

these molecules are involved in the control of EphB/ephrin-B
mediated cell sorting. 
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Resum de la tesi 

Aquesta tesi es divideix en dos capítols: 

El primer capítol presenta l’article on hem descrit com les 

interaccions EphB−efrina-B suprimeixen la progressió del càncer 

colorectal a través de la compartimentalització de les cèl·lules 

tumorals. També hem descobert que l’activació del receptor 
comporta un increment en l’adhesió intercel·lular en les cèl·lules 

EphB-positives mediat per E-cadherina [1]. 

El segon capítol correspon a l’estudi més detallat del mecanisme 

pel qual els receptors EphB indueixen la remodelació de la E
cadherina. Concretament, presentem RhoA, p120-catenina i la 

metaloproteasa ADAM10 com a nous efectors de la senyalització 
per EphB implicats en el control de la separació cel·lular entre les 
cèl·lules EphB+  i efrina-B+. 
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Preface 

Previous studies have shown that compartmentalized expression of 

EphB receptors and ephrins in the adult intestinal epithelium is 
essential to control the proper intestinal cell migration and 
positioning [2] as well as to suppress CRC progression [3]. This 

was the first indication that, besides their function in development, 
EphB receptors also played an important role in adult tissues. 

However, the mechanism through which Eph receptors suppressed 
tumorigenesis was still not characterized. The EphB receptor 
downstream signaling pathway was also poorly understood. Most 

of the EphB effectors such as Rho GTPases were known to affect 
the remodeling of the cytoskeleton leading to EphB-mediated cell-

to-cell repulsion. Here, we also provide evidence supporting a role 
for EphB signaling in the control of cell sorting by differential cell 

adhesion. This contribution represents a major advance in the 
understanding of the biology of the intestinal epithelium as well as 
of the mechanisms that operate in the progression of colorectal 

cancer.  
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INTRODUCTION 


1. THE INTESTINAL EPITHELIUM 

1.1 Structure of the intestinal tract 

The intestine consists in a tube that connects the stomach with the 

anus. It is formed by four concentric tissue layers around a lumen 
(for detailed description see Figure 1). The layer that faces the 

lumen is the intestinal epithelium, a monolayer of epithelial 
cuboideal cells of endodermic origin that performs the functions 

related to nutrient processing: absorption of nutrients, water and 
stool formation. The intestinal epithelium is structured as a group of 
tubular invaginated glands called crypts of Lieberkühn. Each crypt 

is separated from its neighbouring crypts by lamina propria 
(reviewed in [4]). 

Anatomically, the intestine is divided in small intestine and colon 

(Figure 1 in next page). The small intestine can be subdivided 
along the proximo-distal axis in three parts: the duodenum, the 
jejunum and the ileum. The absorptive surface of the small 

intestine is dramatically increased by the luminal protrusions 
between the crypts called villus (Figure 2a and Figure 3a). In 

contrast, the colon does not have villus but presents longer crypts 
(Figure 3b) [4]. 

1.2 Self-renewal and cell types in the intestinal 
epithelium 

The intestinal epithelium is exposed to continuous mechanical 

erosion and chemical aggressions by the luminal content. The 

epithelial sheet undergoes continuous self-renewal throughout life 

in order to preserve its functionality in this hostile environment. In 
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fact, the intestinal epithelium is the tissue with the highest 

renovation rate in mammals [5] (see section 1.3 of the 

introduction). The speed and spatial disposition of self-renewal and 

cell death in the intestinal epithelium is highly balanced. The 

intestinal epithelial cells are distributed within two compartments: a) 

the proliferative cell compartment, where new cells are 

continuously produced, and b) the differentiated cell compartment, 

where most of the differentiated cell types reside and ultimately die 

as they are shed into the lumen. In the small intestine, most of the 

cells in the crypts exhibit a proliferative phenotype, while cells in 

the villus are differentiated (Figure 3a). In contrast, in the colon, the 

differentiated compartment already starts in the upper third of the 

crypts and expands into the surface epithelium (Figure 3b). 

Figure 1. Schematic diagram of the intestinal anatomy and histology.  The  
intestine is divided in small intestine, which absorbs and processes nutrients, and 
colon, where water intake from the luminal content and stool compaction occurs. 
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The intestine is composed by four concentric layers aroud the lumen. The serose 
is the most external layer. It encircles the circular muscle layer, which is formed by 
circular and transversal muscle bundles and is responsible of the peristaltic 
movements. Underneath this layer, there is a highly vascularized region of smooth 
connective tissue, the submucosa. A thin sheet of smooth muscle known as 
muscularis mucosae separates the submucosa from the mucosa. The most 
internal layer, the mucosa, is composed by the lamina propria and the intestinal 
epithelium. The lamina propria shows a heterogeneous population of fibroblasts, 
blood capillaries, lymphocytes and connective tissue that surrounds the intestinal 
epithelium. This epithelium is the monolayer that faces the intestinal lumen. It 
contains invaginations called crypts of Lieberkühn (dapted from Encyclopaedia 

Britannica, Inc) [4]. 

Figure 2. Cell types in the mouse intestinal epithelium. a) Haematoxylin/eosin 
staining showing the morphology of the intestinal epithelium, organized in villus 
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and crypts. b) Stem cells give rise to transient amplifying cells, which differentiate 
into enterocytes, Goblet, enteroendocrine or Paneth cells. c) Transit amplifying 
progenitors (Wdr43  in situ hybridization), d) Goblet cells (periodic acid–Schiff 
staining), e) enteroendocrine cells (anti-synaptophysin staining), f) Intestinal Stem 
Cells (ISCs) labelled in blue (from a Lgr5-LacZ transgenic mouse [5,6]), g) Paneth 
cells (lysozyme staining) and h) enterocytes (alkaline phosphatase stain) (adapted 
from [5,6]). 

1.2.1 The proliferative compartment and the stem cell 
niche 

Each intestinal crypt contains between four and six intestinal stem 
cells (ISCs). Although traditionally stem cells in adult tissues have 
been considered to be relatively quiescent, ISCs divide actively, 

having a duplication time of approximately 24 hours (reviewed in 
[7]). Thus, a pool of progenitor cells is constinuously generated 

from ISCs. The stem cell progeny proliferates very actively (one 
cycle every 12-16 hours) and is known as Transit Amplifying (TA) 

cells (Figure 2c).  This high rate of division allows the generation of 
about 200 cells per crypt every day. TA cells divide from 4 to 5 
times as they migrate towards the differentiated compartment 

(Figure 3 and section 1.3 of the introduction). During this process, 
that lasts from 2 to 5 days, they lose their multipotentiality and give 

rise to all the multiple differentiated cell lineages of the intestinal 
epithelium [8] (Figure 2b). 

The localization of the ISC has been a controversial issue [7]. 
Recently, Barker and collaborators identified Lgr5 as a marker 

gene for intestinal stem cells (see section 3.2 of the introduction). 
Lgr5 labels 4 to 6 cells localized to the  bottommost postions of the 
crypts [6]. Lgr5+ cells represent bona-fide ISCs as they are capable 
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of renewing the intestinal epithelium for very long periods (>13 

months) and give rise to all the intestinal cell lineages (Figure 2f). 

1.2.2 The differentiated compartment 

The differentiated compartment of the intestinal epithelium contains 
three major differentiated cell types: enterocytes (also known as 
absorptive cells), Goblet (or mucosecreting) cells and 

enteroendocrine cells. Additionally, the small intestine contains 
another differentiated cell type: the Paneth cells.  

Enterocytes or absorptive cells are highly polarized and present 
microvilli in their apical membrane. They express transporter 

proteins such as intestinal fatty acid binding protein and digestive 
enzymes such as alkaline phosphatase and sucrose isomaltase 

that help in the absorption, metabolization and transport of 
nutrients through the epithelium. Enterocytes represent 80% of the 

intestinal epithelial cells [5] (Figure 2h). Goblet cells secrete 
mucins, which facilitate the movement and efficient expulsion of the 
intestinal content and protect the intestine from mechanical and 

chemical stress. Mucin2 and periodic Schiff-acid are common 
Goblet cell markers (Figure 2d). Enteroendocrine cells coordinate 

the intestinal function by secreting several hormonal peptides such 
as synaptophysin, secretin or serotonin [5] (Figure 2e). 

Paneth cells constitute the fourth differentiated cell type in the small 
intestinal epithelium (Figure 2g). Paneth cells represent an 

exception in the upward migratory pathway, since they move in the 
opposite direction and remain at the very bottom of the crypts, 

intermingled with the intestinal stem cells [9] (Figure 3a and section 
1.3 of the introduction). Paneth cells play a protective role by 
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secreting antimicrobial proteins such as lysozyme, defensins and 

cryptdins. They display a longer half-life than the rest of the 
differentiated cell types (about 20 days) and they are only present 

in the small intestinal crypts [5]. 

Figure 3. Structure, cell compartments, Wnt activity and migration in the 
intestinal epithelium. The intestinal epithelium from the small intestine (a) 
contains crypts and villus whereas in the colon (b) it is only formed by crypts. The 
intestinal epithelium is divided in the proliferative compartment and the 
differentiated compartment. Wnt signaling is active at the bottom of the crypts and 
inactive in the differentiated compartment. All cell types migrate upward in the 
crypt-villus axis and are ultimately shed, except for the Paneth cells and stem 
cells, which escape this migration flow and reside at the bottom of the crypts [10]. 
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1.3 Migration in the intestinal epithelium 

Intestinal epithelial cells must maintain strong cell-cell junctions in 

order to preserve the integrity of the epithelium and provide an 
effective barrier against the luminal content. However, at the same 
time the system must be sufficiently plastic to support continuous 

self-renewal (see section 1.2 of the introduction). These 
requirements are fulfilled by an ordered migration within this tissue, 

in which cells move directionally as a coherent sheet from the 
proliferative compartment towards the surface of the epithelium at a 

speed of 5-10 µm/h. Cells produced in the crypts reach the tip of 
the villus after 4-5 days (Figure 3). 

Little is known about the mechanisms that control directional 
migration in the intestinal epithelium. Mitotic pressure imposed by 

newly formed cells at the proliferative cell compartment together 
with the gaps left by shedded cells might act as a passive driving 

force which pushes the epithelial sheet upwards (reviewed in [11]). 
Nevertheless, the fact that Paneth cells migrate towards the bottom 
of the crypts (Figure 3a) implies that additional mechanisms must 

actively specify cell positioning and migration in the crypt-villus axis 
(see section 4.3.2 of the introduction). 

Cellular migration have been largely characterized in systems in 
which cells migrate as individual entities, such as fibroblasts or 

neural cells (reviewed in [12-14]). However, intestinal cells move 
while they are tightly attached to each other through extensive cell-

to-cell contacts. This scenario implies that cell adhesion and 
migration must be coordinated to control tissue architecture in this 

system and demands further study on the molecular components 
involved. 
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Interestingly, Hermiston et al. showed that overexpression of E

cadherin (see section 5.1.1 of the introduction) in mouse intestinal 
epithelium slowed down cell migration along the crypt-villus axis, 

without affecting  cell commitment or directionality of the migration 
[15]. These results highlighted that E-cadherin levels had an 

important role in the determination of the migratory pathway of 
intestinal cells albeit the mechanism underlying this function 
remained uncharacterized. 

2. COLORECTAL CANCER 

2.1 Epidemiology 

About 50% of the Western population develops colorectal 

adenomas by the age of 70, and about 1 out of 10 of these benign 
lesions progress to malignancy. As a result, CRC is the second 
cause of death by cancer in developed countries, only preceded by 

smoking-related cancers. Worldwide, one million of new cases are 
diagnosed every year. It is also one of the most curable cancers, 

with more than 90% of patients having a 5-year survival if detected 
at early stages of tumorigenesis. In contrast, less than 1% of 
patients with malignant and metastastatic CRC survive after 5 

years [16].  

80% of CRC cases have a sporadic origin, implying that 
environmental factors greatly influence the outcome of the disease. 

The incidence of CRC has a strong social and geographic 
component, as 65% of the cases appear in the developed 
countries. Epidemiologic studies strongly suggest that diet is one of 

the possible factors explaining such geographic differences in CRC 
incidence, especially depending on the saturated fat and red meat 
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content, which contribute to enhance the rate of mutation within the 

intestinal epithelium (reviewed in [16,17]). Excessive energy intake 
inducing hyperinsulinemia have been also associated to increased 

cancer incidence and tumor growth in humans and in mice [18,19]. 

Nonetheless, genetic predisposition also affects the risk of 
developing the disease. 20% of the CRC patients present familial 
antecedents, whereas 5-10% develop the disease in an autosomic 

dominant inheritance pattern [20]. The two best defined familial 
forms of CRC are Familial Adenomatous Polyposis (FAP) and 

Hereditary Non-polyposis Colorectal Cancer (HNPCC). FAP is an 
autosomal, dominantly inherited disease that affects about 1 in 
7000 individuals. FAP patients develop from hundreds to 

thousands of colorectal cancer adenomatous tumors during their 
second and third decades of life, some of which will progress to 

invasive carcinoma lesions. These patients carry truncating 
mutations in the APC gene (see section 3.1 of the introduction) 

[16]. HNPCC is an autosomal-dominant cancer syndrome that 
predisposes to multiple primary cancers without intestinal 
polyposis. Families with predisposition to HNPCC carry mutations 

in mismatch repair (MMR) genes (i.e. MLH1, MSH2), which correct 
erroneous insertions, deletions and misincorporation of bases in 

the DNA. Defects in MMR compromise genetic stability, which 
results in microsatellite instability (MSI). In HNPCC tumors, 

mutations caused by MSI have been reported in the β−catenin 

gene, transforming growth factor beta receptor II (TGFBR2) gene 
and the proapoptotic gene Bax. Although not yet reported in 

HNPCC, MSI also leads to mutations in APC  [4]. In addition, loss 
of APC contributes to chromosomal instability, which is a form of 

genetic instability present in many CRCs [21]. 

11 



INTRODUCTION 


2.2 Steps towards malignancy in CRC 

The earliest detectable alterations that lead to CRC are 

microscopic lesions called dysplastic aberrant crypt foci (dACF). 
dACFs give rise to adenomas which are benign tumors of polypoid 
structure which protrude from the intestinal epithelium. Adenomas 

can become malignant and progress to cancers, which eventually 
will acquire the ability to invade the tissues underlying the 

colorectal epithelium (Figure 4). If not resected on time, CRCs may 
extravasate into the bloodstream giving rise to metastasis in distant 

organs. Most of CRC metastases are found in the liver, in part due 
to the intimate blood connection between the intestine and this 
organ, although other mechanisms may determine this tropism 

(reviewed in [4,16,22]). 

CRC is one of the best characterized cancers regarding the 
signaling pathways affected and the order of genetic alterations 

throughout the progression of the disease. The study of CRC has 
been facilitated by the accessibility of the tissue at the time of 
performing biopsies as well as by the fact that various stages of the 

malignancy coexist. The genetic characterization of tumors at 
different stages of malignancy  allowed Fearon and Vogelstein to 

originally build up the so-called adenoma-to-carcinoma model of 
progression [23] (Figure 4). This model proposes that: a) colorectal 
tumors occur due to genetic alterations in tumor suppressor genes 

and oncogenes, b) mutations in several genes are required to 
produce malignant tumors and c) accumulation of mutations has a 

preferred sequence, yet the tumor properties are defined by the 
total accumulation of changes rather than by their order of 

appearance.  
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? 

Figure 4. The adenoma-to-carcinoma model of CRC progression (adapted 
from [22,23]). 

More than 80% of CRCs are initiated by activating mutations in the 
Wnt signaling pathway that lead to the formation of dACF. 

Additional oncogenic mutations accumulate in these lesions as a 
result of genomic instability, which is characteristic of most CRCs. 

For example, activating mutations in the oncogene KRAS which 
are present in around 50% of the colorectal adenomas and 
carcinomas are required for adenoma growth and progression. In 

more advanced stages, resistance to Transforming growth factor 

beta (TGFβ) signaling is acquired through loss of function of 

signaling components such as TGFBRII or Smad4. Finally, 
mutations or allelic loss in tumor protein p53 (TP53) are usually 

found in most malignant carcinomas. The genetic events required 
for the acquisition of metastatic capacity are less well 
characterized. Although additional or alternative mutations in yet 

undefined genes may also be required for the CRC progression, 
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Fearon and Vogelstein model predicts that at least seven tumor-

driving genetic hits are needed to generate a full blown CRC 
(reviewed in [4,16,22]) (Figure 4). 

Recently, genome-wide sequencing of protein-coding genes in 

human colorectal and breast cancers have provided a detailed 
analyses of the mutation events found in these tumors [24,25]. 
These high-throughput studies showed for the first time that most 

advanced cancerous tumors contained an average of 80 DNA 
mutations. From these, only less than 15 mutations seemed to 

confer a selective advantage to the tumor, by promoting either 
tumor initiation, progression or maintenance (driver mutations), 
thus widening the previous Feraon and Volgestein seven-hit 

hypothesis.  The rest were neutral mutations accumulated along 
the clonal expansions that tumors undergo during their progression 

(passenger mutations) (reviewed in [26]). Interestingly, 
comparisons of genome-sequencing data of neoplastic lesions 

from the same patients at different stages have been useful in 
determining the time intervals required for a tumor to evolve. dACF 
take about 6 years to form large adenomas, which require about 17 

years to become invasive carcinomas. Once tumors reach that 
stage, less than two years are sufficient for them to acquire the 

ability to metastasize [27]. These studies have also shown that 
certain pathways are enriched in genetic alterations. Such 

pathways are involved in controlling key cell functions such as cell 
cycle control or cell adhesion [28]. Finally, the analysis of individual 
genes within this genomic-wide studies has uncovered that only 

about five genes are mutated in a large proportion of tumors (APC, 
KRAS, TP53, PI3K3CA and FBXW7), whereas the majority of 

mutations found in a particular tumor correspond to genes which 
are only mutated in <5% of the tumors [24]. 
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3. WNT SIGNALING IN THE INTESTINE 
These above studies clearly pointed to adenomatous polyposis coli 

(APC) as one of the most commonly mutated tumor suppressor 
genes in CRC. APC is a negative regulator of the Wnt signaling 
pathway. 

3.1 The Wnt signaling pathway 

The Wnt signaling cascade is highly conserved in the animal 

kingdom [29]. The key effector of canonical Wnt signaling pathway 

is β−catenin, which can be stabilized at different subcellular 

locations. In the membrane, β-catenin acts as a core protein of the 

adherens junction complex (see section 5.1.2 of the introduction), 
whereas in the nucleus it regulates the activity of DNA binding 

transcription factors from the T cell factor/lymphoid-enhancing 

(Tcf/Lef) family. β-catenin stability, subcellular location and 

interactions are tightly regulated [4,16,29-31]. 

In the absence of Wnt ligands, cytosolic β−catenin is actively 

degraded by the so-called destruction complex. The major 
components of this complex are the tumor suppressor proteins 

APC and axin/conductin, which act as a scaffolds for β−catenin 

binding, and the constitutively active kinases casein kinase-1a or 

1ε as well as for the glycogen synthase kinase 3β (GSK3β). These 

kinases phosphorylate β−catenin in a series of highly conserved 

residues in its N-terminal region. Phosphorylated β-catenin is then 

recognized by β-Transducin repeat-containing protein (β-TRCP), 

and subsequently ubiquitinated and rapidly degraded by the 

proteasome. Consequently, only β−catenin associated to the 

adherens junctions is stable whereas cytosolic β−catenin is 
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maintained at very low levels in resting cells. In this scenario, 

transcription factors of the T cell factor/lymphoid-enhancing 
(Tcf/Lef) family coupled to groucho co-repressors act as 

transcriptional repressors of the Wnt target genes (Figure 5a).  

The Wnt ligands bind to the the Frizzled/Lrp receptor complex. This 
event triggers a signaling cascade, that includes the inactivation of 

the β-catenin destruction complex by Disheveled (Dsh) [22] as well 

as by the recruitment of axin to the membrane by Lrp5/6 [32]. As a 

result, the β−catenin/ degradation complex is inhibited, and 

β−catenin can translocate into the nucleus where it binds Tcf/Lef 

factors. The formation of the β−catenin/Tcf complex removes 

Groucho correpressor from TCFs, allowing the recruitment of 

transcriptional coactivators, that ultimately drive the transcription of 
Wnt target genes (reviewed in [22,30,33]) (Figure 5b). 

Figure 5. Canonical Wnt signaling pathway in the absence of Wnt signaling (a) 
and upon active Wnt signaling (b) (adapted from [34]). 
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As mentioned in introduction section 2, the majority of colorectal 
tumors are initiated by genetic alterations in APC gene [29,30]. 

These alterations impair the function of the protein APC, leading to 

inefficient β-catenin destruction [35,36]. As a result, transcriptional 

activity of β-catenin/Tcf complex is constitutively switched on, even 

in the absence of Wnt ligands [37,38]. Usually, APC is the first 
gene affected at the beginning of the adenoma-to-carcinoma 
sequence [23]. It is homozygously inactivated in around 70% of all 

CRCs [39,40]. Mutations in other components of the WNT pathway, 

such as β−catenin [38,41] and axin2 [42] have been found in 

CRCs, also activating β-catenin/Tcf target gene program in an 

inappropriate manner.  

One of the most common animal models for CRC tumor formation 
are Multiple Intestinal Neoplasia (APCMin/+) mice [43]. They contain 
a truncating point mutation in heterozygosis at codon 850 in APC 

gene, and further, spontaneous mutation of the wild type allele 

results in the development of dozens of tumors as it happens in 
FAP [44-46]. Whereas most human tumors arise in the colon, 
APCMin/+ mice show a higher prevalence of lesions in the small 

intestine. The causes of this differential predisposition are 
unknown, yet genetic background is likely to play a role. 

3.2 Wnt activity in the intestinal epithelium 

3.2.1 Wnt signaling as a main driver of intestinal cell 
renewal 

Homeostasis of the intestinal epithelium is maintained by the 
balance of cell proliferation, differentiation, and apoptosis. Although 
many signaling pathways such as BMP, Sonic Hedgehog and 
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Notch  are involved in maintaining this equilibrium, Wnt signaling is 

the main driver of self-renewal in the intestinal epithelium (reviewed 
in [4,29,31,47,48]). 

Wnt signaling is active at the bottom of the crypts [8,49] (Figure 3). 

In fact, Paneth cells and ISCs show nuclear β−catenin and express 

β−catenin/Tcf4 target genes [8]. The activity of β-catenin/Tcf4 

complex is switched off as cells migrate upwards and enter the 

differentiated cell compartment [8]. Despite many efforts, the 
location of the source of Wnt ligands has not been elucidated yet. 

Several Wnt family members are expressed in crypt epithelial cells, 
thus suggesting paracrine or autocrine signaling in the epithelium 
[5]. In addition, mesenchymal cells surrounding the crypt bottom 

have also been proposed as a putative Wnt source [8,50,51]. 
Finding the source of Wnt ligands within the intestine would help to 

better understand the nature of the ISC niche  (reviewed in 
[7,52,53]). 

Several studies have allowed an extensive identification of the Wnt 
target genes in the intestinal epithelium (for a detailed list check 

http://www.stanford.edu/~rnusse/pathways/targets.html). The 
analysis of their expression pattern in intestinal tissue has showed 

that many of them are expressed in a decreasing gradient from the 

bottom to the top of the crypts− in the area comprising ISCs and TA 

cells− or even specifically restricted to the stem cell compartment 
[5,8,54,55]. Rosbust functional in vitro and in vivo data demonstrate 

that Wnt activity is essential for the maintenance of the proliferative 
compartment in the intestinal crypts. Tcf-4 knock out mice and 

transgenic mice expressing the Wnt inhibitor Dickkopf-1 show a 

dramatic reduction of the proliferative crypt compartment 
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[8,9,49,56,57]. As a matter of fact, a several Wnt target genes have 

been involved in the control of pluripotency and maintenance of the 
intestinal stem cell fate [55,58].  

Nevertheless, Wnt signaling in the intestinal crypt does not induce 

proliferation or stemness in all cell types. Paneth cells show active 
Wnt signaling altough they are fully differentiated and cell-cycle 
arrested. In Paneth cells, Wnt signaling stimulates maturation [59]. 

Paneth cells express a subset of the stem cell intestinal Wnt target 
programme, including EphB3 (see section 4.3.2 of the introduction) 

as well as lineage specific Wnt targets such as the cryptdins, matrix 
metalloproteinase 7 (MMP7) and defensins -1 to -6 [54,59]. 
Recently, it has been described that the expression of the Wnt 

target Sox9 is crucial for Paneth cell differentiation [60,61]. 

3.2.2 Wnt signaling in CRC 

Aberrant nuclear β−catenin accumulation is a common feature of 

most CRCs. As a consequence, the Wnt signaling pathway is 
constitutively activated in the majority of intestinal tumors (see 

section 3.1 of the introduction). This notion has been largely 
confirmed through the analysis of the gene expression profile of 

intestinal tumors [54]. This study revealed that a large proportion of 
Wnt target genes are upregulated in colorectal adenomas and 

carcinomas. 

Several of the Wnt direct targets are genes involved in cell cycle 

and proliferation. This finding provides a direct link with 
tumorigenesis. The main examples illustrating these functions are 

the c-Myc oncogene, which imposes a strong proliferative 
phenotype to the CRC cells, and the tumor suppressor p21CIP1/WAF1, 
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a cell-cycle arrest inducer, which is inversely regulated by Wnt 

signaling [8].  Conditional deletion of c-Myc resulted in a loss of 
intestinal crypts in mice [55] and was able to rescue the 

phenotypes of perturbed differentiation, migration, proliferation and 
apopotosis, in an Apc null background [62]. This results revealed 

c-Myc as a Wnt target gene with a key role in early tumorigenesis 

[63]. Induced blockade of β-catenin/Tcf activity in CRC cell lines 

also results in cell cycle arrest and differentiation. Despite the 

presence of multiple malignant alterations in CRC cells,  abrogation 

of β−catenin/Tcf activity induces the expression of enterocyte 

and/or Goblet cell differentiation markers [8]. 

3.2.3 A common Wnt target program for crypt progenitor 
cells and CRC cells 

A global assessment of the TCF4 target gene profile in CRC cells 

revealed that β−catenin/TCF4 activity in tumor cells drives a 

transcriptional program which recapitulates that of the normal crypt-
progenitor cells. Some examples of Wnt signaling-induced genes 
which are common to crypt progenitors and CRC cells are Lgr5, c-

Myc, Ascl2, Axin2, EphB2, EphB3 and EphB4 [6,8,31,54,59]. 
Adenoma cells resemble actively dividing crypt progenitors growing 

in a transformed background. Recent studies on the tumorigenic 
potential of the different intestinal cell types demonstrate that 
tumor-initiating cells arise, indeed, from ISCs [64]. 

20 



INTRODUCTION 


4. EPH RECEPTORS 

4.1 Members of the Eph and ephrin family 

Eph receptors constitute the largest subfamily of receptor tyrosine 

kinases (RTK) in the human genome, containing 14 members. 
Their ligands, the ephrins, are divided into two subclasses: the A-

subclass (ephrin-A1−ephrin-A5), which are tethered to the cell 

membrane by a glycosylphosphatidylinositol (GPI) anchor, and the 

B-subclass (ephrin-B1−ephrin-B3), whose members have a 

transmembrane domain followed by a short cytoplasmic region. 
Likewise, Eph receptor family is divided on the basis of sequence 

similarity and ligand affinity into A-subclass, containing nine 

members (EphA1−EphA8, EphA10), and B-subclass, which in 

mammals contains five members (EphB1−EphB4, EphB6). Even 

though the Eph-ephrin interactions are promiscuous, A-type 

receptors typically bind to most or all A-type ligands, and B-type 
receptors bind to most or all B-type ligands [65]. This 
correspondence is illustrated in Table 1 for type B receptors and 

ligands. The major exception to that rule is the EphA4 receptor, 
which has the ability to bind all ephrin ligand types [65]. 

Table 1. Binding affinities (nM) of the main EphB receptors to ephrin-B 
ligands (adapted from [66,67]). 

Ephrin-B1 Ephrin-B2 Ephrin-B3 

EphB1 0.5 nM 0.75 nM -

EphB2 0.42 nM 0.82 nM + ( ? nM) 

EphB3 0.27 nM 0.3 nM 1.5 nM 

EphB4 + (? nM) 0.5 nM -

EphB6 + (? nM) 0.71 nM + (? nM) 

-, no binding detected; + (? nM), binding detected but affinity not measured 
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4.2 Structure of Ephs and ephrins 

4.2.1 Eph receptor structure 

The extracellular region of Eph receptors includes an ephrin
binding domain at the N-terminus, which contains several ligand-
binding interfaces; a cysteine-rich region with an epidermal growth 

factor (EGF)-like motif and two fibronectin type-III domains. The 
cytoplasmic region includes a unique juxtamembrane segment, a 

kinase domain and a sterile α-motif (SAM) that presents a low-

affinity dimerization interface. At the C-terminal region there is a 

four-aminoacid motif that binds PDZ domain-containing proteins 
[68,69]  (Figure 6b). The most conserved region is the kinase 
domain (with 65-95% sequence identity among the different 

members of the family), whereas the largest degree of divergence 
is found in the extracellular domain (with 30-70% sequence 

identity) (reviewed in [68]). 

Figure 6. Eph and ephrins conserved domains diagram. a) Ephrin-B ligands 
contain: an extracellular receptor-binding domain, a single transmembrane domain 
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and a cytoplasmic tail with a PDZ-binding domain. b) Eph receptors contain: an 
extracellular region formed by a ligand-binding domain, a cysteine-rich domain 
and two type III fibronectin domains, followed by a single transmembrane and 
juxtamembrane domains, a kinase domain, a SAM domain and a PDZ-binding 

domain in the C-terminus. c) Ligands and receptors oligomerize upon Eph−ephrin 

interaction. In this state, receptors and ligands, are phosphorylated in several sites 
[68]. 

4.2.2 Ephrin ligand structure 

Ephrin-B ligands are transmembrane proteins with an extracellular 

Eph receptor-binding domain with several receptor-binding 
interfaces. This Eph-receptor-binding domain is connected by a 

flexible linker to the transmembrane segment, which is followed by 
a short conserved cytoplasmic region including a PDZ domain-
binding motif. 

Ephrin-A ligands have a similar extracellular organization but are 

attached to the cell surface through a GPI-anchor (Figure 6a). 
However, ephrin type A and B ligands display a high similarity (30
70% in the Eph-binding sequence), thus allowing cross-specific 

binding of Eph receptors and ephrins [66], as shown in Table 1. 

4.2.3 Eph-ephrin complexes 

There are abundant crystallographic studies on Eph (EphB2), 
ephrins (ephrin-A5, ephrin-B1) and Eph-ephrin complexes 

(EphB2−ephrin-B2, EphB2−ephrin-A5, EphB4−ephrin-B2, 

EphA3−ephrin-A5). They show that active Eph-ephrin complexes 

have a clustered conformation, in which at least two receptors and 

two ligands are engaged (Figure 6c). Fibronectin type III repeats, 
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the SAM domain and the PDZ-binding domain of the receptor have 

been shown to be involved in promoting Eph clustering. 

Furthermore, Eph-ephrin clustering is important for the degree and 
nature of cell response (reviewed in [70]). Therefore, soluble 

recombinant ephrins fused to the Fc portion of human 
immunoglobulins proteins (ephrin/Fc) require preclustering with 
anti-Fc antibodies to induce robust Eph phosphorylation and 

biological responses in both receptor types. For instance, studies 
performed in primary endothelial cells expressing EphB1 or EphB2 

showed that only ephrin-B1/Fc clustered into complexes greater 
than dimers promoted strong receptor phosphorylation, capillary-
like assembly and effector recruitment to the receptors [71]. 

Although ephrin ligand binding induces Eph clustering, higher order 
of receptor clustering involves direct Eph-Eph interactions [72] (see 

section 4.4.1 of the introduction). These studies have also allowed 
the development of small molecule inhibitors with high affinity for 

the extracellular region of EphB2, EphB4, EphA2 or EphA4 and 
with a competing effect for their ephrin ligands (reviewed in [70]). 

4.3 Functions of Eph receptors 

4.3.1 Eph and ephrins as key mediators of cell 
positioning 

Eph and ephrins functions have been widely studied in 

developmental systems. Different combinations of Eph receptors 
and ephrin ligands are expressed in all tissues of vertebrate 

embryos [73]. Among them, developing neural tissues are the most 
explored examples. 
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One of the better described functions of Eph-ephrin interactions is 
to provide guidance clues to migrating cells. Binding of Eph 

receptors and ephrin ligands occurs at sites of cell-cell contact and 
usually triggers repulsive effects between Eph and ephrin bearing 

cells [69]. In most of these cases there is a countergradient of 
receptors and ligands that regulates the intensity of repulsion. 
Examples of this function are: a) Axon pathfinding control by 

exerting repulsion responses that induces growth cone collapse 
and inhibit collateral axon branching. b) The guidance of migrating 

neural crest cells through EphB2/B3 and ephrin-B1/B3 [45,47]. 

In addition, Eph receptors and ephrins have been involved in the 

establishment of boundaries between segmented structures, such 

as the rhombomeres in the hindbrain (by EphA2/4/7−ephrin-A2) 

and the somites (through EphB2/3−ephrin-B1/2/3 signaling). The 

alternate expression of receptors and ligands in odd and even 

compartments of this tissue imposes restrictions in cell 
intermingling, thus determining tissue patterning [40,50].  

These studies and others have evidenced that several receptors 
and ligands can be expressed at the same time in the same cell 

type and that there is functional redundancy within both types of 
Eph receptors and ephrins. This issue has hampered the genetic 

analysis of the function of this family of receptors and ligands. 
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4.3.2 Eph and ephrins in adult tissues: the example of the 
intestinal epithelium 

The role of Eph receptors and ephrins in adult tissues in 
physiological or diseased conditions is relatively unknown. One of 
the first examples of function of this family in an adult tissue was 

discovered by the director of this thesis in 2002 [2]. This study 
demonstrated that the compartmentalized expression of Eph and 

ephrins in the adult intestinal epithelium plays a role in controlling 
cell migration and correct positioning within this epithelium [2]. 

As mentioned in introduction section 3.2, EphB2-B4 receptors were 
found as genes controlled by Wnt signaling in intestinal crypts. 

EphB3 expression was restricted to the bottom of the crypts (in 
Paneth cells and ISCs), whereas EphB2 and EphB4 levels showed 

a decreasing gradient from the ISCs at the crypt bottom and along 
the early progenitor compartment towards the top of the crypt. 

Complementarily, ephrin-B1 and ephrin-B2 were negatively 
regulated by Wnt signaling, both having their highest levels in the 
differentiated cells. Ephrin-B2 ligand expression seemed to be 

more restricted to the differentiated compartment while ephrin-B1 
expression displayed an increasing gradient from the TA progenitor 
region towards the differentiated cell compartment. EphB and EfnB 

genes are expressed in countergradients along the crypt-villus axis 
[2,8] (Figure 7).  
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Figure 7. EphB and ephrin-B expression pattern in the adult intestine. 
Immunodetection of EphB3 (A), EphB2 (B), ephrin-B1 (C) and ephrin-B2 (D) in 
sections from the small intestine of adult mice. Arrows in (B) point to an EphB2 
positive crypt base columnar cells. Black arrowheads indicate the boundary 
between the Paneth cell compartment and the proliferative compartment. White 
arrowheads point to the crypt-villus junction. E) Schematic representation of EphB 
and ephrin-B expression gradients in the crypts. At the bottom of the crypt there is 
active Wnt signaling (see section 3.2 of the introduction), driving the expression of 
EphB receptors: while EphB3 expression is more restricted to the bottom, EphB2 
and EphB4 show a decreasing gradient from the ISCs to the late progenitors. 
Ephrin-B1 and ephrin-B2 are inversely regulated by Wnt signaling and are 
expressed in the differentiated compartment (adapted from ([2,74]). 

In adult EphB3 knockout mice, Paneth cells are no longer sorted at 

the crypt base but are rather scattered along the crypt and the 
villus (Figure 8). In addition, transgenic mice expressing a 
dominant-negative form of EphB2 lacking the cytoplasmic tail 

(ΔcyEphB2) in the instestine as well as double EphB2/EphB3
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knockout mice present defects in intestinal cell positioning, 

including the loss of boundary between proliferative and 
differentiated cell compartments. In these mutant mice, proliferative 

and differentiated cells are intermingled along the crypt-villus axis 
[2]. These data demonstrate that unidirectional migration of 

precursor cells in the intestinal epithelium is actively controlled by 
EphB receptors. More functions for Eph receptors in healthy and 
diseased tissues continue to be described. Among them, their role 

in tumorigenesis is arising as one of great importance (see next 
section). 

Figure 8. EphB3 restricts Paneth cell location at the bottom of the crypts. 
Paneth cells are located at the bottom of the crypts in Wild Type mice (a) but 
scattered throughout the small intestinal epithelium in EphB3 knockout mice (b). 
Higher magnification of a single crypt is showed for Wild Type (c) and EphB3 
knockout (d) conditions. Paneth cells are stained with lysozyme [2]. 

28 



INTRODUCTION 


4.3.3 Eph receptors in colorectal cancer 

Numerous studies have reported high levels of Eph receptor 

expression in a wide variety of tumors [50]. Previous work on the 
role of Eph receptors in tumorigenesis concluded that Eph 

signaling promoted tumorigenesis, and suggested that these 
receptors could be therapeutically targeted [73,75-78] (see section 
4.3.2 of the introduction). Strikingly, further analysis on their effects 

in different tumor types showed that Eph signaling does not 
enhance tumorigenesis in many cases. In fact, somatic mutations 

and epigenetic silencing of Eph receptors have been found in 
several forms of cancer [74]. 

In the intestine, EphB receptor expression has been found in tumor 
cells of premalignant lesions as a consequence of aberrant active 

Wnt signaling (Figure 9a) (see section 3 of the introduction). 
However, EphB expression has been shown to negatively correlate 

with CRC progression. EphB receptors are silenced around the 

adenoma to carcinoma transition despite evident nuclear β-catenin 

localization [3]. Indeed, most CRC cell lines show low EphB2 and 

EphB3 mRNA levels (Figure 9b). Furthermore, EphB2 [79,80] and 
EphB4 [81] silencing inversely correlates with patient survival, thus 

indicating that EphB silencing is concomitant with the acquisition of 
malignancy (Figure 9c). Crossing APCMin allele [43] (see section 3 

of the introduction) into transgenic mice expressing a dominant-

negative form of EphB2 lacking the cytoplasmic tail (dn-EphB2Δcy), 

resulted in mice with an enhanced tumor progression. Overall, 

these results supported the role of EphB receptors as tumor 
suppressors in this case (Figure 9d) [3].  
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Figure 9. EphB receptors suppress colorectal cancer. a) In adenomas, nuclear 

β−catenin accumulation leads to EphB expression. The images show an initial 

adenomatous lesion stained with haematoxylin/eosin, β-catenin or EphB2 

antibodies. The incipient lesion and the crypt bottoms (black arrowheads) stain 

positively for nuclear β-catenin and EphB2. b) EphB2 and EphB3 mRNA northern 

blot analysis in several CRC cell lines. First two lanes correspond to Ls174T cells 
before (-) and after (+) expression of a dominant negative form of TCF4. Bottom 
panel shows 28S and 18S RNA as a control for normalization. c) Silencing of 
EphB expression correlates with malignancy in humans. Most of the cells in 
dysplastic dACF and small adenomas (SA) are positive for EphB2 and EphB4 
expression, while levels decrease in most of late adenomas (LA) and carcinomas 
(Duke’s stages A to D). Each lesion analysed is depicted by a blue diamond 
(EphB2) and a magenta square (EphB4) linked by a line. d) Loss of EphB function 
in ApcMin/+ mice enhances CRC progression. Macroscopic comparison of the colon 

of ApcMin/+ and dn-EphB2Δcy; ApcMin/+ mice at 21 weeks of age. White arrows point 

to distended areas.  The dissected colorectum of a dn-EphB2Δcy; ApcMin/+ mouse 

shows multiple tumors (black arrowheads) (adapted from [3]). 

To date, the molecular mechanisms responsible for the silencing of 
EphB receptor expression during tumor progression are not fully 

understood. Hypermethylation and frameshift mutations on these 
genes have been reported in some cases [81,82]. However, there 

is a significant correlation between EphB2, EphB3 and EphB4 
silencing [3], suggesting the existence of a common mechanism of 
transcriptional inactivation (reviewed in [74,83]).  Recently, it has 

been reported that  hypoxia-inducible factor-1 is able to 
coordinately downregulate EphB expression in hypoxic tumor areas 

in advanced cancers [84]. Furthermore, despite the striking effects 
of EphB activity in intestinal tumorigensis, the mechanism by which 
EphB signaling suppressed CRC progression had not yet been 

elucidated. 
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4.4 Eph signaling and cell responses 
Many efforts have been done to decipher the Eph downstream 
cascade, yet it still remains relativelly unknown. Different 

responses to Eph stimulation have been reported depending on the 
cell type, context or receptor isoform. The outcome of this intricate 
signaling affects many aspects of the cell behaviour including the 

remodeling of the actin cytoskeleton, cell-substrate adhesion and 
intercellular junctions, which ultimately affect cell shape, migration 

as well as the balance between cell repulsion and adhesion 
(reviewed in [69,70,72,85]). A selection of the most relevant 

effectors involved in these cellular responses is described below 
(see section 4.4.1 of the introduction). 

In addition to the Eph-induced signaling (forward signaling), ephrin 
ligands are also able to initiate a signaling cascade within the 

ephrin-expressing cells (reverse signaling) upon binding to the 
receptor. For example, mice lacking the cytoplasmic catalytic 
domain of ephrin-B2 displayed an early embryonic lethal phenotype 
similar to complete ephrin-B2 [86,87] or EphB4 knockout mice [88], 

which included major defects in vascular morphogenesis and 
arterio-venous differentiation. However, in vitro cell sorting 

experiments in which endothelial cells expressing EphB4 were co

cultured with cells expressing truncated ephrin-B2 ligands lacking 
their cytoplasmic domain have shown that EphB4 unidirectional 
forward signaling is sufficient to mediate cellular segregation [89]. 

In fact, Eph or ephrin unidirectional signaling has been shown to be 
sufficient for many other developmental processes such as somite 

boundary formation, neural crest cell migration or axon guidance in 
mammal systems (reviewed in [90]). 
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4.4.1 Forward Eph signaling: known Eph effectors and 
their cell effects 

- Eph phosphorylation 

Eph forward signaling starts upon ephrin interaction with the 
extracellular ligand-binding domain of the receptors. This event 

brings together the Eph kinase domains favoring their 
transphosphorylation in about 10 highly conserved tyrosine 
residues present in the juxtamembrane, the kinase and the SAM 

domains. These phoshporylations disrupt the inhibitory interactions 
of the juxtamembrane domain with the kinase domain, enhancing 

kinase activity and creating docking sites for substrate binding. 
Receptor phosphorylation can also be mediated by other kinases, 
such as Src-family kinases [70]. EphB6 constitutes an exception to 

this model, as it is a catalytically inactive receptor, and it is 
constitutively associated to the Src kinase member Fyn [72]. 

- Cytoskeleton regulation 

Many of the Eph effectors described to date correspond to 

molecules involved in cytoskeleton remodeling. In neurons, Eph 
receptors recruit SH2-domain containing adaptor proteins (i.e. Nck, 

RasGAP and Src), many of them involved in controlling Rho 
GTPase activity. As a result, actin cytoskeleton is remodeled thus 
enhancing cell contraction, which then triggers the collapse of the 

axon growth-cones (see section 5.2 of the introduction) [65].  

EphA and EphB receptors have been reported to bind different Rho 
guanine nucleotide exchange factors (GEF). Ephexin1 is 

associated to EphA receptors [91]. This molecule is able to activate 
Rho and to inhibit other GTPases, as Cdc42 and Rac. Accordingly, 
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Ephexin1 knockout mice show growth-cone collapse defects, 

although their phenotype is less severe than that observed in Eph 
or ephrin knockouts [92]. Type B Ephs have been found to be 

associated to other Rho GEFs such as Vav2, Vav3, Kalirin-7 and 
intersectin-1. Other Rho GEFs have also been reported to be 

involved in Eph downstream cascade, such as Tiam. This 
functional redundancy challenges comprehensive integration of 
these effectors in the already complex Eph signaling pathways 

(reviewed in [72]). 

- Cell-substrate adhesion 

Some SH2-domain containing proteins recruited by Eph receptors 
lead to a decrease in integrin-mediated adhesion (i.e. SHEP1 in 

EphB2 signaling or SHP2 in EphA2 signaling) [93]. Also, other Eph 
downstream effectors have been described, which are involved in 
similar responses, such R-Ras, Cdc42, Rac1, FAK and RhoA 

(reviewed in [65,94]). Interestingly, EphB2 activation in a colorectal 
cancer cell line resulted in impaired cell-matrix adhesion through 

the regulation of Rap1 GTPase activity [95]. 

- Cell-cell adhesion 

It has been postulated that Eph-mediated cell repulsion might also 
involve the inactivation of cell-cell adhesion, thus affecting tight, 

adherens and gap junctions. Although a crosstalk between Eph 
receptors and adhesion molecules has been reported [96], at the 
beginning of this thesis very few Eph effectors had been explored 

in this context and their functional implications were unclear. On 

the other hand, in some situations EphB−ephrin-B signaling 

promotes cell adhesion rather than repulsion [71,97]. 
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- Effects on other pathways 

PDZ-domain-containing proteins can bind to the N-terminal region 
of the receptor. These proteins can assemble complexes that allow 
interactions between components of signal transduction pathways, 

for example recruiting kinases such as Ras/MAPK and Ser/Thr 
kinases or localizing Eph-ephrin complexes to specific sites within 

the cell such as membrane raft microdomains or synapses.  

In contrast to canonical RTK signaling, Ras-MAPK or PI3K-Akt 
pathways are not activated upon Eph signaling (reviewed in 
[72,94]). On the contrary, activation of EphA1-A3 receptors inhibits 

Ras-MAPK pathway and cell proliferation in prostatic epithelial cells 
and endothelial cells, but not in MEF fibroblasts [98]. Similarly, 

EphB2 has been reported to downregulate ERK1/2 and MEK1 
phosphorylation in neuronal cells and in COS-1 fibroblastic cells 

but not in MEF fibroblasts nor in HEK-293T cells [99]. These 
examples evidence that  the outcome of Eph activation is highly 
variable and depends on the cell type and tissue context (reviewed 

in [74,100]). 

4.4.2 Ephrin reverse signaling 

Overall, the signaling pathways downstream of the ephrin ligands 

appear even less characterized that those triggered by their 
cognate receptors. It has been reported that ephrin-B ligands are 

also tyrosine-phosphorylated by Src-kinases. In neurons, ephrin-B2 
activation by Src kinases involves metalloproteinase and 

presenilin-1-γ-secretase, which cleave ephrin-B2, releasing an 

intracellular peptide that binds to Src. SH2-containing adaptor 
proteins, such as Grb4, can bind to ephrin and the phosphatase 
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PTP-BL is recruited to the PDZ-binding domain of phoshporylated 

ephrin-B ligands. These interactions lead to changes in the actin 
cytoskeleton and in focal adhesions, by modulating FAK activity. 

GPI-anchored ephrin-As are also thought to initiate reverse 
signaling events, although the downstream signaling pathway 

remains elusive [45]. 

4.4.3 Processing of the complexes 

Despite the fact that Eph and ephrin interactions occur with very 

high affinity, the downstream response frequently results in cell 
repulsion. Different mechanisms have been proposed to explain 
this paradox: The first one involves proteolytic cleavage of the 

ephrin ectodomain (see section 5.3 of the introduction). A
desintegrin and metalloproteinase 10 (ADAM10) has been reported 

to mediate this cleavage in the context of EphA3−ephrin-A2/A5 

interactions [101,102] (Figure 10a). Ephrin-B and EphB proteolytic 

cleavage has also been reported [103,104], although their 
functional relevance is not well established. An alternative 
mechanism involves the transendocytosis of full length proteins in 

both opposing cells together with their surrounding plasma 
membranes. Cell retraction and actin polymerization through Rac 

exchange factor Vav may participate in such event  [105,106] 
(Figure 10b). 

Low molecular weight (LMW) phosphotyrosin phosphatases and 

the Ubiquitin ligase Cbl can also be recruited to Eph−ephrin 

complexes and contribute to signaling termination through 
dephosphorylation or degradation of the complexes, respectively 

(reviewed in [69,70,73,94]). Co-expression of both receptors and 
ligands within the same cell can result in Eph-ephrin inhibitory cis 
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interactions or in lateral segregation into distinct membrane 

domains, thus allowing the modulation of the response according to 
the Eph/ephrin balance (reviewed in [68]). 

Figure 10. Processing mechanisms of Eph−ephrin complexes. a) ADAM 

metalloproteinase shed ephrin ligands in cis (ephrin-A2) or in trans (ephrin-A5). b) 
Full-length EphB−ephrin-B complexes can be trans-internalized by bidirectional 

endocytosis (adapted from [72]). 

It is noteworthy that most of the studies on Eph effectors have been 
performed in developing neural systems, where they are known to 

participate in cytoskeleton remodeling. However, the discovery of 
the role of Eph and ephrins in adult epithelial cells [2] warrants 

further studies to decipher the EphB signaling mechanisms 
involved this system. 

37 



INTRODUCTION 


5. CELL ADHESION AND MOTILITY: MOLE
CULAR COMPONENTS AND REGULATORS 

5.1 Adherens Junctions 

Together with tight junctions and desmosomes, adherens junctions 
are the molecular complexes responsible of cell to cell adhesion. 
Adherens junctions play a key role in initiating and stabilizing cell to 

cell contacts. In addition, they enhance the ability of the cell to 
sense and respond to its environment, for instance, by bringing 

neighbour cells together and therefore allowing activation of 
membrane receptors which bind ligand tethered-ligands. Adherens 

junctions are dynamic structures with very precise and fast 

regulation. Their main components are: cadherins, β−catenin, 

p120-catenin and actin cytoskeleton structures. 

Figure 11. Schematic representation of the main Adherens Junctions 
components. E-cadherin establishes homotypic interactions with other E
cadherin molecules of neighbouring cells in a calcium-dependent manner. In the 

cytoplasmic region it forms a complex with β-catenin, α-catenin and p120ctn 

molecules. This complex is linked to the actin cytoskeleton through α-catenin. Rho 

GTPases regulate adherens junctions through interactions with p120ctn. 
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5.1.1 E-cadherin 

E-cadherin is primarily expressed in epithelial cells and is the core 

transmembrane protein of the adherens junctions. Its ectodomain 
establishes early cell-cell contacts through individual and relatively 

weak homotypic interactions with E-cadherin molecules of 
neighbouring cells in a calcium-dependent manner (Figure 11). 
This initial event typically takes place at the tip of filopodial or 
lamellipodial projections termed puncta. The sequential binding of 

several catenins to E-cadherin cytoplasmic tail stabilizes E

cadherin in the membrane and connects it to the actin cytoskeleton 
and to other signaling molecules. These events allow contact 
strengthening by formation of cadherin clusters through the 

assembly of adjacent puncta that spread laterally generating 
zipper-like structures, which finally seal the membranes (reviewed 

in [107]). In many epithelial-derived tumors, loss of E-cadherin 
correlates with an increase in tumor cell invasiveness and motility, 

a process known as epithelial-to-mesenchymal transition, which 
points to a tumor suppressor role for E-cadherin (reviewed in 
[108]). 

5.1.2 β-catenin 

The formation of stable cell–cell adhesions by cadherins depends 

on the association β−catenin [109] (Figure 11). β−catenin binding 

affinity to the cytoplasmic domain of E-cadherin depends on E

cadherin and on the β−catenin phosphorylation status. CKII and 

GSK3β phosphorylation of E-cadherin cytoplasmic domain in three 

specific serines increases E-cadherin/β−catenin binding affinity, 

whereas phosphorylation of β−catenin by c-Src, Abl and Fer 
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kinases disturbs its binding to E-cadherin, thus perturbing the 

stability of adherens junctions [107]. 

β−catenin can also interact with other cytoplasmic and nuclear 

proteins. As mentioned in introduction section 3.1, β−catenin is the 

main component of the Wnt signaling pathway and its cytoplasmic 

levels are tightly regulated. Additionally, β−catenin provides a link 

between E-cadherin and α-catenin [109]. 

5.1.3 α-catenin 

The traditional view of adherens junctions describes α-catenin as a 

direct linker between the cadherin/β-catenin complex and the actin 
cytoskeleton [110]. However, recent in vitro studies have 

uncovered that there is no simultaneous interaction of α-catenin 

with cadherin/β-catenin and the actin cytoskeleton [111]. α-catenin 

monomers preferentially bind to cadherin/β-catenin complexes, 

whereas dimeric α-catenin binds to F-actin. A model recently 

proposed states that that there is a dynamic crosstalk between the 

different α−catenin pools (monomeric and dimeric) around the 

adherens junctions, which switches between binding to the 

adherens complex or to the actin cytoskeleton (Figure 11). Binding 

of α-catenin to F-actin can also take place indirectly through 

vinculin, zyxin, or afadin interactions [110]. Afadin also associates 
with nectins, which are additional adherens junction 
transmembrane proteins that establish homotypic interactions. 

Additionally, α-catenin is able to interact with RhoA, one of the 

main components of the small GTPase family (see section 5.2.2 of 

the introduction), thus bringing RhoA near the adherens junctions 
[112]. 

40 



INTRODUCTION 


5.1.4 p120-catenin 

It has been shown that p120ctn is a key regulator of adherens 

junction stability (Figure 11). p120ctn binding to E-cadherin in its 
juxtamembrane domain prevents cadherin internalization and 

degradation. Conversely, p120ctn dissociation from E-cadherin 
promotes cadherin recycling or degradation by inducing vesicle 
formation (Figure 12). Some molecules have been proposed as 

positive (afadin, Rap1) or negative (Hakai, and presenilin-1) 

regulators of the p120ctn−E-cadherin interaction [113].  

Figure 12. E-cadherin trafficking. β-catenin and p120ctn stabilize E-cadherin 
in the membrane. p120ctn dissociation from E-cadherin enhances clathrin
dependent or independent E-cadherin internalization in endosomes. These can be 
recycled back to the membrane or degraded  by lysosomes [113]. 
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In addition, p120ctn regulates cell adhesion and motility by 

interacting with Rho family GTPases. p120ctn acts as an inhibitor 
for RhoA [114] and also as an indirect activator of Rac and Cdc42 

by interacting with specific guanine exchange factors (GEF) (see 
section 5.2.2 of the introduction) (Figure 13) [114,115]. 

Figure 13. p120ctn modulates cell-cell adhesion and small GTPase function. 
p120ctn binds to E-cadherin at the adherens junctions and modulates small 
GTPase function in the cytosol. Small GTPases control cell-cell adhesion and 
migration [116]. 

p120ctn is located within three different intracellular pools: a 
membrane bound pool (where it interacts with E-cadherin at the 
adherens junctions), a cytosolic pool (where it interacts with Rho 

GTPases or their regulators) and a nuclear pool (where it can 
interact with the transcriptional repressor Kaiso). Interestingly, the 

association of p120ctn with cadherins and Rho GTPases was 
proposed to be mutually exclusive [114]. However, it has been 

shown that p120ctn recruits inactive Rho from the cytoplasm to 
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bring it to local Rho GEFs near the adherens junctions as it binds 

to E-cadherin (Figure 13) [117]. 

Several p120ctn isoforms (1-4) can be generated by alternative 
splicing and the use of different translation initiation codons. These 

isoforms differ in the length of the N-terminal regulator domain thus 
providing diverse interacting capabilities. Epithelial cells mainly 
express isoform 3, which confers more sessile phenotype, whereas 

mesenchymal cells commonly express isoform 1 and display a 
more motile phenotype  (reviewed in [118]). Decrease and even 

complete silencing of p120ctn expression, accompanied by a 
downregulation of E-cadherin levels, is found in several human 
tumors (i.e. colon, prostate, breast and lung) [114]. Paradoxically, 

established tumor cell lines rarely present p120ctn downregulation 
[119]. 

5.2 Contractility linked to adhesion 

5.2.1 The actin cytoskeleton 

Formation of cell–cell contacts is accompanied by structural 

rearrangements of actin cytoskeleton. Actin fibers are formed by 
the polymerization of G-actin monomers (globular actin) into actin 

filaments (filamentous actin) in an ATP-dependent manner. The 
structure of the actin filaments ressembles a double helix, polarized 
in a plus end (from where fibers elongate) and a minus end (from 

where actin monomers dissociate). The homeostasis of actin fibers 
initiation, elongation and termination is a very dynamic and tightly 

regulated process. Several capping proteins bind at both ends of 
actin filaments promoting their stabilization (i.e. tropomodulin, 

profilin) or disassembly (i.e. CApZ), by preventing the action of 
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other proteins (i.e. cofilin, gelsolin, formin). In addition, cross-linking 

proteins (i.e. α-actinin, fimbrin) organize actin filaments into 

bundles or networks. Arp2/3 proteins can bind to actin filaments 

and nucleate them into new filament branches. Myosin filaments 
(predominantly composed of myosin II) also associate to actin 

fibers, providing them the capacity to contract (reviewed in [120]) 
(Figure 14). 

Figure 14. Simplified diagram of Rho signaling pathway involved in actin 
filament polymerization and actomyosin-based contraction. Actin fibers 
elongate by addition of G-actin monomers at their (+)-end. This process is 
regulated by capping proteins that can bind to both sites of the filament. Rho-GTP 
activates ROCK, which in turn inhibits myosin-light-chain (MLC) phosphatase, 
promoting accumulation of phosphorylated MLC, due to MLC kinase (MLCK) 
activity. Phosphorylated myosin II can assemble into myosin filaments and 
associate with actin to form stress fibers. In parallel, active Rho promotes 
extension of actin filaments by recruiting actin monomers through Dia1 and 
profilin. Inhibitors of the Rho pathway are depicted in yellow. C3 transferase 
inhibits RhoA/B/C, Y-27632 inhibits ROCK and blebbistatin inhibits myosin II 
(adapted from [121]). 
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Actin de novo polymerization plays an essential role in adherens 

junction stabilization. Actin interactions with cadherin/catenin 
complexes are not required during the first steps of intercellular 

contacts, however when adherens junctions of epithelial cells are 
formed, a bundle of actin fibers organizes around them, to form a 

belt along the cell perimeter that will act as an anchor (Figure 11). 
Actin fibers are also part of other structures such as filopodia, 
microvilli, lamellipodia and stress fibers. Stress fibers connect the 

actin cytoskeleton to the cell substrate through the attachment to 
focal adhesions (see section 5.2.3 of the introduction). All these 

processes require a strong actin remodeling and their formation 
and maintenance are tightly regulated by the activity of Rho small 
GTPases [122]. 

5.2.2 RhoA 

RhoA belongs to the small GTPases family, whose members act as 
molecular switches by cycling between an active, GTP-bound 

state, and an inactive, GDP-bound state. Cycling of Rho-like 
GTPases is tightly regulated by associated proteins. Guanine 

nucleotide exchange factors (GEFs) stimulate the exchange of 
bound GDP for GTP, leading to the acquisition of an active 

conformation and binding of downstream effectors. Inactivation is 
promoted by GTPase-activating proteins (GAPs) that stimulate the 
intrinsic GTP hydrolysis activity of Rho proteins. Rho guanosine 

dissociator inhibitors (GDI) remove inactive Rho GTPases from the 
membrane, where they are activated, thus avoiding the exchange 

of GDP to GTP (Figure 15) (reviewed in [122]). 
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Figure 15. Scheme of the Rho-GTPase regulation. GTPases activation state 
depends on GEF, GAP and GDI proteins, that mediate the GDP-GTP exchange, 
activate GTP hydrolysis and inhibit the exchange of GDP for GTP, respectively 
[123]. 

Together with RhoA, Rac1 and Cdc42 constitute the main 

components of this family. Rac1 is involved in the formation of 
lamellipodia and ruffles at leading edge protrusions and its 
activation stimulates actin dynamics at cell-cell contacts and 

promotes adherens junction formation. Cdc42 is also activated 
during early cadherin contacts and is mainly involved in filopodia 

formation, promoting cell polarization and tight junction assembly 
(reviewed in [116,124]). 

RhoA plays a central role in the formation and maintenance of cell– 

cell adhesion and motility by controlling actin dynamics (Figure 13). 

Active RhoA can interact with many effectors such as mDia or Rho-
associated kinase (ROCK). ROCK inhibits myosin-light-chain 

phosphatase (MLCP) and increases myosin light chain 
phosphorylation (P-MLC), thus resulting in the remodeling of the 
actin-myosin II cytoskeleton (Figure 14) (reviewed in [121]).  
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The role of RhoA activity on cell to cell adhesion is complex, as it 

may have both positive and negative impacts on adherens junction 
stability. mDia [125] and ROCK activity are required for cortical 

actin polymerization around maturing adherens junctions [126-128]. 
On the other hand, Rho-ROCK actomyosin based contractility is 

also necessary to drive disassembly of E-cadherin−containing 

adherens junctions and to impair the recruitment of adherens 
junction components to the membrane [125,129,130] (reviewed in 

[131]). 

Apart from promoting actin stress fiber and focal adhesion 

formation, RhoA activity is of great importance to allow cell 
migration by promoting contractility. Strong cell retraction events 

show high RhoA activity [132], thus linking RhoA  to the control of 
cell motility. 

5.2.3 Focal adhesions 

Focal adhesions are tight sites of cell adhesion to the extracellular 
matrix (ECM). As is the case for the mature adherens junctions, 

they are connected to the actin cytoskeleton. Active Rho stimulates 
actin bundling and aggregation of integrins, ECM transmembrane 
receptors, at focal adhesion sites. Integrin aggregation leads to the 

assembly of the focal adhesion complexes, engaging more than 
fifty intracellular proteins. Integrin binding proteins (i.e. paxillin and 

talin) bind to actin stress fibers, together with scaffolding proteins 

(i.e. vinculin, α-actinin). Focal adhesion also contain signaling 

molecules, such as FAK, Src kinases or p130CAS, which promote 
focal adhesion turnover and cell motility (reviewed in [133-135]) 
(Figure 16). 
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Figure 16. Schematic representation of the main Focal Adhesion 
components. Integrins are transmembrane heterodimeric proteins that bind to the 
extracellular matrix components through their extracellular part. A complex formed 
by a range of adaptor and signaling proteins link the integrin cytoplasmic domain 
to the actin cytoskeleton [135]. 

Focal adhesions are of extreme importance to generate a point of 

anchorage for actomyosin contractility mediated events such as 
cell adhesion, migration, epithelial cell polarization or invasion 

processes.  Focal adhesion assembly and disassembly regulate 
the level of tension necessary in each case. They can be modified 
by external ECM conditions transduced into the cell via integrin 

receptors (outside-in signaling) and by intracellular signaling 
(inside-out signaling). Rho GTPases and actomyosin 

polymerization are involved in this signaling loop. In cell migration 
events, focal assembly and disassembly are polarized within the 

cell. At the leading edge there is actin polymerization and 
establishment of new matrix contacts, which cause membrane 
protrusions, whereas at the cell rear, matrix-cell adhesion is 
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disassembled to promote cell retraction (reviewed in [136]). 

Altogether, these data show that not only cell-cell adhesion is 
crucial for epithelial homeostasis, but cell-matrix adhesion also has 

a pivotal role in such regulation. 

5.3 ADAM metalloproteinases in adhesion and 
migration 

A desintegrin and metalloproteinase (ADAM) proteases are 
transmembrane proteins comprising an extracellular protease, 
desintegrin, cysteine-rich and EGF-like domains and a cytoplasmic 

domain involved in cell signaling. This family contains 21 different 
members in humans, 13 of them with proteolytic activity. The 

protease domain has α-secretase activity – both in cis and in trans-

which is not sequence-dependent. Their specificity is controlled by 

the non catalytic regions through changes in the interaction with 
their substrates. ADAM sheddase activity modulates a process of 

regulated intramembrane proteolysis (RIPping) by γ-secretases, 

releasing intracellular portions that can either activate cell signaling 
or be degraded (Figure 17a) [137]. ADAM proteases shed multiple 

transmembrane proteins involved in cell-cell adhesion, cell-matrix 
adhesion and cell signaling, thus controlling migration, proliferation, 

immune regulation, angiogenesis or inflammatory responses (see 
summary in Figure 17b). 
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Figure 17. ADAM shedding activity and transmembrane substrates. a) ADAM 
proteins contain an extracellular metalloproteinase domain, which is regulated by 
a desintegrin domain, followed by a cysteine-rich region, often containing an EGF-
like repeat. These ectodomains are bound to a cytoplasmic domain through a 
transmembrane domain. ADAMs cleave their transmembrane substrates in their 
extracellular domain. This first cleavage induces a regulated intramembrane 

proteolysis (RIP) by γ-secretases. Both extracellular and intracellular released 

peptides might trigger cell signaling. b) ADAM secretases cleave a variety of 
proteins including adhesion molecules, receptors and cytokines (adapted from 
[138]).  
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ADAMs activity can be modulated in different ways:  

a) Transcriptional control. Some studies have revealed that some 
oncogenic pathways can upregulate their expression levels. Protein 

kinase C and the pro-oncogenic pathway MEK-Erk-MAPK have 
been shown to upregulate ADAM17 activity. 

b) Extracellular interactions. Noticeable example of this is the 
already mentioned ADAM cleavage of ephrins (see section 4.4.3 of 
the introduction and Figure 10). Although ADAM10 is constitutively 

bound to EphA3, its shedding activity is only induced upon Eph
ephrin interactions [102]. 

c) Cell membrane compartmentalization. Cell trafficking of ADAMs 
towards different subcellular positions within the cell confers an 
additional level of regulation. For instance, ADAM10 and ADAM15 

are targeted to the adherens junctions to induce the proteolysis of 
E-cadherin [139,140].  

ADAM function has been shown to be involved in fertilization and 

development. As described for Eph receptors (see section 3.4.1), 
ADAMs also participate in the control of axon extension (ADAM10) 
and neural crest cell migration (ADAM13). Their expression has 

been reported to be altered in several pathologies related to 
inflammation, asthma, Alzheimer and cancer. Many ADAM family 

members are upregulated in different cancer types. In CRC, 
overexpression  of ADAM10, ADAM12 and ADAM17 has been 

reported [138]. Similarly to EphB4 and ephrin-B2 knockout mice, 
ADAM15 knockout mice show defects in tumor neovascularization 
[138]. 

ADAM/MMP metalloproteinases had been proposed as potential 

targets for anticancer treatments, yet first clinical attempts were not 
successful [141]. Current studies in this field are focused in the 
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development of more specific inhibitors for particular family 

members, which will need tissue-restricted delivery to avoid side 
effects in other systems, since it has been shown that ADAMs are 

involved in many different processes (reviewed in [138]). In 
addition, careful characterization of the roles that these enzymes 

play in tumorigenesis is required. 
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OBJECTIVES 


The aim of this thesis is to decipher the mechanisms by which 

EphB−ephrin-B signaling controls the migration of intestinal 

epithelial cells and suppress CRC progression. 

In particular, our main goals have been:  

1.	 To analyse the role of EphB−ephrin-B in CRC suppression. 

In particular, we aim to understand how the communication 
of tumor founder cells and normal intestinal cells through 

the EphB−ephrin-B system regulate the onset of CRC 

(Chapter I).  

2.	 To understand the mechanism by which EphB signaling 

mediates cell sorting and compartmentalization of epithelial 
cells (Chapter II). 
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EphB−ephrin-B interactions suppress 
colorectal cancer progression by 

compartmentalizing tumor cells 
(Cortina C. et al., Nature Genetics, 2007) 





I. HYPOTHESIS 






CHAPTER I: Hypothesis 

The tumor compartmentalization hypothesis 
Previous studies of our group had described that reverse gradients 
of EphB receptors and ephrin-B ligands restrict intestinal cell 

migration and positioning along the crypt-villus axis [2]. Even 

though EphB receptors are β-catenin/Tcf target genes and 

constitutive activation of Wnt signaling pathway is required for 

tumor initiation, it was observed that these receptors behaved as 
tumor suppressors and their expression was downregulated as 

tumors progressed [2,3,54] (see section 4.3 of the introduction). 
Yet, the mechanisms by which they inhibit tumor progression 

remained uncharacterized. 

As mentioned in introduction section 4, EphB receptors and ephrin 

ligands restrict cell positioning in several developmental systems 
including the adult intestinal epithelium (i.e. Paneth cells) [2]. These 

observations leaded us to hypothesize that Eph-ephrin interactions 
may also suppress tumor progression by a similar mechanism. 
EphB activation in benign tumors may lead to the formation of a 

repulsive barrier which would impair the expansion of tumor cells 
restricting their positioning within the tissue, and thus forcing them 

to grow in a compartmentalized manner. 
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CHAPTER I: Research Article (Cortina et al., Nature Genetics, 2007) 

EphB−ephrin-B interactions suppress colorectal cancer 
progression by compartmentalizing tumor cells 

Carme Cortina1,5, Sergio Palomo-Ponce1,5, Mar Iglesias2, Juan Luis


Fernández-Masip1, Ana Vivancos1, Gavin Whissell1, Mireia Humà1, Nerea 

Peiró1, Lourdes Gallego1, Suzanne Jonkheer1, Alice Davy3, Josep 


Lloreta2, Elena Sancho1 & Eduard Batlle1,4


Nature Genetics 2007; 39(11) 1376 - 1383 [1] 

1 Oncology Programme, Institute for Research in Biomedicine (IRB), 
Josep Samitier 1-5, 08028 Barcelona. Spain. 2 Department of Pathology, 
Hospital Universitari del Mar, Universitat Autònoma de Barcelona, 
Barcelona, Spain. 3 Centre de Biologie du Developpement, CNRS/UPS, 
118 Route de Narbonne, Bat 4R3, 31062 Toulouse cedex 4, France. 4 

Institució Catalana de Recerca i Estudis Avançats (ICREA). 
5 These authors contributed equally to this work. 

The genes encoding tyrosine kinase receptors EphB2 and 
EphB3 are β-catenin and Tcf4 target genes in colorectal cancer 
(CRC) and in normal intestinal cells1, 2. In the intestinal 
epithelium, EphB signaling controls the positioning of cell 
types along the crypt-villus axis1. In CRC, EphB activity 
suppresses tumor progression beyond the earliest stages3, 4. 
Here we show that EphB receptors compartmentalize the 
expansion of CRC cells through a mechanism dependent on E
cadherin–mediated adhesion. We demonstrate that EphB
mediated compartmentalization restricts the spreading of 
EphB-expressing tumor cells into ephrin-B1–positive 
territories in vitro and in vivo. Our results indicate that CRC 
cells must silence EphB expression to avoid repulsive 
interactions imposed by normal ephrin-B1–expressing 
intestinal cells at the onset of tumorigenesis. 
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A tumor suppressor role for EphB receptors has been described in 

prostate5, breast6 and colorectal cancers3. In the intestine, most 
tumors silence EphB2, EphB3 and EphB4 expression coordinately 

around the adenoma-to-carcinoma transition3, 7, 8, 9. The extent of 
EphB2 downregulation correlates with poor prognosis in individuals 

with CRC7, 8, 9. Despite the strong link between EphB silencing and 
malignancy, little is known about how EphB signals prevent cancer 
progression. To gain insight into the mechanism of EphB-mediated 

tumor suppression, we restored EphB2 or EphB3 expression in 
EphB- and ephrin-B–negative CRC cell lines. We infected DLD1 

and Co115 CRC cells with lentiviruses bearing green fluorescent 
protein (GFP) and EphB2 or EphB3 cDNA regulated by the 
ubiquitin promoter (denoted Ubq-EphB2 and Ubq-EphB3, 

respectively). Infected cells remained homogenously EphB2 or 
EphB3 positive for long periods (>12 weeks), indicating that 

expression of EphB receptors did not have deleterious effects on 
CRC cells per se. We also generated DLD1 and Co115 cells that 

expressed ephrin-B1 and red fluorescent protein (RFP) (Ubq
ephrin-B1). Continuous cell contact–mediated EphB and ephrin-B 
bidirectional activation was achieved by co-culturing the two cell 

populations (Fig. 1). In control experiments, GFP (Fig. 1a), EphB2
GFP (Fig.1b) or EphB3-GFP (Fig. 1c) cells were completely 

scattered and mixed with RFP-labeled cells to a similar extent. 
Notably, intermingling of GFP and RFP populations was virtually 

nonexistent in EphB-GFP and ephrin-B1−RFP co-cultures (Fig. 

1e,f). Quantification of cell distribution (Fig. 1g) demonstrated a 
tenfold increase in the number of EphB-GFP cells forming large 

homogenous clusters (>50 cells) in the presence of ephrin-B1−RFP 

cells compared with the cell distribution in control experiments. 

Compartmentalized growth persisted even in long-term cultures (>7 
d; data not shown), suggesting that ephrin-B1–positive cells 
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continuously restrict the localization of EphB-positive tumor cells. 

We obtained equivalent results using DLD1 cells (Supplementary 
Fig. 1 online). Extending this analysis to other EphB receptors and 

ephrin-B ligands expressed in intestinal epithelial cells, we 
observed that ephrin-B2 also triggered sorting and 

compartmentalization of EphB2-, EphB3- or EphB4-expressing 
cells, but with less potency than ephrin-B1 (Supplementary Fig. 2 
online). The EphB4/ephrin-B1 pair did not efficiently induce this 

response (Supplementary Fig. 2). 

To dissect the effects of EphB signaling on CRC cells, we studied 

the early response of Ubq-EphB cells to ephrin-B1 stimulation. 
CRC cells spread over a laminin-coated surface showed prominent 

actin protrusions and stress fibers (Fig. 2a). Five minutes after 
addition of recombinant soluble ephrin-B1 (ephrin-B1/Fc), Ubq-

EphB cells started contracting (Supplementary Video 1 online); 
additionally, instead of remaining as single entities, they packed 
into tight clusters and acquired a compact and more 'epithelial' 

shape (Fig. 2a–h). Analysis of E-cadherin indicated that EphB 
activation triggered redistribution from the cytoplasm (Figure b,d) to 

the basolateral membrane (Fig. 2f,h) without altering protein levels 
(Fig. 2i). F-actin colocalized with E-cadherin at discrete sites at the 

intersection of the apical and basolateral membrane that resemble 
adherens junctions (Fig. 2h). In Colo205 cells, a CRC cell line 
expressing endogenous levels of EphB2 and EphB3 receptors3, 

addition of ephrin-B1/Fc resulted in marked cell clustering and 
relocalization of E-cadherin from the cytoplasm to the membrane 

(Supplementary Fig.3 online). Despite the increase in E-cadherin 

adhesion, EphB signaling did not block nuclear β-catenin 

localization, β-catenin/Tcf transcriptional activity or Tcf-4 target 

gene expression in CRC cells (Supplementary Fig. 4 online). 
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To study the role of E-cadherin in EphB signaling, we 

downregulated E-cadherin levels in CRC cells expressing EphB3 or 
ephrin-B1 ligands by means of short hairpin RNA (shRNA) (Fig. 2j). 

Lack of E-cadherin did not decrease the extent of EphB3 tyrosine 
phosphorylation upon addition of ephrin-B1/Fc (Fig. 2k), indicating 

that EphB3 receptor activation was not compromised. Ubq-EphB3 
CRC cells expressing shRNA targeting E-cadherin showed 
remodeled actin cytoskeletons (Supplementary Fig. 5 online) and 

contracted upon EphB3 receptor activation in a similar manner as 
those cells expressing non-targeting shRNA (Supplementary Video 

2 online). However, they did not cluster; rather, they remained as 
round individual cells (Supplementary Video 2 and Supplementary 
Fig. 5). Furthermore, silencing of E-cadherin levels in Colo205 cells 

completely inhibited cell clustering mediated by endogenous EphB 
receptor activation (Supplementary Fig. 3 online). Therefore, in 

epithelial tumor cells, EphB signaling couples cell contraction with 
cell-to-cell adhesion by promoting the recruitment of E-cadherin to 

the membrane. To further assess the role of E-cadherin in EphB
mediated tumor cell compartmentalization, we carried out co
culture experiments using E-cadherin knock-down cells (Fig. 2l–t). 

Sorting and compartmentalized growth was severely impaired in E
cadherin knock-down cells (Fig. 2r–t), which intermingled and 

remained mostly individualized or in small clusters despite 
continuous EphB3–ephrin-B1 interactions. 

The above observations strongly suggest that EphB signaling 

restricts the capacity of malignant cells to expand into adjacent 

ephrin-B–positive territories by enforcing E-cadherin adhesion. To 
explore this concept in vivo, we sought evidence for EphB

mediated compartmentalization during intestinal tumorigenesis in 
ApcMin/+ mice, a mouse strain that spontaneously develops 
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intestinal adenomas10, 11. Immunohistochemical analysis indicated 

complementary expression patterns of EphB receptors and ephrin-
B ligands during tumor formation in the intestine of mice 

(Supplementary Fig. 6 online) and humans (Supplementary Fig. 7 
online). As previously described10, 12, EphB-expressing founder 
tumor cells in the small intestine of ApcMin/+ mice produced 

outpockets, or evaginations, that ingressed (Fig. 3a) and 
subsequently enlarged (Fig. 3b,c) within the inner surface of 

ephrin-B–expressing villus cells. As a result, the majority (≈80%) of 
small intestine adenomas in ApcMin/+ mice appeared completely 

enclosed by normal epithelium. Stroma separated adenoma and 
normal cells so that they seldom came in contact with each other 
(Fig. 3c). Thus, tumor morphogenesis in the small intestine results 

in an apparent compartmentalization of EphB-positive tumor cells 
and ephrin-B–positive normal cells1 (Fig. 3d). In the colon of 
ApcMin/+ mice, tumorigenesis also initiated in crypts, but as villus are 

absent, tumor cells did not ingress and remained in continuous 

contact with normal epithelial cells (Supplementary Fig. 8 online). 
Apparently, tumor formation in the colon of ApcMin/+ mice occurs by 

repopulation of pre-existing crypts with Apc mutant cells 

(Supplementary Fig. 8), as described for humans13. 

To answer whether expression of ephrin-B ligands by normal 

mucosa cells restricts the expansion of EphB-positive tumor cells, 
we engineered ApcMin/+ mice with reduced levels of ephrin-B 

ligands in the intestinal epithelium. We generated conditional 
ephrin-B1 knockout mice by crossing mice bearing Efnb1 alleles 

flanked by loxP sites14 with transgenic mice expressing Cre 

recombinase in the intestinal epithelium regulated by the villin 
promoter (Tg(Vil-Cre))15. The Efnb1 locus is located in the X 
chromosome. Both Tg(Vil-Cre)+Efnb1loxP/loxP and Tg(Vil
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Cre)+Efnb1loxP/Y mice were born at mendelian ratios and had normal 

life spans (data not shown). We achieved virtually complete loss of 
ephrin-B1 expression within the entire length of the intestinal 

epithelium of both mutant males (data not shown) and females 
(Fig. 4a–d). Thus, henceforth we refer to both genotypes as 
Efnb1Int-KO. Inspection of Efnb1 mutant intestinal epithelium did not 

uncover any gross abnormalities. However, Paneth cells were no 
longer compartmentalized to the crypt base; rather, they were 

scattered along the crypt-villus axis (Fig. 4e–h). This phenotype 
was similar to that present in the intestine of EphB3-null mice1, 

suggesting that ephrin-B1 activates EphB3 in the crypts. There 
were no significant differences in the number of proliferative (Fig. 
4i) mucosecreting (Fig. 4j) or enteroendocrine cells (Fig. 4k) 
between Efnb1Int-KO and control littermates. We concluded that 

removal of ephrin-B1 triggers cell positioning defects without 

disturbing the proliferation or differentiation programs of the 
intestinal crypts. 

Compound Efnb1Int-KOApcMin/+ mice became moribund at the same 

age as control Efnb1+ApcMin/+ littermates (25 ± 4 weeks). Depletion 

of ephrin-B1 decreased the frequency of the smallest-sized polyps 
in the small intestine of ApcMin/+ mice (Supplementary Table 1 and 

Supplementary Discussion online) but simultaneously severely 
modified the shape of adenomas (Fig. 3e–h). In Efnb1Int-KOApcMin/+ 

mice, most tumors adopted a villous morphology resembling that of 

the normal mucosa (Fig. 3g) but with proliferative tumor cells 
colonizing the whole length of the villus axis (Fig. 3h). Seventy 
percent of all tumors scored in Efnb1Int-KOApcMin/+ mice were 

classified as villous-like adenomas (Fig. 3i). These tumors usually 

were not enclosed by normal mucosa, presumably because they 
did not ingress under the villus. Detailed analysis of polyp formation 
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confirmed this hypothesis. Most incipient adenomas in Efnb1Int

KOApcMin/+ mice were fused to the normal epithelium (Fig. 3j) and 

progressively formed villous-like structures (Fig. 3k) that replaced 

the regular crypt-villus units (Fig. 3l). Normal and tumor epithelia 
formed an undisrupted layer (Fig. 3j–l) suggesting that in Efnb1 

deficient mice, Apc mutant cells repopulated the normal mucosa 

(Fig. 3m). Together, these observations imply that outpocketing, 
ingression and compartmentalized growth seen in intestinal 

adenomas is the consequence of repulsive interactions imposed by 
ephrin-B1–positive normal epithelial cells on EphB-positive tumor 
cells. Of note, around one in every four tumors arising in Efnb1Int

KOApcMin/+ mice still ingressed under the villus (Fig. 3i), suggesting 

that ephrin-B2 may still trigger significant repulsion on adenoma 

cells. 

Lack of compartmentalized growth resulted in acceleration of 
tumorigenesis in the colon of compound Efnb1Int-KOApcMin/+ mice 

(Fig. 5). Macroscopic colorectal tumor load (Φ > 0.5 mm) in ApcMin/+ 

mice lacking ephrin-B1 was doubled compared to control 
Efnb1+ApcMin/+ littermates, and the frequency of very large 

adenomas (Φ > 3 mm) was tripled (Fig. 5a). Accordingly, colorectal 
tumors in Efnb1Int-KOApcMin/+ contained significantly more mitotic 

cells than tumors of control littermates (4.2 ±1.3 mitoses versus 2.7 

± 1.47 mitoses per high-power field; mean ± s.d.; P < 0.005 by 

Student's t-test, Fig. 5b). Moreover, in the absence of ephrin-B1, 

tumors acquired an aberrant organization characterized by large 
areas of high cell density (Fig. 5c,g) with loose (Fig. 5i) or absent 

glandular structures (Fig. 5k). These abnormalities were seldom 
present in tumors of identical size in control littermates (Fig. 5f,h,j). 

These areas of distorted structure were formed by a mass of 
randomly organized Apc mutant cells (Fig. 6a–d). They were also 
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frequently found in colorectal tumors of ApcMin/+ mice expressing a 

dominant-negative form of EphB2 receptor (ephB2ΔcyApcMin/+; 

Supplementary Fig. 9 online)3. Ultrastructural analysis confirmed 
that colorectal tumors in Efnb1Int-KOApcMin/+ mice contained solid 

growth patterns (Fig. 6e–h and Supplementary Fig. 10 online) with 

lack of apicobasal polarity and absence of adenomatous glands. 
Notably, the defects in glandular structure present in Efnb1Int

KOApcMin/+ tumors coincided with a marked reduction of membrane-

associated E-cadherin, which accumulated diffusely into the 
cytoplasm, compared with its basolateral distribution in adenomas 

of control littermates (Fig. 6i–l). The frequency of tight junctions 
was also substantially diminished (Fig. 6m–p). We conclude that 
reduced EphB receptor signaling on tumor cells caused by loss of 

expression of ephrin-B1 ligand in the surrounding normal mucosa 
enhances growth of colorectal adenomas and simultaneously 

impairs cell-to-cell adhesion and polarization. 

Our results indicate that fully malignant tumor cells, bearing 

multiple mutations in oncogenes and tumor suppressors, respect 
the boundaries imposed by EphB–ephrin-B interactions. This 

phenomenon is reminiscent of the role of Ephs and ephrins in cell 
sorting during segment formation16, 17, vasculature morphogenesis18 

and somite epithelialization19 in embryo development. Apparently, 

EphB signaling enforces cell-to-cell adhesion on tumor cells by 
recruiting E-cadherin to the membrane. Cell compartmentalization 

has an important impact during the initial steps of intestinal cancer. 
Because of EphB–ephrin-B repulsive interactions, tumor cells 

cannot occupy the ephrin-B–positive territories of the normal 
mucosa. In the small intestine, this phenomenon segregates tumor 
cells away from the ephrin-B–positive cell compartment. As a 
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result, adenoma growth is resumed inside the villus cavity. In the 

large intestine, EphB-positive founder tumor cells reach the surface 
epithelium, where normal cells express high levels of ephrin-B 

ligands. The lack of intra-villus space and the compact alignment of 
crypts in the colon forces continuous interactions between EphB

positive tumor cells and ephrin-B–positive normal colonocytes, thus 
restricting the expansion of incipient adenomas and suppressing 
tumor progression. We hypothesize that additional repulsive 

interactions coupled with enforced E-cadherin adhesion may block 
the ability of EphB-positive tumor cells to invade or colonize ephrin-

B–positive territories during tumor dissemination beyond the early 
stages. Tumor cell compartmentalization may be a general 
mechanism of tumor suppression in epithelial tissues whose 

architecture is defined by Eph−ephrin interactions. 

Methods 

Generation of CRC cells expressing EphB or ephrin-B ligands.

Lentiviral expression constructs were derived from FUW vector 
backbone (see Acknowledgments). Ephrin-B1, EphB2, EphB3 and 

EphB4 full-length cDNAs were cloned downstream of the ubiquitin 
promoter. SV40-EGFP or SV40-RFP cassettes were inserted 

downstream of ephrin-B1, EphB2 and EphB3 cDNAs. Control 
lentiviral vectors contained only the SV40-GFP or SV40-RFP 
cassettes. Replication-deficient lentiviral particles were produced 

as previously described20. Infected DLD1 or Co115 cells were 
sorted using a MoFlo cytometer (Dakocytomation), and fluorescent 

cells were cultured under standard conditions. 
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Cell co-cultures. We mixed Co115 cells expressing GFP and RFP 

in suspension at a 1:5 ratio (and did the same for DLD1 cells, at a 
1:3 ratio) and plated them at a density of 130,000 cells/cm2 on 

coverslips coated with 2 mg/cm2 laminin. Culture medium was 
changed every 24 h. Cell sorting was quantified by counting the 

number of cells present in each GFP-positive cluster of five 
representative fields at two different confocal planes in the z axis. 
Images throughout the paper show the basal plane. 

Mice. Mice carrying a loxP-flanked Efnb1 have been described 

previously14. They were originally maintained in a mixed 
129S4/C57Bl6J background. They were backcrossed for at least 
six generations to the C57BL/6J background before mating with 
ApcMin/+ mice. Tg(Vil-Cre)20Syr and ApcMin/+ mice (Jackson 

Laboratories) were from a homogeneous outbred C57BL/6J 

background (N>10). In experiments described throughout the text, 
cohorts of age-matched Tg(Vil-Cre)+ Efnb1loxP/loxP and Tg(Vil-

Cre)+ Efnb1loxP/Y mice (referred to as Efnb1Int-KO) were 
compared to Tg(Vil-Cre)–Efnb1loxP/loxP and Tg(Vil-Cre)– 
Efnb1LoxP/Y littermates. Likewise, compound Tg(Vil-Cre)+ 

Efnb1loxP/loxP Apc Min/+ and Tg(Vil-Cre)+ Efnb1loxP/Y Apc Min/+ 
mice (referred to as Efnb1Int-KO ApcMin/+) were compared to 

compound Tg(Vil-Cre)– Efnb1loxP/loxP ApcMin/+ and Tg(Vil-Cre)– 
Efnb1LoxP/Y Apc Min/+ littermates (referred to as Efnb1+ApcMin/+ 

littermates). We did not notice differences in any parameters 
between Efnb1loxP/Y males and Efnb1loxP/loxP females with 

equivalent single or compound genotypes. All experiments with 

mice were approved by the Barcelona Science Park Animal Care 
and Use Committee. 
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Tumor scoring. Post mortem, we removed the mouse intestine, 

opened it along the longitudinal axis and fixed it flat in 10% 
buffered formalin for 24 h at 25 ºC. Fixed intestines were stained 

with 0.5% methylene blue in distilled water for easier identification 

of small tumors. Macroscopic intestinal tumors (Φ > 0.5 mm) were 

identified under the dissection lens, counted and measured. 

Quantification of cell types and tumor morphology. Mice were 

injected intraperitoneally with BrdU (100 mg/kg) 2 h before being 
killed. S-phase (BrdU-positive) cells, mucosecreting (periodic acid– 

Schiff-positive) cells or enteroendocrine cells (synaptophysin
positive) were counted in cryptvillus units in longitudinal sections. 
An expert pathologist (M.I.) quantified the frequency of mitosis in 

adenomas and tumor cell density by counting the number of mitotic 
figures or tumor cells present in ten high-power fields (40x 
magnification). The morphology of adenomas in control Efnb1+ 
ApcMin/+ and Efnb1Int-KO ApcMin/+ was assessed by 

hematoxylineosin staining and was classified as invaginated or 
villous-like according to morphological criteria described in the 
main text. Adenomas present in areas where the epithelium was 

damaged or that could not be properly evaluated were discarded. 

Statistical analysis. Statistical analysis was carried out using 

SPSS software. Quantitative-qualitative data were evaluated as 

follows: first, normality of the distribution of the deviations was 
assessed by Kolmogorov-Smirnov test for all the data sets; second, 
experiments with normal deviation distributions were analyzed 

using Student’s t-test (assuming equality of variances (or not) 
depending on the Levene’s test result); third, the Mann-Whitney 

non parametric test was applied to data that did not follow a normal 
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deviation distribution. Qualitative-qualitative data were evaluated by 

the χ2 test. 

Induction of EphB activity. Recombinant extracellular domains of 

the ephrin-B1 ligand or ephrin-B2 fused to Fc of human 

immunoglobulins (ephrin-B1/Fc or ephrin-B2/Fc; R&D Systems) 
were cross-linked using antibodies to human Fc (anti–human Fc) 
(Caltag) at a 2:1 Fc-to-antibody molar ratio in PBS for 1.5 h at 25 

ºC. CRC cells were seeded at 60,000 cells/cm2 on coverslips 
coated with 2.5 mg/cm2 laminin. Forty-eight hours after plating, 

cross-linked IgG or Fc fragments as controls were added at 4 
mg/ml. 

Immunostaining. Detailed protocols for immunofluorescence and 

immunohistochemistry are given in Supplementary Methods online.  

Knock-down of E-cadherin. GFP, RFP, EphB2-GFP, EphB3-GFP 

and ephrin-B1-RFP cells were infected with lentiviral particles 
containing a U6 promoter driven by an shRNA targeting E
cadherin. This targeting construct belongs to the MISSION TRC-Hs 

1.0 shRNA library (clone TCR0000039666)21. Infected cells were 
selected with puromycin at 1 mg/ml. Control cells were infected 

with lentivirus bearing a non-targeting shRNA that activates the 
RISC complex and the RNA interference (RNAi) pathway but that 

contains at least five mismatched nucleotides compared with any 
human or mouse gene (clone SHC002; Sigma). 
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Figure 1. EphB activity induces cell sorting and compartmentalization of 
CRC cells in vitro. (a–f) Representative confocal images of Co115 cells 
expressing RFP alone (a–c) or ephrin-B1 plus RFP (d–f) co-cultured with Co115 
cells expressing GFP alone (a,d), EphB2 plus GFP (b,e) or EphB3 plus GFP (c,f). 
Images were captured 48 h after plating. Arrows point to examples of large, 
homogeneous GFP+ cell clusters indicative of cell sorting and 
compartmentalization. (g) Cell distribution was quantified by counting the 
percentage of GFP+ cells forming clusters of different sizes. In the absence of 
EphB–ephrin-B interactions, the majority of GFP+ cells form small groups of fewer 
than ten cells. Conversely, in EphB2–ephrin-B1 and EphB3–ephrin-B1 co-cultures, 
a high percentage of GFP+ cells were distributed into large homogeneous 
clusters. The difference in the frequency of cells distributed in large (31–50 cells) 
and very large clusters (>50 cells) between RFP-EphB2 or RFP-EphB3 co
cultures and ephrin-B1–EphB2 or ephrin-B1–EphB3 co-cultures had strong 
statistical significance (P < 0.005 in all cases by Student’s t-test). Error bars, s.d. 
(n = 5 random fields per condition). The reduction in the numbers of small clusters 

(≤10 cells) in RFP-EphB versus ephrin-B1–EphB co-cultures was equally 

significant (P < 0.005 in all cases by Student’s t-test). 
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Figure 2 
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Figure 2. E-cadherin is required for EphB-mediated compartmentalization in 
CRC cells. (a–h) Confocal images showing the distribution of F-actin (a,e) and E
cadherin (b,f) in Ubq-EphB2 CRC cells treated with Fc (a–d) or ephrin-B1/Fc (e– 
h) for 1 h. d and h are orthogonal projections along the vertical axis. (i) Analysis of 
E-cadherin protein levels by protein blot in Ubq-EphB2 CRC cells upon treatment 
with recombinant ephrin-B1 for the indicated times. GFP protein was used as a 
loading control. (j) Analysis of E-cadherin protein levels by protein blot in RFP, 
GFP, EphB3 or ephrin-B1 Co115 cells expressing a non-targeting shRNA (Con
shRNA) or a shRNA against E-cadherin (Ecadh-shRNA). "WT" is a protein extract 
from the parental wild-type cells. Actin was used as a loading control. (k) Protein 
extracts of ephrin-B1/Fc– or Fc-treated EphB3-GFP cells expressing Con-shRNA 
or Ecadh-shRNA were subjected to immunoprecipitation using anti
phosphotyrosine followed by anti-EphB3 protein blot analysis. "W" is total cell 
extract (one-thirtieth of the immunoprecipitated amount), and "+" indicates addition 
of anti-phosphotyrosine in the immunoprecipitation. (l–s) Confocal images of co
cultures using the indicated cell populations expressing control shRNA (ConshRNA) 
or shRNA targeting E-cadherin (EcadhshRNA). Arrows indicate large, homogeneous 
GFP+ clusters that were absent in co-cultures of E-cadherin knock-down cells. (t) 
Quantification of cell distribution. Knock-down of E-cadherin only in EphB3 
expressing cells or in both EphB3 and ephrin-B1 cell populations significantly 
blocked the formation of large cell clusters compared with control shRNA EphB3– 
ephrin-B1 co-cultures (***, P < 0.0005; **, P < 0.005; *, P < 0.05 by Student’s t-
test). Error bars, s.d. (n = 5 random fields per condition). 
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Figure 3 
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Figure 3. EphB–ephrin-B interactions compartmentalize intestinal adenomas 
in vivo. (a–d) Adenoma morphogenesis in control ApcMin/+Efnb1+ mice littermates. 

Small intestine adenomas of different sizes were stained with anti–β-catenin. 

Tumor cells (dashed outline) showed β−catenin accumulation. Open arrowheads 

indicate normal villus cells. Nascent adenomas were visualized as an outpocketing 
mass at the crypt-villus junction (a) that grew and folded in the inner side of the 
villus (b,c). Stroma prevented contacts between normal and tumor cells (c, inset). 
(d) Schematic representation of adenoma morphogenesis in the small intestine of 
ApcMin/+ mice showing outpocketing of Apc mutant cells at the boundary with the 
ephrin-B+ territory. (e–h) Representative examples of adenomas in the small 
intestine of control Efnb1+ApcMin/+  (e,f) and Efnb1Int-KOApcMin/+ littermates (g,h) 
stained with hematoxylin-eosin (H&E) (e,g) or anti-Ki67 (f,h). (i) Frequency of 
ingressed or villous-like adenomas in the small intestine of ApcMin/+ and Efnb1Int

KOApcMin/+ mice (n > 110 adenomas of 13 mice of each genotype at age 24 
weeks). The difference in the frequency of ingressed or villous-like adenomas 
developed by each genotype had strong statistical significance (P < 0.001 by 
Student's t-test). (j–l) Tumor formation in Efnb1Int-KOApcMin/+ mice. Microadenomas 
(red dashed outline) appeared fused to the normal epithelium (j, arrows) and 
subsequently adopted villus-like structures (k,l). Efnb1Int-KOApcMin/+ contained 
contiguous layers of normal and tumor cells (arrows point to the boundary 
between both cell populations). (m) Schematic representation of adenoma 
morphogenesis in the small intestine of Efnb1Int-KOApcMin/+ mice showing the 
repopulation of ephrin-B1+ territory by Apc mutant cells. 
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Figure 4
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Figure 4. Phenotype of mice with conditional knockout of ephrin-B1 in the 
intestine. (a–d) Staining using anti–ephrin-B1 of the small intestine (a,b) or the 
colon (c,d) of control Tg(Vil-Cre)-Efnb1loxP/loxP  (a,c) or Tg(Vil-Cre)+Efnb1loxP/loxP 

(b,d) littermates. (e–h) Paneth cell localization, as shown by staining with anti-
lysozyme in Tg(Vil-Cre)-Efnb1loxP/loxP mice (e,g) or Tg(Vil-Cre)+Efnb1loxP/loxP mice 
(f,h). Green dashed line delimits the physiological position of Paneth cells. 
Arrowheads indicate mispositioned Paneth cells along the crypts and villus. (i) 
Quantification of BrdU-positive cells in control and Efnb1Int-KO mice did not show 
any significant differences (P = 0.395 by Student's t-test). (j) Quantification of the 
frequency of mucosecreting cells in crypt-villus units of control and Efnb1Int-KO 

mice by periodic acid–Schiff (PAS) staining. We did not find any significant 
differences (P = 0.347 by Student's t-test). (k) Enteroendocrine cell counts in 
crypt-villus units, determined through staining with anti-synaptophysin. There were 
no significant differences between Efnb1Int-KO mice and control littermates (P = 
0.234 by Student's t-test). Error bars in i–k, s.d. (n > 60 small intestine crypts from 
three animals of each genotype). 
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Figure 5
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Figure 5. Colorectal tumorigenesis is accelerated in compound Efnb1Int-KO 

ApcMin/+ mice (a) Quantification of number and size of tumors present in the large 
intestine of control Efnb1+ApcMin/+ and Efnb1Int-KOApcMin/+ mice. Efnb1Int-KOApcMin/+ 

mice developed twice as many colorectal tumors as control Efnb1+ApcMin/+ mice 

(3.62 ± 0.836, n = 13 mice versus 1.76 ± 0.4, n = 17 mice; age = 24 weeks; mean 

± s.e.m.; P = 0.062 by Student's t-test). The frequency of very large tumors was 

tripled (1.08 ± 0.288 versus 0.29 ±0.144; mean ± s.e.m.; P < 0.05 by Student's t-

test). Error bars, s.e.m. (b) Frequency of mitoses per high-power microscopic field 
(HPF). The distribution of colorectal tumors according to mitosis rates was 

significantly different between genotypes (P < 0.01 by χ2 test; n > 12 tumors of 

each genotype belonging to ten mice). (c) Cell density in tumors (Φ= 1–3 mm) of 

each genotype (P < 0.001 by Student's t-test). Error bars, s.d. (d–k) Histological 
features of colorectal tumors of control Efnb1+ApcMin/+ (d,f,h,j) and Efnb1Int

KOApcMin/+ (e,g,i,k) mice. Note the multiple gland formation in incipient adenomas 
of Efnb1Int-KOApcMin/+ (e) and the lack of glandular pattern in solid areas of larger 
tumors (g) compared with the adenomatous appearance of tumors from control 
littermates. N, normal tissue; T, tumor tissue (dashed red outline). 
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Figure 6


90 



CHAPTER I: Research Article (Cortina et al., Nature Genetics, 2007) 

Figure 6. Defects in cell adhesion in colorectal tumors of Apc Min/+ lacking 
ephrin-B1. (a–p) Representative examples of colorectal tumors from Efnb1Int

KOApcMin/+ mice (c,d,g,h,k,l,o,p) and control Efnb1+ApcMin/+ littermates 

(a,b,e,f,i,j,m,n) and stained with anti–β-catenin (a–d), analyzed by scanning 

electron microscopy (e–h), stained with anti–E-cadherin (i–l), anti–zona occludens 
(ZO)-1 (m,o) or anti-occluden antibodies (n,p). Immunofluorescence staining, 
shown by confocal microscopy, with nuclei counterstained with DAPI. Open 
arrowheads point to well-structured lumens in adenomatous glands of control 
Efnb1+ApcMin/+ littermates, and filled blue arrowheads indicate collapsed lumens in 
tumors from Efnb1Int-KOApcMin/+. White arrow in l points to cytoplasmic 
accumulation of E-cadherin in colorectal tumors of Efnb1Int-KOApcMin/+ mice. Note 
that Efnb1Int-KOApcMin/+ tumor cells in solid areas formed reduced or collapsed 
luminal structures (blue arrowheads) and showed some degree of polarization with 
tight and adherens junctions that were small and diffused (g,h), compared to those 
of tumors in control littermates (f, black arrows). The presence of tight junctions in 
Efnb1Int-KOApcMin/+ tumors, as identified by anti–ZO-1 (o) and anti-occluden (p) 
staining, was sparse and restricted to tumor cells around small lumens (blue 
arrowheads). 
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Supplementary Text and Figures 

Supplementary Discussion 

The accelerated tumor growth phenotype in the colon of Efnb1Int-KO; 
ApcMin/+ mice is similar to that observed in the large intestine of 
Ephb3-/-; ApcMin/+ and of Ephb2Δcy; ApcMin/+ mice. Yet, it is important 

to consider that ephrin-B1 is virtually not expressed by adenoma 
cells. Thus, by knocking down Efnb1 in an ApcMin/+ background we 

demonstrate that the positional information contained in the normal 
intestinal epithelium that surrounds adenomas establishes 

boundaries to the expansion of tumor cells. We originally proposed 
that putational activation of the Wnt signaling pathway imposes a 
constitutive crypt progenitor phenotype to tumor initiating cells2. 

This work demonstrates that the surrounding ephrin-B1+ epithelium 
controls the positioning of both crypt progenitor cells and tumor 

founder cells through EphB signaling, thus extending the 
similarities between both cell populations beyond their gene 
expression profiles. We show that in the small intestine, tumor cells 

cannot repopulate the ephrin-B1+ compartment and they ingress 
inside the villus as a consequence of EphB signaling. Incidentally, 

we report a decrease in the number of smallest size polyps in the 
small intestine of Efnb1Int-KO; ApcMin/+ mice that did not affect the 

occurrence of larger tumors. We speculate that during macroscopic 
assessment of tumor burden, we may have undercounted incipient 
villous-like polyps in Efnb1Int-KO; ApcMin/+ mice due to their 

similarities with the normal epithelium. Alternatively, signals from 
the differentiated cell compartment may impose certain constrains 
to the initial growth of Apc mutant cells in the villus environment 

thus affecting the establishment of small tumors, but having no 

impact on subsequent adenoma expansion. 
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We demonstrate that EphB-ephrin-B interactions compartmentalize 

tumor cells by enforcing E-cadherin mediated adhesion. Our 
observations suggest that EphB signaling modulates the 
cytoplasmatic vs. membrane-associated E-cadherin pools in vitro 
and in vivo. CRC cell lines translocate E-cadherin from the 

cytoplasm to the membrane in response to ephrin-B1 stimulation. 
This process is required for in vitro cell sorting and 

compartmentalization. Concordantly, tumor cells arising in the 
colon of Efnb1Int-KO; ApcMin/+ mice fail to establish proper adherent 

junctions as shown by the accumulation of E-cadherin in the 

cytoplasm. This phenomenon is linked to defects in cell polarization 
that disrupt the characteristic glandular appearance of adenomas. 
While our in vitro model mimics EphB-mediated tumor cell 

compartmentalization, we could not observe significant alterations 
in the proliferation rates of EphB-ephrin-B cocultures. Yet, in this 

cell co-culture model, robust cell sorting and compartmentalization 
only occurs when EphB-expressing cells are continuously 

interacting with ephrin-B+ cells. These experimental conditions 
involve plating cells at high density, almost reaching confluence. In 
this set up, cell contact inhibition of proliferation may mask any 

effect of EphB signaling over cell proliferation. It is also worth 
considering that in the intestinal epithelium, tumor cells expand 

while keeping a glandular-like organization. 

We demonstrate that EphB-ephrin-B1 interactions impose 
restrictions to the glandular growth of tumors as reflected by the 
compact shape, increased proliferation and high density of tumors 

from mice lacking EphB signaling. The acceleration in tumor growth 
observed in Ephb or Efnb1 mutant mice may also be the indirect 

consequence of lack of 3D glandular organization which in turn 
lead to abnormal interaction of tumor cells with the 
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microenvironment, a phenomena that cannot be fully reproduced in 

a cell culture dish. Future work will be required to characterize the 
role of downstream components of the EphB signaling pathway 

such as the Rho family of small GTPases or the Abl-Crk complex8 

in the control of cell adhesion and cancer growth during tumor 

compartmentalization. 

Supplementary Methods 

Colo205 aggregation assay. The effects of EphB activation on 

cell-to-cell adhesion were measured in suspension. 50,000 
Colo205 cells were incubated in DMEM plus Fc or ephrin-B1/Fc 

(4μg/ml) at 37ºC in agitation (700 rpm) during 1h. Cells where then 
fixed with paraformaldehide and formation of aggregates was 
quantified using a Multisizer (Beckman-Coulter). The extent of 

cluster formation was represented by the percentage of cells 
aggregated in clusters larger than 40μm upon ephrinB1 addition 

compared with non-treated cells. Fixed cells were cytospined and 
stained using anti-E-Cadherin antibodies. 

β-catenin/TCF activity assay. Luciferase reporter assay was 

performed using TCF reporter constructs TOPFLASH and 

FOPFLASH26. 30,000 cells/cm2 were seeded in 2 μg/cm2 laminin
coated 24-well plates and then transiently transfected with 50 ng of 

the indicated luciferase reporter, 50 ng of Renilla luciferase vector 
(pRL-TK; Promega) and 150 ng of dnTCF-4 cloned in pcDNA4 
(Invitrogen) or empty pcDNA4 as a control. 12h after transfection, 

cells were treated with 4 μg/ml of crosslinked ephrin-B1/Fc or IgG 
as a control for 8 additional hours. Luciferase activity was 

determined using the Dual-Luciferase Reporter Assay System 
(Promega). 

94 



CHAPTER I: Research Article (Cortina et al., Nature Genetics, 2007) 

Real Time-PCR. Total RNA samples were extracted using the 

Trizol (Gibco BRL) and were DNAase treated, further purified using 
RNeasy columns (Qiagen) and reversed transcribed using the High 

Capacity cDNA Archive Kit (Applied Biosystems) according to the 
manufacturer's protocol. The following TaqMan probes (Applied 

Biosystems) were used: Hs00170423_m1 (CDH1), 
Hs00153408_m1 (MYC), Hs99999904_m1 (PPIA), 
Hs00270888_s1 (ASCL2) and Hs00610344_m1 (AXIN2). 

Reactions were carried out using TaqMan Universal PCR Master 
Mix (Applied Biosystems). Reactions were carried out using an ABI 

Prism 7900 Sequence Detector (Applied Biosystems) in clear 
optical 384-well reaction plates with optical covers, according to 
manufacturer’s instructions. Gene expression levels were 

normalized using the endogenous control PPIA for each sample 
and differences in target gene expression were determined using 

the SDS 2.1 software. 

Immunohistochemistry. The intestinal tract was dissected as a 

whole and flushed gently with cold PBS to remove any faecal 
content. The small intestine and colon were opened and fixed flat in 

formalin (Sigma) attached to a filter paper overnight at room 
temperature. Intestinal swiss rolls or individual segments were 

embedded in paraffin and sectioned at 4μm. Following dewaxing 
and hydration sections were pretreated with peroxidase blocking 

buffer (120mM Na2HPO4, 43mM citric acid, 30mM NaN3, 0,2% 
H2O2; pH 5,8) for 15min at room temperature. For ephrin-B1 and 
ephrin-B2 stainings, antigen retrieval was performed by autoclaving 

sections for 20min at 121ºC and 1atm in 20mM Tris-HCl buffer, pH 
9. Antigen retrieval of EphB2, EphB3, E-cadherin, ZO-1 and BrDU 

stainings was done by 20min autoclaving at 121 ºC and 1atm in 
10mM Na-citrate buffer, pH 6. β-catenin staining antigen retrieval 
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was carried out by autoclaving sections for 10min at 121 ºC and 

1atm in 10mM Na-citrate buffer, pH 6. Slides were then cooled 
down slowly at room temperature and washed 3 times in PBS 

before blocking 20min with 1% BSA Fraction V (Roche). They were 
washed 3 times in PBS and incubated with goat anti-ephrin-B1 

(R&D Systems) for 2h at room temperature at 1:800 dilution in 1% 
BSA; goat anti-ephrinB2 (R&D Systems) for 2h at room 
temperature at 1:400 dilution in 1% BSA; goat anti-EphB2 (R&D 

systems) for 2h at room temperature at 1:100 dilution in 1% BSA; 
goat anti-EphB3 (R&D Systems) overnight at room temperature at 

1:50 dilution in 0,05% BSA; mouse anti-E-cadherin (BD 
biosciences.), 2h at room temperature at 1:500 in 1% BSA; rabbit 
anti-ZO1 (Zymed),1:100 dilution 1h at room temperature in 1% 

BSA; mouse anti-bromodeoxyuridine (Becton Dickinson), 1:100 
dilution 1h at room temperature in 1%BSA and β-catenin (Sigma) 

1:100 dilution 1h in 0.05% BSA . Rabbit anti-goat (DAKO) was 
used for goat antibodies as a bridge step 1 h at room temperature 

at 1:100 dilution in 1% BSA. Secondary antibody was Powervision 
HRP-Antirabbit IgG or Powervision HRP-Anti-mouse IgG 
(Immunologic b.v) for 45 minutes at RT. Slides were washed in 

PBS, developed with DAB, counterstained with haematoxylin and 
mounted. 

Immunofluorescence in frozen sections. Intestinal polyps were 

micro dissected under dissection lens and fixed in PFA 4% 
overnight at 4ºC. The day after, fixative was washed with PBS and 
samples were left in sucrose 30% overnight at 4ºC. Tissue was 

then embedded in OCT compound (Sakura) and frozen in liquid 
nitrogen. We performed antigen retrieval by autoclaving 8μM 

cryosections in Tris-Hcl buffer 20mM pH=9, 10 min at 121ºC 1 atm. 
To reduce background, we incubate tissues with Mouse Fc Block 
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(BD Biosciences) 1:100 in 5% normal goat serum for 1 hour. 

Primary antibodies were incubated in 5% of normal goat serum 1 
hour at RT. Secondary detection was performed using Alexa Fluor 

488 goat antimouse (Molecular Probes) 1:200 in 5% of normal goat 
serum. Mouse anti-E-cadherin was directly coupled to FITC (BD 

Biosciences). Slides were washed in PBS, counterstained with 
DAPI (1:10000) and mounted using Vectashield Mounting Medium 
(Vector Labs). 

Antibodies. The following antibodies were used.  

Primary antibodies: 

Antibody 
Manufacturer and 

Reference 
Technique and 
dilution used 

Mouse BD Fc Block™ 
BD Biosciences, 

Ref. 553141 
Immunofluorescence 

(1:100) 
Mouse 

anti-E-cadherinFITC 
BD Biosciences, 

Ref.612130 
Immunofluorescence 

(1:200) 

Mouse 
anti-E-cadherin 

BD Biosciences, 
Ref. 610182 

Immunohistochemistry 
(1:500), 

Immunofluorescence 
(1:100), Western Blot 

(1:5000) 

Goat anti-EphB2 
R&D Systems Inc., 

Ref. AF467 
Western Blot (1:1000) 

Rabbit anti-EphB4 Gift from A. Ziemiecki Western Blot (1:500) 

Rabbit anti-ZO1 
Zymed, 

Ref. 61.7300 
Immunohistochemistry 

(1:100) 

Mouse anti-ZO1 
Zymed, 

Ref. 33-9100 
Immunofluorescence 

(1:100) 

Goat anti-EphB2 
R&D systems Inc., 

Ref. AF467 
Immunohistochemistry 

(1:100) 
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Mouse Anti β-Catenin 
Sigma, 

Ref. C7207 

Immunohistochemistry 
(1:100), 

Immunofluorescence 
(1:25) 

Goat anti-EphB3 
R&D Systems Inc., 

Ref. AF432 
Immunohistochemistry 

(1:100) 

Rabbit anti-EphrinB 
Santa Cruz Biotech, 

Ref. sc-910 
Western Blot (1:1000) 

Goat anti-ephrin-B1 
R&D Systems Inc., 

Ref. AF473 
Immunohistochemistry 

(1:800) 

Goat anti-ephrin-B2 
R&D Systems Inc., 

Ref. AF496 
Immunohistochemistry 

(1:400) 

Secondary antibodies: 

Antibody 
Manufacturer and 

Reference 
Technique and 
dilution used 

Donkey anti-Human 
IgG (Fc)-Cy5 

Jackson 
Immunochemicals, 
Ref. 709-175-098 

FACS (1:100) 

Goat anti-mouse
Alexa488 

Invitrogen, Ref. 
111029 

Immunofluorescence 
(1:100), 

FACS (1:100) 
Rabbit 

anti-mouse-HRP 
Pierce Western Blot (1:5000) 

Mouse  
anti-rabbit-HRP 

Pierce Western Blot (1:5000) 

HRP-anti-Mouse 
PowerVision 
Immunologic,

 Ref. DPVM-110HRP 

Immunohistochemistry 

HRP-anti-rabbit IgG 
PowerVision 
Immunologic, 

Ref. DPVM-110HRP 
Immunohistochemistry 

Rabbit anti-goat DAKO, Ref. Z0454 Immunohistochemistry 
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Supplementary Figures 

Supplementary Figure 1. Ephrin-B/EphB-mediated cell sorting on DLD1 CRC 
cells. Representative confocal images of DLD1 cells expressing RFP alone (a, b, 
c) or ephrin-B1 plus RFP (d, e, f) co-cultured with Co115 expressing GFP alone 
(a, d) or EphB2 plus GFP (b, e) or EphB3 plus GFP (c, f). Images were taken 24h 
after plating. Arrows point to examples of large homogenous GFP+ cell clusters 
indicative of cell sorting and compartmentalization. 
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Supplementary Figure 2 
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Supplementary Figure 2. Characterization of the effects of EphB2, EphB3 
and EphB4 activation by ephrin-B1 and ephrin-B2 in CRC cells. (a) ephrin-
B/Fc cell surface ligand binding was analyzed by FACS analysis. Co115 Ubq
EphB2, Ubq-EphB3 and Ubq-EphB4 cells were incubated in suspension on ice 
with equal amounts control Fc (black bars), recombinant ephrin-B1/Fc (grey bars) 
or ephrin-B2/Fc (white bars) for 30 minutes. After extensive washing, the amount 

of recombinant ligand bound to the cell surface was assessed with anti-Fc−Cy5 

antibody followed by FACS analysis. Bars represent mean fluorescence per cell. 
Note that ephrin-B2 is equally bound to the surface of EphB2, EphB3 and EphB4 
expressing cells while ephrin-B1 is preferentially bound to ubq-EphB2 and ubq
EphB3 and binds ubq-EphB4 cells with reduced avidity. (b-d) Analysis of tumor 
cell compartmentalization in Co115 ubq-EphB2 (b), ubq-EphB3 (c) or Ubq-EphB4 

(d) upon co-culture with RFP, RFP-ephrin-B1 or RFP−ephrin-B2 expressing cells. 

All experiments were performed at the same time under identical conditions. In the 
right part of each panel representative confocal images of co-cultures are shown 
whereas graphs on the left of each panel represent quantifications of cell 
distribution as described in Figure 1 and methods section. Note that while co
cultures of ephrin-B2+EphB2, ephrin-B2+EphB3 or ephrin-B2+EphB4 result in cell 
sorting and compartmentalization, co-cultures of ephrin- B1+EphB2 and ephrin
B1+EphB3 consistently produced a stronger response as shown by a larger 
reduction in the number of individual cells (green bars) and the appearance of 
larger homogenous GFP clusters (>50 cells. Grey bars) in cell co-cultures. 

EphB4−ephrin-B1 interaction only produced minor modifications in cell distribution 

and compartmentalization. P numbers associated with the bars represent 
Student’s t-test values. 
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Supplementary Figure 3. Activation of endogenous EphB receptors in 
Colo205 CRC cells results in E-cadherin dependent cell aggregation. 
Colo205 cells expressing a control shRNA (a,b) or shRNA targeting E-cadherin 
(c,d) were treated in suspension with control Fc fragments (a,c) or ephrin-B1/Fc 
fusion protein (b,d). Pictures were taken in a phase contrast microscope (20x) 
after one hour of stimulation. Note the dramatic cell clustering induced by 
activation of EphB receptors (b-arrows) which is fully inhibited in E-cadherin 
knock-down cells (d). (e-h) Confocal images showing E-cadherin localization in 
the above conditions. (i) Quantification of cluster formation measured as a relative 
aggregation index. The difference in cell aggregation index before and after 
addition of ephrin-B1 had strong statistical significance (P < 0.001 by Student’s t-
test). 
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Supplementary Figure 4


103 



CHAPTER I: Research Article (Cortina et al., Nature Genetics, 2007) 

Supplementary Figure 4. β-catenin/TCF activity is not blocked by EphB 
activation in DLD1 CRC cells. Confocal images showing the distribution of β 
catenin in Ubq-EphB2 DLD1 cells treated with crosslinked Fc (a-c) or ephrin-B1/Fc 
(d-f) for 1 hour. Note prominent nuclear beta-catenin localization in either 
condition. (e) Normalized activity of the TCF-Luciferase reporter TOPFlash (black 
bars)22 and control FOPFlash (grey bars) after 8 h of EphB activation by 
recombinant crosslinked ephrin-B1/Fc addition. dnTCF-4 abrogates β-catenin/TCF 
driven transcription in the control and ephrin-B1/Fc treated conditions 
demonstrating specificity of the reporter assay. Numbers indicate fold activation 
(Top/Fop ratio) and ach bar represents a duplicate. There were no significant 

differences in β-catenin/Tcf reporter activity between Fc or ephrin-B1/Fc treated 

cells (p=0.096 by Student’s t-test). (f) Quantitative real-time PCR analysis of 3 
bona fide WNT target genes (Ascl2, Axin2 and c-Myc)23  after 8 hours of 
stimulation. Target gene expression levels are expressed as relative RNA 
amounts compared to Fc treated cells (grey bars). Control values were set to 1.0. 
PPIA was used to normalize gene expression levels. 
22. Korinek,V. et al. Constitutive transcriptional activation by a beta-catenin-Tcf 
complex in APC-/- colon carcinoma. Science 275, 1784-1787 (1997). 
23. Van der Flier,L.G. et al. The Intestinal Wnt/TCF Signature. Gastroenterology 

132, 628-632 (2007). 
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Supplementary Figure 5. Actin remodeling by EphB signaling in CRC cells 
with reduced E-cadherin levels. Ubq-EphB3 Co115 cells expressing a control
shRNA (a and c) or a shRNA targeting E-cadherin (b and d) treated with Fc (a and 
b) or ephrin-B1/Fc (c and d) for 1 hour. Pictures are confocal images showing the 
distribution of F-actin. Note that ephrin-B1/Fc triggers contraction and cortical actin 
formation despite the lack of cell clustering in E-cadherin knock-down cells. 
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Supplementary Figure 6  
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Supplementary Figure 6. Complementary Expression domains of EphB and 
ephrin-B receptors in intestinal tumorigenesis. Small intestine (a,c,e,g,i) or 
colon (b,d,f,h,j) adenomas from ApcMin/+ mice were stained with anti-beta-catenin 

(a,b) , anti-EphB2 (c,d), anti-EphB3 (e,f) , anti−ephrin-B1 (g,h) and anti−ephrin-B2 

(i,j) antibodies. Tumors are encircled by a dashed line and normal epithelium is 
indicated by arrowheads. T indicates tumor tissue and N normal tissue. Adenomas 
arising in the small intestine and the colon of ApcMin/+ mice accumulated nuclear 
beta-catenin (a,b) and expressed EphB2 (c,d) and EphB3 (e,f) but were negative 
for the expression of ephrin-B ligands (g-i). Ephrin-B1 (g,h) and ephrin-B2 (I,j) 
expression was prominent in the basolateral membrane of epithelial cells in the 
differentiated compartment of the normal mucosa,  i.e. the small intestine villus as 
well as the top third of the colonic crypts. 

107 



CHAPTER I: Research Article (Cortina et al., Nature Genetics, 2007) 

Supplementary Figure 7. Expression domains of EphB2 and ephrin-B1 in 
human colorectal adenomas. Serial sections of a human colorectal adenoma 

stained with anti-EphB2 (a) or anti−ephrin-B1 (b) antibodies. Note the 

complementary domains of expression of EphB2 and ephrin-B1 in tumor (T) or 
normal (N) epithelium respectively. 
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Supplementary Figure 8. Colorectal tumor formation in ApcMin/+ mice. (a-c) 
Representative hematoxylin-eosine staining that exemplifies tumor formation in 
the colon of ApcMin/+ mice. Incipient colorectal adenomas adopted crypt structures 
(a) which were fused to the normal mucosa (arrows). These founding tumor cells 
expand laterally by forming additional crypt structures that replace the normal 
epithelium (b,c). (d) Schematic representation of adenoma formation in the colon 
illustrating the continuous interaction between EphB+ tumor cells and ephrin-B+ 
normal cells during this process. Insets illustrate the areas of contact between 
normal and tumor cells. 
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Supplementary Figure 9. Morphology of colorectal tumors in ApcMin/+ 

expressing a dominant negative EphB2 receptor (EphB2Δcy). Representative 
sections of colorectal tumors in Ephb2Δcy; ApcMin/+ (a-c) and control ApcMin/+ 

littermates (c-e) at 21 weeks of age stained with hematoxylin-eosine (a,c) or anti

β-catenin antibodies (b,c,d,e). In control ApcMin/+ mice, tumors were composed of 

adenomatous glands. This architecture contrasted with the solid and loose 
glandular patterns in Ephb2Δcy; ApcMin/+ mice. 
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Supplementary Figure 10. Ultrastructural analysis of colorectal tumors in 
ApcMin/+ mice lacking ephrin-B1. Morphology of tumors arising in the colon and 
rectum of control ApcMin/+ (a-d) or compound Efnb1Int-KO; ApcMin/+ mice (e-h). 
Tumor cells in control ApcMin/+ mice were organized in adenomatous glands 
around well-structured luminal sections (a-c, black arrowheads), establishing 
properly formed adherens junctions (d-arrow) and showing a polarized structure 
with defined apicobasal domains. In contrast, Efnb1Int-KO; ApcMin/+ tumors 
contained large areas in which tumors lack any obvious polarization and grew as a 
solid mass (e,f) that contained very reduced lumens (blue arrowheads). Asterisk 
denotes desmosomes which were present in both control ApcMin/+ (a-d) or 
compound Efnb1Int-KO; ApcMin/+ mice (e-h). 
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Supplementary Video 1 (representative frames). Co115 cells infected with a 
control Ubq-GFP lentivirus (A) or with lentivirus bearing EphB2 (B) or EphB3 (C) 
cDNAs downstream of the ubiquitin promoter were recorded during 15 minutes 
(timer from -15 to 0) before the addition of recombinant crosslinked ephrin-B1/Fc 
protein to the medium. Cells were then filmed for 60 minutes. Movies show DIC 
images taken every 30 seconds. 
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Supplementary Video 2 (representative frames). Ubq-EphB3 Co115 cells 
expressing a non-targeting control shRNA (A) or a shRNA targeting E-cadherin 
(B) were recorded during 15 minutes (timer from -15 to 0) before the addition of 
recombinant crosslinked ephrin-B1/Fc protein to the medium. Cells were then 
filmed for 190 minutes. Movies show DIC images taken every 30 seconds. 
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Supplementary Table I. * Control ephrin-B1+ ; ApcMin/+ and compound ephrin
B1Int-KO ; ApcMin/+ mice significantly differed in the average number of tumors in the 
small intestine (P<0.05 by Student’s t-test). ** The two genotypes also showed 
significant differences in small size (<1.5mm) tumor category (P<0.005 by 
Student’s t-test). The differences in the remaining tumor size categories were not 
statistically significant. Data is presented as mean ± sem. 
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CHAPTER II: Hypothesis 

EphB/ephrin-B-mediated epithelial cell sorting by 
differential adhesion  
The concept of cell sorting by differential adhesion was first 
proposed by Steinberg long time ago [142]. According to his 

models, cells with similar adhesive properties would cluster 
together rather than with other cell types. Differences in affinity 

would allow the maintenance of organized patterns within tissues 
through the restriction of cell movement between adjacent cell 
populations. Later, many in vitro and in vivo evidence supported 

this idea [143-145] (reviewed in [146,147]). For instance, co-culture 
of Madin-Darby canine kidney (MDCK) cell line strain I and strain II, 

which express different levels of E-cadherin, resulted in 
segregation of the two cell strains in homotypic clusters [145]. In 

addition, experiments done in the hindbrain of the zebrafish 

revealed that Eph−ephrin interactions also induced cell sorting 

within cells of the same type, separating them in different segments 
(rhomobomeres) according to their alternate ephrin-B or Eph 
expression [148]. It was proposed that this phenomenon was 

mediated by the reduction of the stability of adhesive contacts 
between Eph- and ephrin-expressing cells [149]. 

As mentioned in the introduction, the outcome of Eph signaling 
pathways depends on the cell context. It was already established 

that Eph activation regulates neuronal positioning by controlling 
cytoskeleton dynamics mainly through Rho GTPase activity. 

Frequently, this signaling cascade was leading to cell retraction 
(reviewed in [65]). In the previous chapter we described that 

EphB/ephrin-B−mediated repulsion in normal intestinal epithelium 

and in tumor cells, also involved the regulation of cell-to-cell 
adhesion molecules [1]. We demonstrated that Eph and ephrins 
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restricted CRC expansion by increasing the pool of membrane-

associated E-cadherin in tumor cells [1]. 

We now hypothesize that the phenomena of EphB-mediated cell 
comparmentalization may occur by the combination of two 

overlapping mechanisms. First, EphB activity results in the 
remodeling of the actin cytoskeleton which leads to cell contraction 
and repulsion. Second, EphB signaling may regulate adhesion 

between EphB+ and ephrin-B+ cell types by controlling E-cadherin 
dynamics. 
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CHAPTER II: Results 

1. In Vitro models to study EphB signaling 

We generated several in vitro models to study the molecular 

mechanisms involved in EphB-mediated cell sorting and tumor cell 

compartmentalzaion. This section provides a detailed description of 
the models used in this chapter. 

1.1 EphB activation by recombinant ephrin-B1/Fc 

EphB2 or EphB3 activity was restored in  DLD1 and Co115 cells, 
two human epithelial CRC cell lines that showed virtually no 

expression of EphB or ephrin-B ligands ([3] Figure 9b and data not 
shown). DLD1 or Co115 cells were infected with lentivirus bearing 
EphB full-length cDNAs under the control of the Ubiquitin promoter. 

Cells were plated on laminin-coated plates and receptor activation 
was induced with soluble recombinant human ephrin-B1/Fc ligand 

which was added to the media after preclustering with an anti-Fc 
antibody. Ligand addition triggered phosphorylation of the receptor 
after 10 minutes of incubation. EphB signaling in these cell lines 

lead to a dramatic change in morphology shortly after the addition 
of the ligand, including cell contraction at initial timepoints leading 

to strong cell aggregation within 30 minutes. This change in 
morphology lasted around 2 hours (Figure 18a) but after this period 

cells reverted to their original shape.  

To assess the dynamics of E-cadherin or actin during EphB 

activation by time lapse, cells were infected with lentiviral 
constructs bearing E-cadherin or actin cDNAs fused to an EGFP 

tag (GFP). E-cadherin-GFP [150] and GFP-actin [151] constructs 
were previously used to assess the dynamics of remodeling of 
these proteins in vitro. To allow the possibility of visualization of 
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ephrin-B1 ligand dynamics, recombinant ephrin-B1/Fc was 

fluorescently labelled using anti-Fc-Cy5 as a preclustering 
antibody. 

1.2 Cell sorting models 

1.2.1 EphB;GFP and ephrin-B;RFP cell sorting model 

We developed a model to to study EphB−ephrin-B interactions in 

CRC cell lines or MDCK cells. We infected these cell lines with 
either lentiviral vectors carrying EphB (EphB2, EphB3 or EphB4) or 

ephrin-B (ephrin-B1 or ephrin-B2) cDNAs and a fluorescent labels 
(GFP or RFP) [1]. Cells expressing only GFP or RFP were used as 
controls. In this assay, activation of the receptor is triggered by cell-

to-cell interactions instead of by the addition of soluble ligand. This 
model intended to be more physiological as it reproduced the 

Eph−ephrin bi-directional signaling. Mixing of EphB;GFP+ and 

ephrin-B;RFP+ cells resulted in the separation of the two 

subpopulations and the formation of EphB+ homotypic cell clusters, 
which were evidenced after 48h of co-culture and lasted for long 
periods of time (> 7 days). In addition, the extent of cell sorting can 

be quantified by counting the average number of cells present in 
the EphB+ clusters (Figure 18b). It is noteworthy that we have 

mainly focused our attention on the EphB+ cell population. The 
reason is that in the context of CRC progression tumor cells 

express EphB receptors but not ephrin ligands. 
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Figure 18. In vitro models for the study of EphB activity. a) EphB activation 
model by soluble ephrin-B1. Crosslinked ephrin-B1/Fc is added to EphB+ cells. 

After 30 min, cells contract and aggregate. b) First EphB−ephrin-B cell sorting 

model. Cell populations in EphB;GFP − ephrin-B;RFP co-cultures separated from 

each other (cell sorting), whereas GFP – RFP co-cultures remain randomly mixed. 
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c) Fluorescently labelled E-cadherin EphB−ephrin-B cell sorting model. This is a 

second version of the assay described in section 1.2.1 (shown in b) in which 

EphB3+ cells are labelled with E-cadherin−GFP and ephrin-B1+ cells with E

cadherin−Cherry in Co115 and MDCK cell lines. E-cadherin−GFP and E

cadherin−Cherry cells were generated as control populations. 

1.2.2 EphB/ephrin-B−mediated cell sorting model that allows 
E-cadhein tracking 

We developed a second version of EphB−ephrin-B cell sorting 

model to study E-cadherin distribution in co-cultures. Co115 or 
MDCK cells were coinfected with combinations of two subsets of 
lentiviral vectors. One construct carried EphB3 or ephrin-B1 

cDNAs. The second vector contained E-cadherin fused to GFP or 
Cherry fluorescent cDNAs. Thus, subpopulations expressing either 

EphB3;E-cadherin−GFP or ephrin-B1;E-cadherin−Cherry were 

generated. E-cadherin−GFP and E-cadherin−Cherry cell 

populations were used as a control. In this system, the two co
cultured populations are distinguished by their different E-cadherin 

color labelling, allowing the analysis of E-cadherin−GFP and E

cadherin−Cherry colocalization at EphB−ephrin-B boundaries. In 

addition, fluorescent intensity levels of E-cadherin-fusion proteins 

at specific cell sites can be measured. MDCK cells, which form 
highly polarized monolayers in culture, allow a very accurate 

analysis of E-cadherin at the boundaries of EphB−ephrin-B 

interaction (Figure 18c). 
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2. Dynamics of the EphB-mediated response in 
epithelial cells 

2.1 Dynamics of EphB-activation by soluble ephrin-B1/Fc 

We treated EphB2-expressing DLD1 CRC cells (EphB2 DLD1) with 
recombinant ephrin-B1/Fc ligand and tracked their behaviour for 

several hours. Before addition of ephrin-B1/Fc, EphB2 receptor 
was located at cell-cell contact membranes and also in the 

cytoplasm (Figure 19a). After 10 minutes, Cy5-labelled Ephrin
B1/Fc signal bound to cell membranes was detected. Ephrin-B1/Fc 
interacted with cells in a polarized manner to a large extent, as 

signal was limited to membranes that were not in contact with other 
cells (membranes at the periphery of the cell clusters, otherwise 

called here outer cluster membranes) (Figure 19e). At this time 
point, EphB2 was redistributed and enriched at the outer cluster 

membranes, colocalizing with ephrin-B1 (Figure 19f). At later time 
points, receptor and ligands were internalized and colocalized in 
cytosolic vesicles (Figure 19i). 
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Figure 19. EphB and ephrin-B dynamics in the EphB-activation by soluble 
ephrin-B1/Fc model. Representative confocal images of EphB2 DLD1 control 
cells (a-c) treated with anti-Fc—Cy5 crosslinked ephrin-B1/Fc for 10 minutes (d-f) 
or 1 h (g-i) (63x magnification, 3x zoom). Cells were stained for EphB2 (a,d,g) and 

ephrin-B1/Fc was visualized by anti-Fc−Cy5 crosslinking antibody (b,e,h). Merge 

images of the two molecules are shown (c,f,i). Note that high colocalization (white 
areas) is detected in the outer membranes of cell clusters shortly after ligand 
addition and in cytosolic vesicles at later stages of the response. Scatter plots 
represent the fluorescence intensity from each pixel in the images shown in f and i 
for EphB2 (x axis) and ephrin-B1/Fc (y axis) stainings. Pixels showing high 
fluorescent intensity in both channels (above the threshold depicted in the graph) 
are represented in white in the images f and i. 

2.2 Dynamics of EphB−ephrin-B cell sorting 

We studied in detail the behaviour of EphB+ cells upon contact with 
ephrin-B1+ or EphB+ populations. Cells expressing either EphB3 
or ephrin-B1 were co-cultured for 48 hours and then tracked 

overnight using time lapse video microscopy (Supplementary Video 
3 and Figure 20).  In control co-cultures (Supplementary Video 3b 

and Figure 20e-h) we observed that GFP+ or RFP+ cells projected 
lamellipodia and migrated randomly using ameboid movements. 

We could not detect any particular restrictions in the movement or 
bias in the interaction of cells expressing different fluorescent 
proteins. RFP+ and GFP+ cells remained fully intermingled and 

motile throughout the timelapse (Supplementary Video3b and 

Figure 20e-h). Interestingly, in EphB−ephrin-B co-cultures, EphB+ 

cells contacted with ephrin-B+ cells through membrane projections 
(Supplementary Video 3a and arrows in Figure 20a,b) yet this 
interaction often resulted in cell retraction (arrow in Figure 20c). As 

a consequence, stable cell-to-cell contacts between green and red 
cells were not established. Conversely, interaction of EphB+ cells 

with EphB+ cells resulted in permanent adhesion between the two 
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encountering cells. In general, the migration rate of EphB+ cells co

cultured with ephrin-B1 cells was diminished in comparison to that 

of control co-cultures. Multiple EphB3−ephrin-B1 cell repulsion and 

EphB3-EphB3 cell adhesion events like the examples shown in 
Figure 20a-c resulted in the enlargement of the already existing 

EphB+ clusters (dashed circle in Figure 20d). 

Figure 20. Dynamics of EphB3−ephrin-B1 cell sorted and control co-cultures 
(Representative frames of Supplementary Video 3). GFP and RFP merged 
images of a Co115 EphB3;GFP and ephrin-B1;RFP co-culture (a-d) and a GFP 
and RFP control co-culture (e-h). Cells were co-cultured during 48 h and then 
recorded for 16 h. (63x magnification). Arrows point to an example of an EphB3+ 
cell projection towards an ephrin-B1+ cell (a-b) which resulted in cell retraction in 
the opposite direction (c). Dashed circles represent multiple clusters (a) that finally 
join in one big cluster (d). 

Overall, these observations suggest that EphB/ephrin-B-mediated 
cell sorting is established by cell repulsion between receptor- and 

ligand-expressing cells combined with preferential adhesion 

between EphB+−EphB+ cells. In the two following sections we 

dissect the contribution of these two cell reponses to the 
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phenomenon of cell sorting and compartmentalization mediated by 

EphB−ephrin-B signaling.  

3. EphB signaling in the control of cell contraction 
and repulsion 

In chapter I we described that activation of EphB receptors by 
recombinant ephrin-B1 resulted in a dramatic remodeling of the 

actin cytoskeleton. F-actin shifted from the stress fiber 
conformation towards cortical rings [1]. In this chapter we analyze 
the dynamics of actin remodeling in the context of cell sorting and 

decipher the molecular events involved in this process. 

3.1 Characterization of the actin cytoskeleton remodeling 
by EphB signals in epithelial cells 

We first assessed the distribution of F-actin and phosphorylated 
myosin light chain (P-MLC) in EphB-ephrin-B interacting cells (see 

section 1.2 of chapter II). Control mixed co-cultures displayed an 
homogeneous F-actin and P-MLC pattern of distribution, and no 

differences between E-cadherin−GFP/E-cadherin−Cherry contact 

boundaries or homotypic cell-cell boundaries were observed 

(Figure 21b,f). Strikingly, in EphB+/ephrin-B+ cell co-cultures, 
EphB+ cells were encircled by a prominent ring of actin fibers that 
delimited the cluster boundary (arrows in Figure 21d). P-MLC was 

also enriched at these sites (arrows in Figure 21h).  
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Figure 21. Actin and P-MLC are reinforced at the outer membranes of EphB+ 
clusters. Representative confocal images of MDCK E-cadherin−GFP − E

cadherin−Cherry control co-cultures (a,b,e,f) and EphB3;E-cadherin−GFP − 

ephrin-B1;E-cadherin−Cherry (c,d,g,h) sorted co-cultures. Merge of E

cadherin−GFP/E-cadherin−Cherry images (a,c,e,g), F-actin staining with 

phalloidin-Alexa647 (b,d) and immunofluorescence against P-MLC (f,h) are 
presented. Arrows point to examples of local enrichment of actin and P-MLC 

staining.  Note that these areas correspond to EphB3−ephrin-B1 boundaries (63x 

magnification, 1.5x zoom). 

We next followed actin dynamics upon stimulation with ephrin

B1/Fc ligand through time lapse video microscopy (see section 1.1 
of chapter II). Prior to EphB activation, actin was disposed in stress 
fibers (Supplementary Video 4 and arrows in Figure 22a), which 

disassembled 10 minutes after ligand addition (Figure 22b). Then, 
actin re-polymerized at the periphery of the cell cluster into short 

radial actin fibers, which were coincident with the areas of the 
cytoplasm that underwent contraction (Figure 22c-d). As cells 

contracted in the direction of the newly formed actin fibers, a new 
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belt of cortical actin appeared surrounding the cell cluster. At the 

later stages of the response, the accumulation of actin in this 
cortical ring increased (Supplementary Video 4 and Figure 22e,f). 

This final disposition was highly reminiscent of the actin distribution 

in EphB+ cell clusters in EphB−ephrin-B co-cultures shown in 

Figure 21d. 

Figure 22. Actin remodeling upon EphB activation (representative frames of 
Supplementary Video 4). Crosslinked ephrin-B1/Fc was added to EphB2 DLD1 
cells expressing a GFP-Actin construct after 24 h of culture on a laminin-coated 
surface. Cells were recorded for 50 min. Arrows in a point to actin stress fibers 
before EphB activation (t= 0’). Arrows in c and d point to short actin radial fibers at 
the cell periphery (t= 20’- 30’). Arrows in e,f point to cortical actin (t=40’-50’). Actin-
GFP is represented in intensity colour scale code (63x magnification, 3x zoom). 
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3.2 RhoA is essential for EphB-mediated contractility and 
E-cadherin redistribution 

Following the observations on the actin remodeling effect mediated 
by EphB signaling, we sought to dissect the involvement of 
different regulators of the actomyosin-driven contraction 

downstream of EphB signaling. We initially focused on the role of 
RhoA, a well described mediator of Eph signaling in neurons. RhoA 

activity was measured in Ubq-EphB3 Co115 cells before and after 
EphB activation using Rhotekin-pulldown assays. 10 minutes after 

addition of crosslinked ephrin-B1/Fc, an increase in active RhoA 
levels was observed (Figure 23a). To assess whether RhoA activity 
was required for the EphB-mediated response in CRC cells, we 

downregulated RhoA in Co115 Ubq-EphB3 cells by shRNA (Figure 
23a). In RhoA depleted cells, EphB3 tyrosine phosphorylation was 

not affected upon ephrin-B1/Fc addition (Figure 23c), suggesting 
that the activation of the receptor was not compromised. E

cadherin levels were not reduced upon Rho depletion (Figure 23b). 
Yet, in Rho knock-down cells, EphB signals did not induce cell 
contraction or aggregation (Supplementary Video 5 and Figure 

23d-g). Equivalent results were obtained using a second shRNA 
targeting a different sequence in the Rho cDNA (data not shown). 

Furthermore, in the EphB3/ephrin-B1−induced cell co-culture 

sorting model, EphB3 RhoA-shRNA cells significantly failed to sort 
apart from the ephrin-B1 population (Figure 23k, and quantification 

in panel l). 
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Figure 23. RhoA is required for EphB-mediated response in CRC cells. a) 
Rho activity analysis by Rhotekin Pull-Down assay in EphB3 Co115 control cells 

(-) and in ephrin-B1/Fc−treated cells (+). Input extracts and pulldowns were blotted 

against RhoA. b) RhoA protein level analysis by Western Blot in EphB3 Co115 

cells. Con-shRNA corresponds to Non-targeting−shRNA, RhoA-shRNA 

corresponds to shRNA against RhoA. Actin protein levels are presented as a 
loading control. E-cadherin levels are also shown. c)  Protein extracts of ephrin

B1/Fc– or Fc−treated EphB3-GFP cells expressing Con-shRNA or RhoA-shRNA 

were subjected to immunoprecipitation using anti-phosphotyrosine antibody 
followed by anti-EphB3 protein blot analysis. "W" is whole cell extract (one-thirtieth 
of the immunoprecipitated amount), and "+" indicates addition of anti
phosphotyrosine antibody in the immunoprecipitation. d-g) Representative frames 
of Supplementary Video 5. EphB3 Co115 cells expressing Con-shRNA (d,e) or 
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RhoA-shRNA (f,g) were treated with clustered ephrin-B1/Fc and recorded for 1h. 
(DIC images at 20x magnification, 2x zoom). First (d,f) and last (e,g) frames are 
shown. Black arrow in e points to a compacted and aggregated cluster in Con
shRNA condition. Note that Rho-shRNA cells did not change their morphology 

upon ligand addition. h-k) Representative confocal images of EphB3;GFP−ephrin

B1;RFP (h,i) and EphB3;GFP−RFP (j,k) co-cultures of Con-shRNA (h,j) and 

RhoA-shRNA (i,k) Co115 cells (20x magnification, 1.23x zoom). White arrows 
point to examples of large, homogeneous EphB3+ cell clusters indicative of cell 
sorting and compartmentalization in Con-shRNA condition. Graph representing 
quantification of cell distribution. Error bars, s.d. (n = 5 random fields per 
condition) (l). RhoA-shRNA cells significantly failed to produce >30-cell clusters (P 
< 0.0005 by Student’s t-test). Experiments were performed in the same conditions 
as in [1]. 

The effect of RhoA activity in the response induced by EphB 
signaling was further confirmed by the use of RhoA/B/C inhibitor 

(C3 transferase), or a specific inhibitor for the Rho effector ROCK 
(Y-27632), or a Myosin II inhibitor (blebbistatin). All these inhibitors 

blocked the contraction and aggregation effects triggered by the 
addition of ephrin-B1/Fc (Figure 24j-l,n-p). Nonetheless, ephrin

B1/Fc−induced cortical actin formation (Figure 24I, white arrows) 

was only fully inhibited upon C3 and Y-27632 treatments (Figure 
24j-k) but could be still observed in blebbistatin-treated cells 

(Figure 24l, white arrows). Likewise, E-cadherin distribution from 
the cytosol to the membrane was also impaired at a large extent 
upon inhibition of Rho and ROCK (Figure 24n-o, blue arrows) but 

only partially blocked upon myosin II inhibition (Figure 24p, yellow 
and blue arrows). 
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Figure 24. Inhibition of RhoA signaling impairs EphB-mediated contraction. 
EphB2 DLD1 cells were left untreated (control) (a,e,i,m) or pre-incubated with 

1µg/ml C3 (RhoA/B/C inhibitor) (b,f,j,n), 10 μM Y-27632 (ROCK inhibitor) (c,g,k,o) 
or blebbistatin (myosin-II inhibitor) (d,h,l,p). Cells were then treated with control Fc 
fragment (a-h) or crosslinked ephrin-B1/Fc (i-p) for 1h. Representative confocal 
images of phalloidin-TRITC (a-d, i-l) and E-cadherin (e-h, m-p) staining are shown 
(63x magnification, 3x zoom). Arrows point to examples of cortical actin (white 
arrows), membrane E-cadherin (yellow arrows) or cytoplasmic E-cadherin (blue 
arrows). 
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We then explored the contribution Rho and their effectors on cell 

contraction during cell sorting (Figure 25). Ubq-EphB3 Co115, 

Ubq−ephrin-B1 or control RFP cells were pretreated with C3, Y

27632 or blebbistatin. Treated cells were co-cultured as previously 
described, but in the presence of the corresponding inhibitors in the 

media (see methods II). All treatments significantly reduced the 

extent of EphB3−ephrin-B1 cell sorting (Figure 25i). In agreement 

with the results obtained with the soluble ephrin-B1/Fc assay 

(Figure 24), the small cell clusters obtained upon inhibition of the 
Rho pathway did not show a contracted or compact morphology 

(Figure 25f-h). Of note, the inhibitory effect of C3 on cell sorting 
was more dramatic than that of Y-27632 or blebbistatin. This result 
may reflect the fact that C3 inhibits RhoA/B/C irreversibly whereas 

Y-27632 and blebbistatin are reversible inhibitors. We also 
speculate that whereas RhoA lays at the top of the EphB signaling 

cascade, other Rho effectors besides ROCK or Myosin-II may have 
important contributions to the EphB signaling outcome [152]. 

3.4 EphB-mediated cell sorting occurs in the absence of 
cell contraction and cell-to-matrix adhesion 

As mentioned in introduction section 5.2.3, focal adhesions play 

key roles in actomyosin contraction by anchoring the actin fibers to 
the sites of adhesion to the substrate and coordinating contractility 
with cell movement [136]. Thus, we analyzed the requirement of 

cell-to-matrix adhesion to the process of EphB/ephrin-B-regulated 
cell sorting. 
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Figure 25. RhoA signaling is required for EphB/ephrin-B−mediated cell 

sorting. Representative confocal images of EphB3;GFP−RFP control co-cultures 

(a-d) and EphB3;GFP−ephrin-B1 Co115 co-cultures (e-h) performed in the 

absence (a,e) or presence of 1μg/ml C3 (b,f), 10μM Y-27632 (c,g) or 3μM 

blebbistatin (d,h) (20x magnification, 1.23x zoom). Media containing the 
corresponding fresh inhibitors or control media were changed every 12 h. Arrows 
point to examples of large, homogeneous EphB3+ cell clusters indicative of cell 
sorting and compartmentalization in control sorted condition (e). Graph 
representing quantification of cell distribution (i). Error bars, s.d. (n = 5 random 
fields per condition) (*** P < 0.0005, ** P < 0.005, * P < 0.05 by Student’s t-test). 
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We first checked the activation status and localization of the focal 

adhesion components FAK and paxillin upon crosslinked ephrin
B1/Fc stimulation in EphB2 DLD1 cells plated on a laminin-coated 

surface (Figure 26a,b,e,f). Phosphorylation of both molecules was 
increased upon EphB activation, being mostly reinforced at the cell 

periphery (Figure 26e,f). To explore the contribution of the ECM to 
EphB-mediated cell contraction, cells were seeded on uncoated 
cell culture-treated plastic (Figure 26c,d,g,h).  Most of our previous 

cell sorting and cell contraction assays were performed in the 
presence of a laminin substrate. In the absence of a proper ECM, 

focal adhesions were highly reduced even after ephrin-B1/Fc 
addition as shown by the lack of P-FAK and P-Paxillin staining. 
More importantly, cell contraction and aggregation upon EphB 

activation were completely absent in this scenario suggesting that 
ECM adhesion is fully required to allow the morphological changes 

driven by EphB activity (Figure 26g,h,o,p). Despite the lack of 
contractility, actin cytoskeleton was remodeled upon EphB 

stimulation. Cells formed cortical rings similar to that present in 
cells seeded onto laminin-coated substrates (Figure 26o, arrows). 
In these conditions, E-cadherin was also relocalized to the 

membrane at sites of adhesion (Figure 26p, arrows). 
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Figure 26. Adhesion to the ECM is required for EphB-mediated contraction, 
but not for actin and E-cadherin remodeling nor cell sorting. Representative 
confocal images of EphB2 DLD1 cells seeded on laminin-coated slides 
(a,b,e,f,i,j,m,n) or on uncoated slides (c,d,g,h,k,l,o,p) (63x magnification, 3x 
zoom). Cells were treated for 1 h with crosslinked ephrin-B1/Fc (e-h, m-p) or 
control Fc fragment alone (a-d, i-l). Cells were then stained for phospho-FAK 
(a,c,e,g), phospho-paxillin (PY118) (b,d,f,h), phalloidin-TRITC (i,k,m,o) and E
cadherin (j,l,n,p) (63x magnification, 3x zoom). Note that focal adhesion markers 
are remodelled upon EphB activation and are almost absent in the conditions 
where laminin is not present. Actin (o) and E-cadherin (p) are also remodelled in 
the absence of ECM, altought cell contraction does not occur. Arrows in m-p point 
to examples of cortical actin or E-cadherin. q-t) Representative confocal images 

of EphB−ephrin-B1 cell sorting assay seeded in the presence (q,s) or absence 

(r,t) of laminin ECM (20x magnification, 1.23x zoom). Note that in both situations 

EphB−ephrin-B1 co-cultures induce cell sorting (s,t). Arrows in s,t point to 

homotypic big EphB3+ cell clusters. Intets in s,t show examples EphB+ clusters 
with refined (s) or  un refined (t) boundaries. Graph representing quantification of 
cell distribution (u). Error bars, s.d. (n = 5 random fields per condition) (n.s P > 
0.05 in all cluster categories by Student’s t-test). 

The above results suggest that ECM adhesion and formation of 
mature focal adhesions are required for cell contraction, but are not 

essential for actin and E-cadherin remodeling induced by EphB 
signaling. To test if adhesion to the ECM was also dispensable for 

cell sorting, we performed co-culture experiments in the presence 

or absence of laminin coating. Indeed, EphB/ephrin-B−mediated 

cell sorting could occur independently of proper adhesion to the 
ECM (Figure 26t,u). Of note, in these conditions EphB+ clusters 
showed a more relaxed morphology (Figure 26s-t, insets) 

suggesting that cell-to-matrix adhesion may be important to refine 
the boundary between EphB+ and ephrinB1+ cells rather than to 

sort both cell populations. 
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In order to verify that EphB/ephrin-B−mediated cell sorting can 

occur in the complete absence of ECM adhesion, we performed 
assays in which cells were mixed and kept all the time in 

suspension (Figure 27). These conditions precluded cell 
contraction and enforced round cell morphology. These assays 

showed that in the presence of ephrin-B1−expressing cells, the 

EphB+ population sorted out and formed homotypic cell clusters 
that were evident after 3 hours and enlarged over time (Figure 27b

e).  

Figure 27. EphB/ephrin-B−mediated cell sorting occurs in suspension. 
Confocal images of representative fields of EphB3;GFP cells mixed with ephrin
B1;RFP MDCK cells (a-e) and GFP - RFP control co-cultures in suspension (f-j) 
(20x magnification, 1.23x zoom). Cell populations were mixed using the same 
protocol as standard co-cultures but they were incubated in suspension and orbital 
rotation for 0 (a,f), 3h (b,g), 6h (c,h), 8h (d,i) or 24h (e,j) and cytospined in poly-L
lysine-coated slides after fixation. Arrows point to examples of EphB3+ homotypic 
aggregates. Note that EphB3;GFP+ clusters increased in size over time in 

EphB3−ephrin-B1 co-cultures, whereas  GFP+ cells in control co-cultures 

remained individual and randomly mixed. 
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4. EphB signaling and differential adhesion 

Overall, the above results indicate that cell sorting induced by 

EphB−ephrin-B interactions is driven by effectors which act 

independently of cell contraction or matrix adhesion. Cell 
contraction and repulsion appear to be secondary reponses which 

help to reinforce the separation of EphB+ and ephrin-B+ cell 
populations yet they do not play essential roles in the process of 

cell sorting. These observations together with the key function of E
cadehin in cell sorting, led us to speculate that other forces such as 

differential cell adhesion between EphB+ and ephrin-B+ 
populations may be playing important roles in this process. Thus, 
we next sought to understand the control of cell-to-cell adhesion by 

EphB signaling. 

4.1 Regulation of E-cadherin adhesion by EphB−ephrin-B 
interactions 

We first compared the distribution of EphB and E-cadherin upon 

addition of soluble ephrin-B1. Shortly after the addition of the 
ligand, EphB2 DLD1 cells started contracting and aggregating as 

previously described. Both tyrosine kinase receptor and the 
adhesion molecule were progressively remodeled from the cytosol 
to the membrane (Figure 28a-i). We found that EphB2 and E

cadherin displayed high degree of colocalization both in basal 
conditions as well as upon stimulation with ephrin-B1 up to 15 

minutes (Figure 28c,f,i). The extent of colocalization of EphB2 and 
E-cadherin was similar to that of E-cadherin with other components 

of the adherens junction complex such as β-catenin or α-catenin 

(data not shown). 60 minutes after stimulation with ephrin-B1/Fc, E
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cadherin and EphB2 not only decorated areas of cell adhesion but 

also colocalized in cytoplasmatic vesicles (Figure 28j-l, insets). 

Figure 28. EphB and E-cadherin follow a common pattern of distribution. a-l) 
Representative confocal images of EphB2 DLD1 cells treated with control Fc 
fragment (a-c) or crosslinked ephrin-B1/Fc for 5 min (d-f), 15 min (g-i) or 60 min 
(j-l) and immunostained against EphB2 (a,d,g) and E-cadherin (b,e,h) (63x 
magnification, 3x zoom). Insets in j-l show EphB+ vesicles. m-o) Representative 
confocal images of EphB2 – ephrin-B1 MDCK co-cultures (48h) immunostained 
against EphB2 (m) and E-cadherin (n) (63x magnification, 2x zoom). EphB2 and 
E-cadherin colocalization is depicted in white (c,f,i,l,o) and ploted in colocalization 
graphs. Arrows in m-o point to the boundary between EphB+ and ephrin-B+ cells. 

Note that both EphB and E-cadherin are diminished at the EphB−ephrin-B cell 

boundaries. 
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To assess E-cadherin distribution within EphB−ephrin-B co

cultures, we used cells in which E-cadherin had been tagged with 
fluorescent proteins (see section 1.2.2 of this chapter). In control 

cells, E-cadherin−GFP and E-cadherin−Cherry were 

homogeneously distributed. Remarkably, in EphB−ephrin-B cell co

cultures, we observed that EphB+ cells localized at the edges of 
the sorted clusters did not show an homogeneous distribution of E
cadherin along their membrane surface. Rather, these cells 

displayed lower E-cadherin levels in those membranes areas 
facing ephrin-B1+ cells (outer cluster membranes) compared with 

those that contacted other EphB3+ cells (inner cluster membranes) 

(Figure 29e, arrows). The reduction of E-cadherin at EphB−ephrin-

B boundaries was evidenced by two different readouts. First, E

cadherin−GFP and E-cadherin−Cherry did not colocalize at the 

boundaries (arrows in Figure 29 and chart in Figure 29g). Second, 

the fluorescense intensity values of E-cadherin−GFP in outer 

EphB+ cluster membranes were 4.5-fold lower than in the inner 

EphB+ cluster membranes (Figure 29h). Similar results were 
obtained in Co115 CRC cells expressing equivalent E-cadherin 
tagged fluorescent proteins (data not shown). 

Overall, these results suggest that EphB receptors colocalize with 

E-cadherin and regulate adherens junction formation. Interaction of 
EphB receptors and ephrin-B1 ligands at the sites of cell-cell 

contact weakens cell adhesion by impairing the formation of cell 
adhesion complexes at those sites. We tentatively concluded that 
this phenomenon may represent the molecular basis to explain 

differential cell adhesion mediated by EphB and ephrins in 
epithelial cells. 
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Figure 29. E-cadherin levels are lower at EphB−ephrin-B cell boundaries. 

Representative confocal images of MDCK E-cadherin−GFP − E-cadherin−Cherry 

control co-culture (mixed control) (a-c) and EphB3;E-cadherin−GFP – ephrin

B1;E-cadherin−Cherry co-culture (sorted) (d-f) (63x magnification, 2x zoom). b,e) 

Colocalization of E-cadherin−GFP with E-cadherin−Cherry is presented in white. 

Note that there is no colocalization between E-cadherin-GFP and E-cadherin-
Cherry at the areas of EphB+/ephrinB+ cell interaction (yellow arrows). c,f) Image 

intensity analysis of E-cadherin−GFP. E-cadherin−GFP is represented in intensity 

colour scale code. Intensities were measured by ploting different ROIs (depicted 
by colour lines) starting at E-cadherin-GFP+/Ecadherin-Cherry+ cell interaction 
(outer cluter membranes) and ending at the E-cadherin-GFP+/E-cadherin-GFP+ 

cell interaction (inner cluster membranes) within eight different E-cadherin−GFP 

cells per field in contact with the E-cadherin−Cherry counter population (see 
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methods in this chapter for more details). g) Colocalization plot analysis of E

cadherin−GFP/E-cadherin−Cherry from images b and e. Dashed circles in the 

plots mark the region of colocalization (depicted in white in the images b and e). 
Note that image e in mixed control condition displays less GFP-Cherry colocalized 

pixels than image b (EphB−ephrin-B sorted condition). h) E-cadherin−GFP 

differential distribution in inner and outer cluster membranes. Intensity fold 

enrichment corresponds to the outer/inner E-cadherin−GFP intensity ratio 

calculated from the values measured at the membranes contained in the ROIs 
depicted in images c and f (8 ROIS per field) (see methods II for more details). 

Note that in EphB−ephrin-B sorted condition, the difference between E

cadherin−GFP intensity at inner and outer cluster membranes in EphB3+ cells 

was significantly higher than in control co-cultures. Error bars represent SD (P < 
0.005 by Student’s t-test). 

4.2 ADAM metalloproteinases mediate differential 
adhesion by EphB−ephrin-B interactions 

ADAM metalloproteinases trigger E-cadherin proteolysis in different 
cell systems [139,140]. In addition, ADAM10 has been described to 

be associated to Eph receptors and to act as a sheddase for ephrin 
ligands [72,102]. We assessed the possibility that ADAM activity 
may be responsible for the phenomenon of differential E-cadherin 

adhesion during Eph-mediated cell sorting. We first blocked the the 
activity of ADAM/MMP metalloproteinases using the inhibitor TAPI

1. The electrophoretic mobility shift of EphB2 upon stimulation with 
ephrin-B1/Fc was not affected by the addition of TAPI-1, 

suggesting that the phosphorylation and activation of the receptor 
was not compromised (Figure 30a). Indeed, addition of TAPI-1 did 
not modify the ability of CRC EphB2-expressing cells to remodel 

the acting cytoskeleton or to relocalize E-cadherin from the cytosol 
to the membrane upon ephrin-B1/Fc stimulation (Figure 30d,e,h,i). 

Likewise, the redistribution of EphB2 receptor remained unaffected 
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(data not shown) and cell contraction and aggregation happened 

with a similar kinetics to that of control cells (Figure 30h,i). 

Figure 30. ADAM/MMP metalloproteinases do not mediate EphB-induced 
contraction. a) Western Blot on EphB2 DLD1 cells 10 minutes after the addition 

of preclustered ephrin-B1/Fc in cells treated or not with 10 μM TAPI-1 inhibitor  for 

4h. EphB2 receptor activation analysis was assessed changes in electrophoretic 
mobility that correlate with the phosphorylation status of the receptor. Actin levels 
are shown as a loading control. Representative confocal images of EphB2 DLD1 
cells treated with control (Fc fragment) (b-e) or with crosslinked ephrin-B1/Fc for 1 

h (f-i) in the absence (b,c,f,g) or presence (d,e,h,i) of 10 μM TAPI-1 inhibitor 

(added 4 h before ephrin-B1/Fc or Fc treatment) (63x magnification, 3x zoom). 
Phalloidin-TRITC (b,d,f,h) and E-cadherin (c,e,g,i) immunofluorescent stainings 
are shown. Note that both control and TAPI-1 conditions display the same pattern 
of F-actin and E-cadherin distribution in Fc and ephrin-B1/Fc treatments. Arrows 
point at cortical actin (f,h) and membrane E-cadherin (g,i) in ephrin-B1/Fc treated 
cells. 
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We next assessed the requirement of ADAM activity for EphB

mediated cell sorting. Noticeably, addition of TAPI-1 to 

EphB−ephrin-B co-cultures blocked cell sorting to a large extent 

(Figure 31 in next page). Whereas some small groups of EphB+ 
cells were still present, inhibition of ADAM activity impaired the 

formation of very large homotypic clusters. The boundary between 

EphB−ephrin-B expressing cells was less defined in these 

conditions suggesting specific alterations at the interface between 

both cell types (Figure 31c-d, insets). Based on gene expression 
arrays performed in CRC cells lines we found that ADAM10 was 

the main metalloproteinase from the ADAM family expressed in our 
cell models (data not shown). Thus, we next knocked-down 
ADAM10 in EphB3+ cells by expression of a shRNA (Figure 31f). 

ADAM10 downregulation inhibited cell sorting to similar degree 
than the broad ADAM/MMP inhibitor TAPI-1 (Figure 31e). 

Therefore, ADAM10 is required for EphB-ephrin mediated cell 
sorting. 

Interestingly, our previous data showed that ADAM effects on 

EphB-mediated response were independent of cell contraction 
(Figure 30). This observation suggests that ADAM could be acting 
downstream of EphB signaling by regulating differential adhesion. 

To test this hypothesis, we analyzed E-cadherin distribution in 
MDCK sorted cells in the presence or absence of TAPI-1. 

EphB3−ephrin-B1 lacked colocalization of E-cadherin−GFP/E

cadherin−Cherry (Figure 32b,g in page 157) and showed strong 

decrease in E-cadherin−GFP levels at EphB−ephrin-B boundaries 

(Figure 32e,h) as previously described (Figure 29). Remarkably, 
differential E-cadherin distribution was lost in co-cultures treated 

with the inhibitor TAPI-1 (Figure 32c,f,g,h). EphB3+ cells that 

limited the sorted clusters in TAPI-1−treated co-cultures showed 
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homogeneous E-cadherin−GFP distribution thoughout the 

membrane surface (Figure 32f,h). Figure 32c,g, illustrates E

cadherin−GFP/E-cadherin−Cherry colocalization along the 

EphB−ephrin-B cell boundary upon inhibition of ADAM/MMP. 

Figure 31. ADAM10 mediates EphB−ephrin-B cell sorting. Representative 

confocal images of EphB3;GFP/Con-shRNA Co115 cell co-cultures with control 

RFP cells (a) or ephrin-B1;RFP cells in the absence (b) or presence  of  10 μM 

TAPI-1 (c) and EphB3;GFP/shADAM10 cell co-cultures with ephrin-B1;RFP cells 
(d) (20x magnification, 1.23x zoom). Arrows point to big homotypic EphB+ 

aggregates in EphB3−ephrin-B1 control co-cultures. Insets show examples of 

EphB3+ clusters with sharp (b) or loose (c-d) boundaries. e) Graph representing 
quantification of cell distribution. Error bars, s.d. (n = 5 random fields per 
condition) (*** P < 0.0005, ** P < 0.005, * P < 0.05 by Student’s t-test). Note that 
ADAM inhibition by TAPI-1 and ADAM10 shRNA did not produce >50-cell clusters 
(P < 0.0005 by Student’s t-test) and reduced the cell sorting to the same extent. 
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Control media or media containing TAPI-1 inhibitor was changed every 12h and 
cells were co-cultured for 48h as previously described [1]. f) ADAM10 protein level 
analysis by Western Blot on Co115 EphB3;GFP cells. “ConshRNA” corresponds to 
cells expressing a non-targeting control shRNA, “ADAM10shRNA” corresponds to 
cells expressing shRNA against ADAM10. “ADAM10i“ corresponds to immature 
ADAM10 and “ADAM10m” to ADAM10 mature form. Actin protein levels are 
presented as a loading control. 12-fold downregulation was obtained. 

Figure 32. ADAM metalloproteinases impair E-cadherin differential 
distribution in outer vs. inner EphB+ cluster membranes. Representative 

confocal images of MDCK E-cadherin−GFP – E-cadherin−Cherry control mixed 
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cell co-culture (a,d) and EphB3;E-cadherin-−GFP – ephrin-B1;E-cadherin−Cherry 

cell sorted co-cultures (63x magnification, 1.5x zoom). MDCK cell populations 

were co-cultured for 48h without inhibitors (a,b,d,e) or treated with 10μM TAPI-1 

4h before fixation (c,f). a-c) Colocalization analysis of E-cadherin−GFP/E

cadherin−Cherry merged images. Colocalization is depicted in white. Yellow 

arrows point to EphB−ephrin-B boundaries, in which there is no E-cadherin 

colocalization. d-f) E-cadherin−GFP fluorescence intensity analysis. E

cadherin−GFP is represented in intensity colour code scale (from black to white). 

Lines correspond to ROIs measuring intensity in eight boundary cells per field. g) 
Colocalization analysis plots of E-cadherin−GFP vs. E-cadherin−Cherry from 

pictures a, b and c. Note that colocalization was very low in control sorted cells, 
whereas control mixed cells and sorted cells treated with TAPI-1 showed 
colocalized pixels (depicted by white dashed circles). h) Analysis of the relative 

fluorescent intensity of E-cadherin−GFP calculated by dividing the intensity of the 

outer membrane by the intensity of the inner membrane in EphB+ boundary cells. 

Note that in cell sorted control condition, the difference between E-cadherin−GFP 

intensity in inner vs. outer cluster membranes was significantly higher than in 

control mixed co-culture or in TAPI-1−treated condition. Error bars, s.d. (n = 8 cells 

per condition) (P < 0.05 by Student’s t-test). Experiments were performed in the 
same conditions as in Figure 29. 

Altogether, these data demonstrate that ADAM metalloproteinases 

are required to impair the stabilization of E-cadherin at 

EphB−ephrin-B boundaries. We hypothesize that this phenomenon 

mediates the creation of an asymmetric pattern of distribution of E
cadherin along the cell membrane, thus polarizing cell adhesion 
towards other EphB+ cells rather than with ephrin-B1+ cells. In 

addition, the above results highlight that the maintenance of 
differential adhesion in cell sorted co-cultures is an active process, 

which can be reverted upon the addition of ADAM/MMP inhibitors 
into already established EphB+ homotypic clusters. 
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To further reinforce the idea that the membranes at EphB−ephrin-B 

boundaries have differential properties in terms of adhesion we 
next assessed the dynamics of remodeling of E-cadherin. We 

performed   Fluorescence Recovery after Photobleaching (FRAP) 
assays during EphB-mediated cell sorting. We compared E-

cadherin dynamics in EphB3+ MDCK cells cultured alone with that 
of EphB3+ cells co-cultured with ephrin-B1+ cells (sorted cells) in 
the presence or absence of TAPI-1. For these experiments, we 

measured within individual cells the membranes facing the outer 
and inner side of clusters so that dynamics at both sites could be 

compared. 60 seconds after photobleaching, bleached membranes 

had recovered E-cadherin−GFP to a large extent (>40%). This 

recovery was diminished in membrane areas of EphB−ephrin-B 

interaction. Figure 33 illustrates the differences in E-cadherin 
dynamics found. The recovery of E-cadherin-GFP in the 

membranes of EphB+/ephrin-B+ cell contact 60 seconds after 
photobleaching was 2.9-fold less efficient than in the membranes of 

EphB+/EphB+ cell contacts (Figure 33b,c). Inhibition of ADAM 
activity by TAPI-1 restored the recovery ratios to control situation 
(Figure 33a,c). It is worth noting that E-cadherin FRAP ratios of the 

external part of EphB3+ clusters in control monocultures was 2.1-

fold more efficient than in clusters from EphB3−ephrin-B1 co-

cultures. This observation indicates that the lack of stable cell-cell 
contacts between EphB3+ and ephrin-B+ cells is not sufficient to 

explain the differences obtained in E-cadherin−GFP dynamics. 
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d 

Figure 33. ADAM metalloproteinases contribute to generate differences in 
FRAP efficiency of E-cadherin-GFP within cell membranes. Microscope 
images of EphB3;E-cadherin-GFP MDCK cells in single control cultures (a) and in 
co-culture with ephrin-B1+ cells treated (c) or not (b) with TAPI-1 4 h before FRAP 
(63x magnification, 4x zoom). In b and c EphB3+ cell clusters are facing ephrin-

B1;E-cadherin-Cherry cells (ephrin-B1+). EphB3;E-cadherin−GFP population is 

represented in  the images, in intensity colour scale. Rectangles correspond to 
outer (red) and inner (green) cluster membrane ROIs photobleached. d) 
Percentage of fluorescence recovered 60 seconds after photobleaching, which is 
the time point in which all membranes reached a plateau of recovery. 

These results although preliminary showed that E-cadherin 

dynamics is altered at sites of EphB−ephrin-B interaction. The 

restorage of FRAP efficiency at EphB3−ephrin-B1 contact 

membranes in TAPI-1−treated cells indicates that ADAM 

metalloproteinases are required to induce the phenotype observed 

in the dynamics of E-cadherin at EphB+/ephrin-B+ boundaries, 
possibly by altering the E-cadherin adhesion capability to 
neighbouring cells. 
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Overall, our observations point to a model in which activation of 

EphB signaling at the boundary of ephrin-B+ cell population 
induces the activity of ADAM metalloproteinases which in turn 

destabilizes E-cadherin at the Eph-ephrin interaction sites. 
ADAM10, which is an Eph receptor interacting protein, has been 

previously shown to act as an E-cadherin sheddase. Indeed, 
ADAM10 knock-down blocks EphB-mediated cell sorting in our 
model. We speculate that EphB-induced ADAM10 

metalloproteinase activity on E-cadherin complexes creates 
differences in cell affinity which ultimately results in EphB/ephrin-

B−mediated cell sorting. 

5. Linking cell adhesion with RhoA signaling during 
cell sorting 

5.1 Some preliminary results on the role of p120ctn 

So far, we have demonstrated that E-cadherin was distabilized at 

the EphB−ephrin-B boundaries and that this effect was dependent 

on ADAM activity. We had also observed that RhoA activity was 
also required for the E-cadherin remodeling downstream of EphB 

signaling and that these effects were required for cell sorting. 
However, the mechanisms by which Rho activity is linked to cell 
adhesion remain poorly understood. p120ctn has been reported to 

act as a GDI for RhoA in the cytosol [114] and as an indirect 
activator for RhoA at the membrane [117], where it stabilizes E

cadherin by impairing its internalization [113]. Thus, we thought 
that p120ctn could act as an intermediate effector linking Rho 

activity with E-cadherin in our model system. We first studied 
p120ctn localization upon EphB activation. As expected, addition of 
ephrin-B1/Fc induced a dramatic reclocalization of p120ctn pools 
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from the cytosol to the membrane (Figure 34d,g). p120ctn followed 

the same distribution than E-cadherin as shown by co-localization 
analysis (Figure 34c,f,i). 

Figure 34. p120ctn is remodelled to the membrane upon EphB activation. 
Representative confocal images of untreated EphB2 DLD1 cells in basal state (a
c), after 5 minutes (d-f) and 1h (g-i) of stimulation with ephrin-B1/Fc (63x 
magnification, 2x zoom). p120ctn (a,d,g) and E-cadherin (b,e,h) 
immunofluorescent stainings are presented. c,f,i) p120ctn/E-cadherin merged 
images, in which colocalized pixels are depicted in white, and plot colocalization 
analysis. 

To assess if p120ctn was involved in EphB-mediated cell sorting, 
we downregulated its expression using short hairpin RNAs (Figure 

35a). In p120ctn knock-down cells, EphB3 tyrosine-phosphorylation 
was not affected (Figure 35b), thus indicating that the activation of 

the receptor was not compromised in these conditions. We 
observed that ephrin-B1/Fc addition to EphB3 Co115 cells depleted 
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of p120ctn resulted in cell contraction. However, cell aggregation 

did not occur as these cells remained as single entities instead of 
clustering together (Supplementary Video 6 and Figure 35c-f). 

Similar results were obtained with a second shRNA directed 
against a different sequence of the p120ctn cDNA (data not 

shown). Furthermore, co-cultures of EphB3+ p120ctn knock-down 
cells with ephrin-B1+ cells did not sort as efficiently as control cells 
as shown by the lack of very large EphB3+ clusters (>50-cells)  and 

the increase in the proportion of individual cells or very small 
clusters (< 10 cells) (Figure 35j,k). 

Figure 35. p120ctn is required for EphB-mediated cell sorting in CRC cells. 
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a) p120ctn protein level analysis by Western Blot in EphB3 Co115 cells. Con
shRNA corresponds to Non-targeting control shRNA and p120ctn-shRNA to the 
shRNA against p120ctn. Actin protein levels are presented as a loading control. E
cadherin protein levels are also shown. p120ctn and E-cadherin were 19-fold and 
8-fold downregulated, respectivelly. b) Protein extracts of ephrin-B1/Fc– or Fc
treated EphB3-GFP cells expressing Con-shRNA or p120ctn-shRNA were 
subjected to immunoprecipitation using anti-phosphotyrosine antibody and 
followed by anti-EphB3 protein blot analysis. "W" is whole cell extract (one-thirtieth 
of the immunoprecipitated amount), and "+" indicates addition of anti
phosphotyrosine antibody in the immunoprecipitation. First (c,e) and last (d,f) 
frames of Supplementary Video 6. EphB3 Co115 cells expressing Con-shRNA 
(c,d) or p120ctn-shRNA (e,f) were treated with clustered ephrin-B1/Fc and 
recored for 1h (DIC images at 20x magnification, 2x zoom). Black arrow points to 
a compacted and aggregated cluster in Con-shRNA cells. Note that p120ctn
shRNA cells contracted in individual cells upon ehprin-B1/Fc addition but cell 

aggregates are not present. Representative confocal images of EphB3;GFP − 

ephrin-B1;RFP (g,h) and EphB3;GFP − RFP (i,j) Co115 co-cultures of Con

shRNA (g,i) and p120ctn-shRNA (i,k) (20x magnification, 1.23x zoom). White 
arrows point to examples of large, homogeneous EphB3+ cell clusters indicative 
of cell sorting and compartmentalization in Con-shRNA condition. k) Graph 
representing quantification of cell distribution. Error bars, s.d. (n = 5 random fields 
per condition). Experiments were performed in the same conditions as in [1] (*** P 
< 0.0005, ** P < 0.005, * P < 0.05 by Student’s t-test).  Note that p120ctn-shRNA 
cells significantly failed to produce >50-cell clusters (P < 0.0005 by Student’s t-
test). 

This phenotype was highly coincident with that described for E

cadherin knock-down cells (see chapter I [1]). In fact, we found that 
downregulation of p120ctn resulted in a reduction of E-cadherin 
levels (Figure 35a). This result is in agreement with a role of 

p120ctn in the control of E-cadherin stabilization as previously 
reported [119]. We suspected that the decreased levels of E

cadherin present p120ctn knock-down cells may be masking 
additional roles of p120ctn in EphB signaling. Besides a role in E

cadherin stabilization, p120ctn can also interact with RhoA through 
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its regulatory domain and modulate its GTP/GDP-bound ratios 

[116]. To assess whether p120ctn controls Rho activity 
downstream of EphB signaling, wild type and mutant forms of 

p120ctn that were not targeted by the p120ctn shRNA were 
ectopically expressed in p120ctn knock-down cells. We performed 

these experiments using isoform 3 of p120ctn, which is commonly 
expressed in epithelial cells [118]. Substitution of tyrosine 112 in 
p120ctn by a glutamic acid mimics phosphorylation and renders a 

mutant form that is unable to interact or act as a GDI for RhoA 
(Figure 36a) [117]. Expression of p120ctn WT or Y112E forms in 

p120ctn knock-down cells restored E-cadherin protein levels to 
basal conditions (Figure 36b). We then tested the ability of the 
p120ctn mutant forms to influence cell contraction and aggregation. 

EphB3 Co115 cells expressing shRNA against p120ctn contracted 
as single entities upon ligand addition, and no aggregation was 

observed as previously reported  in Supplementary Video 6 and 
representative frames in 

Figure 35f (Figure 36h, blue arrows). However, both cells 
expressing both p120ctn WT and Y112E forms aggregated in 
clusters after incubation with ephrin-B1/Fc, displaying a similar 

phenotype to that observed for cells expressing a non-targeting 
control shRNA (Figure 36i-j, black arrows). This observation 

suggests that interaction of p120ctn with RhoA is not necessary to 
modulate cell contractility. We then assessed whether these forms 

had an effect in cell sorting assays. WT p120ctn fully rescued the 
ability of p120ctn knock-down cells to sort from ephrin-B1+ cells. 
On the contrary, cells expressing p120ctn Y112E mutant, only 

formed small EphB3+ homotypic clusters (white arrows in Figure 
36k,m and quantification in Figure 36p). 
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Figure 36. Ectopic WT but not Y112E mutated p120ctn expression rescues 
EphB/ephrin-B−mediated cell sorting in p120ctn-shRNA cells. a) Domain 

structure of p120ctn and protein interactions with Rho-GTPases and E-cadherin. 
Origin of transcription of epithelial isoform 3 is depicted in red. Location of Y112 in 
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the regulatory domain is depicted in yellow. b) p120ctn and E-cadherin protein 
level analysis by Western Blot on Co115 EphB3;GFP cells. “ConshRNA” 
corresponds to cells expressing a non-targeting control shRNA, “p120ctnshRNA” 
corresponds to cells expressing shRNA against p120ctn, “WT” corresponds to wild 
type murine isoform 3 of p120ctn and “Y112E” corresponds to murine isoform 3 of 
p120ctn with a mutation in aminoacid 112 from tyrosine to glutamic acid. WT and 
Y112E expressing cells show a 6-fold increase in p120ctn levels and equal E
cadherin levels in comparison to ConshRNA cells. c-j) DIC images of EphB3 Co115 
cells expressing Con-shRNA (c,g), p120ctn-shRNA (d,h), p120ctn-shRNA 
rescued with WT p120ctn (e,i) and p120ctn-shRNA rescued with Y112E mutant 
p120ctn were treated with Fc (c-f) or clustered ephrin-B1/Fc (g-j) for 1h (20x 
magnification, 1.5x zoom). Black arrows point to examples of compacted and 
aggregated clusters. Yellow arrows point to examples of cells individually 
contracted. Note that both WT and Y112E p120ctn forms rescue the aggregation 
phenotype upon ligand addition. Representative confocal images of EphB3;GFP 
Co115 cells expressing Con-shRNA (k), p120-shRNA (l), p120-shRNA rescued 
with WT p120ctn (m,o) or p120-shRNA rescued with Y112E mutant p120ctn (n,p) 
co-cultured with ephrin-B1;RFP (k-n) or RFP (o,p) cells (20x magnification, 1.23x 
zoom). White arrows point to examples of large, homogeneous EphB3+ cell 
clusters indicative of cell sorting and compartmentalization, only present in k and 
m conditions. Graph representing quantification of cell distribution (q). Error bars, 
s.d. (n = 5 random fields per condition). Note that WT p120ctn but not Y112E 
p120ctn ectopic expression restored >50-cell cluster formation (P < 0.003 by 
Student’s t-test). Experiments were performed as described in [1]. 

Altogether, these results reveal that p120ctn is a downstream 
effector of EphB signaling. We have shown that the control of 
p120ctn on E-cadherin levels is essential to allow EphB-mediated 

cell sorting. In addition, we put forward that p120ctn interaction with 
RhoA is of key importance to allow separation of EphB+ cells from 

ephrin-B1+ cells, without having an impact on cell contractility. 
Although further analysis will be required to better characterize the 

functions of p120ctn downstream of EphB signaling, our results 
suggest that p120ctn may play an essential role in the control of 
differential adhesion during cell sorting. 
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Constructs. EphB or ephrin-B CRC expressing cells labelled with 

GFP or RFP were generated previously [1] (Figure 37a). To 
generate cells co-expressing EphB receptors or ephrin-B ligands 

and fluorescently labelled molecules, we proceeded as follows: 
mouse EphB2, human EphB3 or human ephrin-B1 genes were 

inserted downstream of the CMV promoter and upstream of and 
IRES sequence followed by a puromycin resistance gene in the 

FUW lentiviral vector (a kind gift of D. Baltimore, Catleg) [153]. 

Canine E-cadherin−GFP fusion contruct (a kind gift from J.W. 

Nelson) [150] was  inserted downstream of CMV promoter into 

FUW lentiviral vector backbone. E-cadherin−Cherry fusion 

construct was derived from the E-cadherin−GFP FUW plasmid 

[154]. GFP-actin fusion construct was PCR amplified from 
pAcGFP1-Actin (Invitrogen) and cloned into FUW-CMV-IRES

zeocine backbone, downstream of CMV promoter. Murine p120ctn 
isoform 3, in its wild type and Y112E mutated form, were kindly 
provided by M.Duñach and cloned into the FUW lentiviral vector 

containing the CMV promoter and zeocine resistance gene after 
the IRES sequence in between CMV and IRES (Figure 37b). 

Figure 37. Structure of the constructs generated. a) Constructs generated for 

the EphB;GFP−ephrin-B;RFP cell sorting model already described in chapter I [1]. 
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b) Constructs newly generated for the experiments presented in chapter II, 

including the EphB−ephrin-B cell sorting model that allows E-cadherin tracking. 

To generate stable expressing cell lines, cells were infected with 

lentiviral particles that contained the DNA of the constructs of 
interest. Replication-deficient lentiviral particles were produced in 
293T cells by cotransfection of each of the different FUW transfer 

vector constructions (Figure 38) and the viral envelope vector 
(pCAGGS_VSVG), packaging vector (pCAG_KGPIR) and 

retrotranscriptase vector (pCAG_RTR2) in the following proportions 
[155]: 50% FUW transfer vector, 10% envelope vector, 30% 
packaging vector and 10% retrotranscriptase vector. Total DNA 

content was 0.2 µg/cm2. Polyethylenimine (PEI) was used as 
transfection reagent (Polysciences Inc.) at 1 µg/cm2. DNA and PEI 

were mixed at 1:5 ratio and diluted in 150 mM NaCl up to 21 
µl/cm2, incubated at room temperature for 15 min and added to 

293T cells. 293T supernatant containing the viral particles was 
collected at 48h and 72h post-transfection, filtered through 0.22 µm 
filters and supplemented with 10% FBS, non-essential aminoacids 

and 8 µg/ml polybrene (Sigma) before being added to the media of 
cells to be infected.  DLD1, Co115 or MDCK cells were cultured for 

24h and then pre-incubated with polybrene 8µg/ml for 2h prior to 
viral infection (0.1 ml/cm2 of virus supernatant). Cells were selected 

by antibiotic resistance (1 μg/ml puromycin or 20 μg/ml zeocine) 

and/or sorted using ARIA or MoFlo cytometers (Dakocytomation).  

Induction of EphB activity by ephrin-B1/Fc. Eph activation by 

soluble ephrin-B1/Fc (Sigma) addition was performed as described 

previously [1]. Ephrin-B1/Fc dynamics was visualized by 
preclustering it with antibodies to human Fc (anti-human Fc) 
coupled to Cyanine5 fluorocrome (Jackson Immunochemicals) in 
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the same conditions as described previously [1]. Thin plastic μ

slides (IBIDI) were used for imaging experiments performed without 
laminin coating. 

Cell co-cultures. Cell co-cultures assays in Co115 cells were 

performed and quantified as described previously [1]. For MDCK 
experiments, cell subpopulations were mixed at a 1:5 ratio at 

75,000 cells/cm2 on 2.5 μg/cm2 laminin-coated coverlips and co

cultured for 48 h. Culture medium was changed every 24 h. Thin 

plastic μ-slides (IBIDI) were used for imaging experiments 

performed without laminin coating.  

Cell sorting in suspension assay. EphB3;GFP, ephrin-B1;RFP, 

GFP or RFP MDCK populations were trypsinized and mixed in 
tubes at a 1:4 GFP: RFP ratio at a concentration of 800,000 

cells/ml in L15 media + 10% FBS. 0.4 μg/ml of DNAseI was added 

to the medium to avoid unspecific cell clustering around released 

DNA from dead cells. Tubes were incubated at 37ºC in orbital 
rotation. At different time points, cells were fixed in PFA 2% (MP 
Biomedicals) for 10min, and 20mM glycine was then added. Cells 

were cytospined at 700rpm for 10 minutes onto poly-L-lysine
coated slides.  

Knock-downs. EphB3;GFP cells were infected with lentiviral 

particles containing a U6 promoter driven by a shRNA targeting 
RhoA (clone TRCN0000047708), ADAM10 (clone 
TRCN0000006672) and p120ctn  (clone TRCN00000122987), from 

the MISSION TRC-Hs 1.0 shRNA Sigma library [156]. A non-
targeting shRNA was used as a control (clone SHC002; Sigma). 

RhoA clone TRCN0000047711, ADAM10 clone TRCN0000006676 

167 



CHAPTER II: Methods 

and p120ctn clone TRCN00000122988 were used as a secondary 

shRNAs to rule out shRNA off-target effects (data not shown). 
Infections and selection were performed as described previously 

[1]. 

Inhibitors. EphB2 DLD1 cells were seeded for 24h and then 

incubated with 1 µg/ml cell permeable C3 transferase (RhoA/B/C 

inhibitor) (Cytoskeleton) for 16h, 10 μM Y-27632 (ROCK inhibitor) 

(Calbiochem) for 1h, 3µM blebbistatin (myosin II inhibitor) (Sigma) 

for 1h or 10 μM TAPI-1 (MMP/ADAM inhibitor) (Calbiochem) for 4h 

before ephrin-B1/Fc or Fc treatments. To assess the effect of the 

inhibitors in the EphB−ephrin-B cell sorting efficiency, Co115 cell 

subpopulations were pre-incubated with the different inhibitors at 

the indicated times and then co-cultured for 48h.  Media containing 
fresh inhibitors was changed every 12 h. For E-cadherin differential 

distribution analysis in MDCK co-culture assays, cells were co
cultured for 48h prior to addition of the inhibitors at the indicated 

incubation times before fixation. As negative controls containing 
glycerol or DMSO vehicles did not produce any effect (data not 
shown), empty controls are shown. 

GTP-Rho Pull-Down. EphB2 DLD1 cells were seeded on a 

laminin-coated plate at a 50.000 cells/cm2 confluence. After 24h 
they were stimulated with 500 ng/cm2 crosslinked ephrin-B1/Fc for 

10 minutes and immediately washed with ice-cold PBS. Cells were 
lysed in lysis buffer (50 mM Tris-HCl pH7.5, 10mM MgCl2, 0.3M 
NaCl, 2% NP40) and centrifuged at 14,000rpm for 15 min at 4ºC. 

500 μg of supernatant (quantified by Bradford reaction) were 

brought to 500 μl with lysis buffer and 60 μg of Rhotekin-RBD 

beads (Cytoskeleton) were added to the sample. After incubation 
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with rotating agitation for 1 hour at 4ºC, beads were washed twice 

with 500 μl of wash buffer (25mM Tris-HCl pH7.5, 30mM MgCl2, 

40mM NaCl) at 4ºC. Dry beads were resuspended with 30 μl of 

SDS-Sample buffer. Purified Rho-GTP was analized by Western 
Blot with anti-RhoA antibody (Santa Cruz, 1/300 o/n at 4ºC).  

Immunofluorescence. After the corresponding treatments, cells 

were fixed in 4% PFA for 10 min at room temperature, washed in 

PBS, treated with glycine 20mM in PBS for 10min, washed, 
permeabilized in Triton-X 100 at 0,25% for 20min, washed, blocked 

in 1% BSA (Sigma) in PBS for 30min. Samples were then 
incubated with the primary antibody for 1h at room temperature or 
o/n at 4ºC, washed in PBS, incubated with the secondary antibody 

for 1h at room temperature (see methods II antibody tables for the 
dilutions used). Cells were then washed and nuclei were stained 

with DAPI (Sigma) at 0.1μg/ml for 10min. Slides were mounted in 
Vectashield Mounting medium (Vector). For stainings against 

phosphorylated proteins (P-MLC, P-FAK, P-Paxillin), samples were 
washed with TBS instead of PBS. Actin filaments were stained by 
phalloidin-TRITC (Sigma) (1:3000) or phalloidin-Alexa647 

(Molecular Probes) (1:1000) for 30 min at room temperature. 

Confocal Image analysis. Samples were visualized in SPE, SP2 

or SP5 confocal microscopes. Images were analyzed with Leica 
Confocal Software. a) Colocalization analysis: Pixels displaying a 

fluorescent intensity above the threshold established for both 
fluorescent channels compared were depicted in white in merged 

images. Thresholding and pixel distribution according to fluorescent 
intensity in both channels analyzed were also displayed in scatter 

plots. b) E-cadherin-GFP intensity analysis at EphB−ephrin-B 
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boundaries: E-cadherin−GFP fluorescence intensity at membranes 

in contact with E-cadherin-Cherry cell membranes (outer cluster 
membranes) and membranes in contact with other E-cadherin-GFP 

cell membranes (inner cluster membranes) of cells placed at the 
cluster boundaries was measured by drawing lineal regions of 

interest (ROIs), which crossed the outer membrane and ended at 
inner membranes of the cells analized. Those ROIs measured the 
GFP intensity at outer and inner membranes of the cells analyzed. 

Intensity values at outer membranes were compared with intensity 
values at inner membranes within the same cell analyzed (n= 8 

cells per field). E-cadherin differential distribution at EphB−ephrin-B 

boundaries was determined by the ratio between E-cadherin-GFP 
intensity at inner membrane divided by intensity at outer 

membrane. 

Life imaging. Cells were seeded on laminin-coated glass-bottom 

dishes (MatTek P35G-1.5-14-C) and cultured for 24h (DLD1) or 

48h (Co115). Cells were filmed in confocal Inverse Leica SP2 or 
SP5 microscopes by Nomarski transilumination (as previously 
described [1]) and/or fluorescence. Movies were edited with Leica 

Confocal Software. 

Fluorescence recovery after Photobleaching (FRAP). MDCK 

cells were seeded on laminin-coated glass-bottom dishes (MatTek 

P35G-1.5-14-C) and cultured for 48 h. Inner and outer clsuter 
membranes were identified by merging E-cadherin-GFP and E
cadherin-Cherry images. Small rectangles (ROIs) of identical size 

at inner and outer cluster membranes of the same cell were 
selected for photobleaching. ROIs were frapped applying a 488nm 

high intensity laser pulse, which bleached 70% of the fluorescence. 
E-cadherin-GFP intensity was followed for 60 seconds before 
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photobleaching and 2.5 minutes after photobleaching, taking 

images every 10 seconds (63x magnification, 4x zoom). Values 
were normalized from 0% (remaining intensity after 

photobleaching) to 100% (intensity before photobleaching). 
Relative fluorescence recovered after 60 seconds of 

photobleaching was compared within the different conditions [157

159]. In TAPI-1−treated condition, the inhibitor was added 4h 

before performing FRAP. 

Antibodies. The following antibodies were used. Primary 

antibodies: 

Antibody 
Manufacturer and 

Reference 
Technique and dilution 

used 

Goat anti-EphB2 
R&D Systems Inc., 

Ref. AF467 

Immunofluorescence 
(1:50), Western Blot 

(1:1000) 

Rabbit anti-phospho

myosin light chain 2 
(S19) 

Cell Signaling, 

Ref. 3671 

Immunofluorescence 

(1:50) 

Rabbit anti-RhoA 
Santa Cruz, 
Ref. sc-418 

Western Blot (1:300) 

Rabbit anti-Actin 
Sigma, 

Ref. A5060 
Western Blot (1:10,000) 

Mouse anti-Phospho-
Tyrosine PY20 

BD Biosciences, 
Ref. P111-20 

Immunoprecipitation  
(0.5  µg/ml) 

Rabbit anti-EphB3 
Abgent, 

Ref. AP7624a 
Western Blot (1:1000) 

Mouse  
anti-phospho-FAK 

BD Biosciences, 
Ref. F25020 

Immunofluorescence 
(1:100) 

Rabbit 
anti-Paxillin PY118 

Biosource, 
Ref. 44-722 

Immunofluorescence 
(1:100) 

171 



CHAPTER II: Methods 

Antibody 
Manufacturer and 

Reference 
Technique and dilution 

used 

Mouse  

anti-E-cadherin 

BD Biosciences,

 Ref. 610182 

Immunofluorescence 

(1:100), Western Blot 
(1:5000), 

Rabbit anti-ADAM10 
Abcam, 

Ref. ab1997 
Western Blot (1:1000) 

Mouse  

anti-p120ctnctn 

BD Biosciences, 

Ref. 610134 

Immunofluorescence 

(1:100), Western Blot 
(1:2000) 

Rabbit 
anti-E-cadherin 

Santa Cruz, 
Ref. sc-7870 

Immunofluorescence 
(1:100) 

Goat anti-ephrinB1 R&D Systems Inc., 
Ref. AF473 

FACS (1:50) 

Secondary antibodies: 

Antibody 
Manufacturer and 

Reference 
Technique and dilution 

used 

Donkey anti-Human 
IgG (Fc)-Cy5 

Jackson 
Immunochemicals, 

Ref. 709-175-098 

FACS (1:100) 
Preclustering (1:16) 

Donkey anti-goat-

Rhodamine Red-X 

Jackson 

Immunochemicals, 
Ref. 705-295-147 

Immunofluorescence 

(1:100) 

Donkey anti-goat-
FITC 

Jackson 
Immunochemicals, 

Ref. 705-095-147 

Immunofluorescence 
(1:100) 

Donkey anti-goat

Alexa647 

Molecular Probes, 

Ref. A21447 
FACS (1:100) 

Donkey anti-rabbit

Alexa647 

Molecular Probes, 

Ref. A31573 

Immunofluorescence 

(1:100) 
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Antibody 
Manufacturer and 

Reference 
Technique and dilution 

used 

Donkey anti-rabbit-

Rhodamine Red-X 

Jackson 

Immunochemicals, 
Ref. 711-295-152 

Immunofluorescence 

(1:100) 

Donkey anti-rabbit-

FITC 

Jackson 

Immunochemicals, 
Ref.  711-095-152 

Immunofluorescence 

(1:100) 

Donkey anti-mouse-
FITC 

Jackson 
Immunochemicals, 

Ref. 715-095-151 

Immunofluorescence 
(1:100) 

Donkey anti-mouse-

Rhodamine Red-X 

Jackson 

Immunochemicals, 
Ref. 715-295-151 

Immunofluorescence 

(1:100) 

Donkey anti-mouse
Cyanine5 

Jackson 
Immunochemicals, 

Ref. 715-175-151 

Immunofluorescence 
(1:100), 

FACS (1:100) 

Rabbit 

anti-mouse-HRP 
Pierce Western Blot (1:5000) 

Mouse 

anti-rabbit-HRP 
Pierce Western Blot (1:5000) 

Rabbit 

anti-goat-HRP 
Pierce Western Blot (1:5000) 

Statistical analysis. Statistical analysis was carried out using 

SPSS software as previously described [1].  
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Model for CRC suppression mediated by EphB
ephrin-B interactions  

We have demonstrated that both the EphB receptors and ephrin

B1 ligands are necessary for the correct patterning of the normal 
intestinal epithelium. Ephrin-B1Int-KO mice phenocopy the defects in 

Paneth cell localization along the crypt-villus axis that we had 
previously reported for EphB3 and EphB2 knock-out mice [2]. We 

have proven that EphB−ephrin-B interactions restrict the expansion 

of tumor cells. In addition, ephrin-B1Int-ko;ApcMin/+ tumors show 

aberrant organization and loss of polarity. Furthermore, we have 
generated in vitro models that reproduce the EphB/ephrin-

B−mediated cell sorting in several CRC cell lines. These tools have 

allowed us to start dissecting the molecular mechanisms 

responsible for EphB-mediated cell compartmentalization. This 
analysis led us to conclude that EphB-mediated tumor 

compartmetalization depends on E-cadherin remodeling (see 
discussion below). More importantly, these data, together with the 
enhanced tumorigenesis seen in ephrin-B1Int-ko;ApcMin/+ and dn

Ephb2Δcy;ApcMin/+ mice, provide evidence demonstrating for the first 

time that tumor cell compartmentalization operates as a tumor 

suppressor mechanism. Finally, we have shown that normal 
ephrin-B1+ epithelial cells surrounding the tumor play a role in 

controlling tumor progression. 

The mechanism of intestinal adenoma expansion into the 

surrounding healthy epithelium has been a controversial issue. 
First, theories pointed to the colonization of adjacent crypts by 

tumor cells from the epithelium surface in a top-down process 
model [160]. Converselly, the so-called bottom-up theory, proposed 
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that monocryptal adenomas spread by fission of the aberrant crypts 

[161]. At present, the later is the most accepted model to explain 
clonal expansion in early adenomas [50,64,162]. 

Considering this hypothesis together with the results collected in 

this work, we put forward a model to explain the tumor suppressor 
role of EphB receptors in the context of the multistep progression of 
colorectal cancer. In the healthy intestinal epithelium, expression of 

EphB receptors at the crypt base is gradually lost as cells migrate 
upwards along the crypt-villus axis, while ephrin-B ligand 

expression is concomitantly activated in the differentiated 
compartment. This expression pattern reflects the activation status 
of the Wnt signaling pathway in the intestine (Figure 38a). The 

ISCs located at the base of the crypts have been recently identified 
as the cells of origin of intestinal tumors [64]. Mutations in the gene 

encoding for the tumor suppressor APC in ISCs trigger constitutive 

activation of the β−catenin/Tcf complex leading to constitutive 

expression of Wnt target genes including EphB receptors. This 
mutational event imposes a progenitor phenotype on tumor 
initiating cells (Figure 38b). Mutant intestinal stem cells will then 

repopulate the crypt with mutant descendants giving rise to 
neoplastic lesions (Figure 38c). At the boundary between the 

EphB+ tumor and the ephrinB1+ normal tissue, EphB−ephrin-B 

interactions induce cell repulsion which prevents expansion of the 

tumor into the healthy epithelium (Figure 38d). Thus, EphB-positive 
tumors remain compartmentalized by the surrounding normal cells 
(Figure 38d,f). However, at the adenoma-to-carcinoma transition, 

silencing of EphB receptors (Figure 38e) generates a subset of 
tumor cells with unrestricted capacity to invade and repopulate the 

ephrin-B1+ normal epithelium (Figure 38g). This step is key in the 
progression of CRC both in mouse and humans. 
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Figure 38. Model for EphB−ephrin-B tumor suppression in CRC a) Active Wnt 

signaling at the bottom of the crypts controls EphB and ephrin-B expression 
pattern in normal intestinal epithelium. b) Initial tumor lesions contain mutations, 
typically in APC, that activate the expression of Wnt signaling target genes, 
including EphB receptors. c) Tumor initiating cells with stem cell properties 
repopulate the crypt and reach the surface epithelium, where they encounter 
normal differentiated cells expressing ephrin-B ligands. d) Active EphB signaling in 
adenomas compartmentalizes the tumor, in which cells are polarized forming 
gland-like structures termed polyps. e) Adenocarcinoma cells escape from the 

ephrin-B−imposed repulsion by silencing EphB receptors, thus acquiring 

spreading capability (adapted from [74]). f,g) Schematic representation of a 
transversal view of the intestinal epithelial surface from a compartmentalized 
EphB+ tumor and an invasive EphB- tumor (adapted from [83]). 

Most intestinal adenomatous polyps display a glandular growth 
pattern. Microscopically, conventional adenomas can be classified 
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into tubular (when these glands are branched and separated by 

lamina propria) (Figure 39a), villous (forming finger-like projections 
with scant lamina propria in the core of the projection) (Figure 39b) 

and tubovillous (with a mixed phenotype) (reviewed in [163]). 
Adenomatous villous polyps often display a sessile phenotype, in 

which the tumor mass has a broad base of implantation instead of 
showing a pedunculated shape. This trait hampers their resection 
and worsens their prognosis in comparison with tubular lesions. 

Interestingly, there is a minoritary subset of adenomatous polyps, 
termed serrated adenomas, which display special histological 

features as they are not glandular and show a sawtooth-like 
infolding of epithelium [50,164] (Figure 39c). Sessile serrated 
adenomas have recently shown to be an aggressive variant of 

hyperplastic polyps with enhanced risk of progression into 
carcinomas, since they give rise to 15-20% of CRC despite 

representing only 1% of adenomatous lesions [165,166]. These 
polyps display architectural abnormalities such as misspositioning 

of proliferative and differentiated cells within the epithelium as well 
as an altered morphology of the crypts, often creating L-shapped 
structures which grow parallel to the muscularis mucosae [164]. In 

addition, sessile serrated adenomas are thought to arise from 
alternative molecular alterations involved in microsatellite instability 

including mutations in BRAF and MLH1, rather than in Wnt 
signaling components. Interestingly,  more than 80% of these 

adenomas stain negatively for EphB2 [81,165].  

The tumor morphology of ephrin-B1Int-KO; ApcMin/+ and dn-EphB2Δcy; 

ApcMin/+ mice reported in this work is indeed highly reminiscent of 

that of sessile serrate adenomas. We hypothesize that the absence 

of EphB activity, possibly due to the alternative pathways operating 
in these adenomas, may contribute to their serrate architecture and 
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enhanced rate of malignancy, as these tumors may be growing in a 

non-compartmentalized environment since their origin.  

Figure 39. Microscopic appearance of different types of intestinal adenoma. 
Hematoxillin/eosin staining of examples of a tubular adenoma (a), a villous 
adenoma (b) and a serrated adenoma (c) (10x magnification) (Pictures kindly 
provided by Dr. Iglesias, Hospital del Mar). 

In addition, it is possible that other molecules involved in the control 

of tissue patterning, cell positioning and/or boundary formation may 
also have a role in tumor suppression in the tissues in which they 
are expressed in a similar manner to that shown for Eph and 

ephrins in the CRC adenoma-to-carcinoma transition. Such 
repulsive interactions might also modulate the ability of tumor cells 

to extravassate or colonize other more distant territories during 
tumor progression and metastasis.  

Regarding the role of EphB4 in the intestinal epithelium, to date it 
has not been assessed in vivo due to early embryonic lethality of 

EphB4 mutant mice. EphB4 expression pattern in the intestine is 

coincident with that of EphB2 and both receptors are concomitantly 

downregulated during CRC progression. Therefore, it has been 
postulated that this RTK could also be involved in the control of 

intestinal epithelial cell positioning [83]. However, in this work we 
have shown that EphB4 activation can only partially induce cell 
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sorting, suggesting that it may play additional roles in intestinal 

epithelial architecture. 

EphB/ephrin-B−induced compartmentalization in 
other contexts 

Besides the intestine, EphB receptors and ligands are expressed in 

a compartmentalized pattern in other adult organs such as skin, 
lung, kidney, prostate and breast, also orchestrating tissue 

architecture (reviewed in [74,100]). For instance, EphB4 transgenic 
mice show defects in the adult ductal branching of the mammary 
gland [167], and EphB2 and ephrin-B1 interactions are required for 

the regulation of the architecture of medullar tubule cells in the 
kidney [168]. Furthermore,  analysis of EphB4 and ephrin-B2 

knock-out mice has shown that Eph and ephrins have a key role in 
the regulation of angiogenesis [86,87]. EphB4 is expressed in 

venous endothelial cells while ephrin-B2 is present in the arterial 
endothelium. In this context, receptor-ligand interactions pattern 
blood vessel formation  and induce in vitro cell sorting of 

endothelial cells [74,89]. In addition, the Eph-ephrin signaling 
system has also been involved in promoting tumor angiogenesis 

[100,169]. 

EphB gene silencing has been reported in different types of cancer 

[74] and a tumor suppressor role for EphB receptors has been 
confirmed in breast [170], prostate [171] and keratinocyte-derived 
skin [172] cancers both in vivo and in vitro. In the later case, 

ephrin-A1 expression in the skin surrounding the tumor appears to 

restrict the expansion of EphA2-positive tumor cells [172]. Thus, it 
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is tempting to speculate that cell compartmentalization may be a 

general tumor suppressor mechanism.  

Conversely, some Eph receptors are overexpressed in advanced 
stages in other cancer types such as bladder [173], breast [174], 

glioma [175] and even in colon [176]. For instance, EphA2 
receptors promote tumor progression in breast, prostate or 
melanocyte-derived skin cancer (reviewed in [74,100]). Opposite to 

what has been reported in other tissues [3,170-172], EphB2 
receptors induce tumorigenesis in some types of cancer such as 

gliomas [177] and ovarian carcinomas [178]. However, it is 
noteworthy that Eph receptors and ephrins are often inverselly 
regulated by the same signaling cascades and the overexpression 

of Eph in tumor cells may not be accompanied by the presence of 
ephrins unless these ligands are expressed by the surrounding 

normal tissue. In fact, most tumors in which Eph overexpression 
has been associated to tumorigenesis are devoid of ephrin

mediated activation and Eph receptors are often poorly 
phosphorylated [100,169,179]. For instance, EphA2 has been 
shown to promote tumorigenesis in breast cancer cells in the 

absence of ephrin expression [179], but ephrin-A1/Fc treatment of 
MCF-10A breast cancer cells overexpressing EphA2 reverses their 

oncogenic transformation [180]. In addition, mutations that impair 
Eph receptor signaling ability or upregulation of tyrosine 

phosphatases that dephosphorylate Eph receptors may explain the 
tumor-promoting effects observed in these contexts [181]. It has 
been proposed that still uncharacterized ephrin-independent Eph 

singaling cascades may be operating in these cases [169,182]. 
Nevertheless, the mechanisms underlying the apparent oncogenic 

effects of unphosphorylated Eph receptors remain unclear. It is 
likely that the outcome of Eph activity in tumorigenesis depends on 
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the cell context, including differences in Eph downstream signaling 

effectors or the repertoire of Eph receptors expressed by the cells. 
Moreover, the surrounding tissue in which tumors arise might also 

influence the ability of Eph activity to induce tumor 
compartmentalization. All these data illustrate the need for a better 

tumor type-specific characterization of Eph downstream signaling 
and role in tumorigenesis. 

The role of Eph receptors in proliferation is controversial. EphB4 
activation in breast cancer cell lines blocks proliferation through the 

activation of the Abl-Crk pathway [170]. On the contrary, EphA2 
promotes tumor cell proliferation in the ErbB2 breast tumor mouse 
model [174] and in skin melanomas [55,183]. Yet, deficiency of 

EphA2 in keratinocyte-derived carcinomas results in a faster tumor 
growth [184]. We did not observe any dramatic effect in cell 
proliferation in our in vitro models of CRC and in intestinal tumor 

cells of ephrin-B1Int-Ko; ApcMin/+ mice or dn-EphB2Δcy; ApcMin/+ mice 

(see supplementary discussion in chapter I). The variable 
outcomes of Eph signaling in different model systems are an 
example of the high cell- and tissue-type specificity existing in this 

family of receptors and ligands (reviewed in [74,100]).  

EphB-ephrin-B interactions induce cell contraction 
and E-cadherin-mediated cell-cell adhesion 
Recently, SILAC assays in NG108 glioblastoma cell line expressing 

EphB2 receptors have revealed an extensive list of EphB2 
effectors which are phosphorylated upon receptor activation [185]. 

These studies have shown that EphB2 receptors signal through 
molecules related to cyoskeleton remodeling as well as to cell– 
matrix and cell-cell adhesion processes. Some reports have 
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involved E-cadherin downstream of Eph signaling in epithelial cells 

(reviewed in [100,186]). E-cadherin is required for ephrin-A1
mediated activation of EphA2 in breast cancer cells [96]. It was 

also described that EphA2 signaling impairs HGF-induced 
epithelial-to-mesenchymal transition in MDCK cells thus enforcing 

their epithelial phenotype [187]. Even more, Rosenberg et al. had 
already observed that EphA2 signaling increased cell-cell adhesion 
and reduced cell permeability in Caco-2 CRC cell monolayers, 

suggesting that EphA2 activity enhanced intestinal epithelial barrier 
function [188]. A crosstalk between EphB2 receptors and other 

adhesion molecules such as the L1 family member Ng-Cam was 
also observed in neural cells [189]. However, all these works did 
not address the molecular mechanisms responsible for Eph

controlled cell compartmentalization. Only studies on the regulation 
of cell contraction in neural developing systems had previously 

identified molecules linking Eph signaling to cell sorting processes 
(reviewed in [65,73,190]). 

Here, we have created several in vitro models that have allowed us 

to start deciphering the molecular basis of EphB/ephrin-B−induced 

cell sorting in adult epithelial cells. Our results demonstrate that 
actin cytoskeleton is highly remodelled upon EphB activation in 

CRC cells, yet this event is dispensable for EphB-ephrinB
mediated cell sorting. Time lapse imaging on actin proteins has 

shown that during EphB-mediated contraction a transient pool of 
radial actin fibers appears around the cell periphery. We speculate 
that these fibers are anchored at one end to the focal adhesions 

providing the contractile force required to accomplish cell 
contraction. Indeed, we have confirmed that proper cell-matrix 

adhesion is necessary for the contraction response induced by 

EphB signaling in epithelial cells. In EphB−ephrin-B co-cultures 
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both actin and P-MLC are reinforced at the periphery of EphB+ 

clusters. Therefore, we think that this contractile force helps 
maintaining the cell in a polarized shape, a mechanism which may 

create a cliff in EphB−ephrin-B boundaries, contributing to the 

segregation of EphB+ and ephrin-B+ populations. In addition, the 

control of EphB receptors over the molecules involved in 

cytoskeleton remodeling connects Eph−ephrin-B repulsion to cell 

motility. Time lapse imaging of EphB-ephrinB co-cultures has 

shown that EphB+ cells contract in a polarized manner upon 
contact with ephrin-B+ cells. Therefore, EphB+ cells retract cellular 

projections that interact with ephrin-B1 cells. Strikingly, our results 
have revealed that cell contraction plays a secondary role in 

establishing EphB−ephrin-B-mediated compartmentalization, since 

cell sorting also occurs in co-cultures performed either in 
suspension or without ECM coating.  

This apparent contradiction has highlighted the existence of 

mechanisms other than cell contraction, which also determine the 

outcome of EphB−ephrin-B interactions. Indeed, we have 

demonstrated that differential cell adhesion has a key relevance in 

the EphB-mediated cell sorting. We have shown that EphB 
signaling enhances E-cadherin redistribution towards the 

membrane in CRC cells, being this process of crucial importance to 
restrict cell positioning both in vitro and in vivo. 

Immunofluorescence analysis of tumor cells in ephrin-B1Int

KO;ApcMin/+ mice and in control unstimulated EphB2 DLD1 cells has 

shown that  in the absence of ephrin-B1 ligands, E-cadherin is 

mostly distributed to the cytosol. On the contrary, E-cadherin is 
remodelled at the basolateral cell membrane in tumor cells of 
ApcMin/+ control mice, in ephrin-B1/Fc-induced EphB2 DLD1 cells as 
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well as in EphB3+ clusters of cells co-cultured with ephrin-B1+ 

cells. We have confirmed these observations by time lapse imaging 
on EphB2 DLD1 cells upon stimulation with ephrin-B1/Fc. 

Increased adhesion in EphB-positive cells may lead to differences 
in affinity between EphB-positive cells and the surrounding ephrin

positive cells (Figure 40). As previously described in other systems, 
differences in adhesion between two different cell populations act 
as a driving force to induce cell sorting (reviewed in [146]). In 

addition, interactions between EphB+ and ephrin-B+ cells result in 
repulsion due to de-adhesion of the two encountering cells, leading 

in turn to a minimization of EphB+ and ephrin-B+ cell contacts. To 
use a simile, this situation resembles to what happens when oil 
drops are mixed with water (Figure 40). We have also 

demonstrated by means of colocalization analysis, image intensity 
quantification and FRAP experiments in MDCK co-cultures that E

cadherin-mediated cell-cell adhesion at EphB−ephrin-B boundaries 

is significantly impaired.  

Figure 40. Model of cell sorting by differential adhesion driven by 
EphB−ephrin-B interactions. a) EphB−ephrin-B interactions decrease the 

amount of adhesion molecules in the boundary membranes. Consequently, cell-to
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cell adhesion between EphB-positive cells (green) or Ephrin-B−positive cells (red) 

are stronger than adhesions established between EphB/ephrin-B-expressing cells. 
Intermingling of two cell types with different adhesion properties (b) leads to the 
homotypic clustering of the most adhesive cell type (green cells in the scheme) in 
a more stable final equilibrium (c). White lines represent cell-cell adhesion 
molecules. 

Other groups have reported that EphB4−ephrin-B2 interactions 

induce cell-cell junctions in breast cancer cells thus promoting 
epithelial morphology [169,170]. Conversely, it has been recently 
shown that EphA2 activation destabilizes adherens junctions by 

affecting Rho-ROCK signaling in mammary epithelial cells [76]. 
Moreover, a direct inhibitory interaction of EphA2 [191] and ephrin

B1 [191] with the tight junction component claudin-4 has been 
shown to reduce cell polarity. In our system, Eph signaling induces 
the opposite effect. EphB2 and EphB3 receptors induce tumor cell 

polarization around a lumen in benign CRC lesions. In EphB+ 
tumors, adherens and tight junction markers such as E-cadherin, 

occludin and ZO-1 are enhanced at the plasma membrane. In fact, 
we have shown that focal activation of EphB2 and EphB3 signaling 

by membrane-tethered ligands reduces cell adhesion, although this 

effect is locally restricted to EphB−ephrin-B boundary areas and 

does not contribute to an overall loss of polarity in CRC cells 

(Figure 41). 

EphB downstream effectors in the control of cell 
sorting 
The following scheme integrates the data that we have collected 
regarding the mechanisms of cell sorting downstream of EphB 

signaling. The role of each effectors identified is described below in 
more detail. 
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Figure 41. Molecular model for EphB/ephrin-B-mediated cell sorting. a) 
Ephrin-B interaction with EphB receptors at the boundary membrane of ephrin-B+ 

and EphB+ cells triggers EphB−ephrin-B complex clustering and activation of the 

receptor through tyrosine-phosphorylation (only the molecular events taking place 
at EphB+ cells are represented). b) EphB-ephrin-B complexes activate ADAM 
metalloproteinase-mediated shedding of E-cadherin and possibly the shedding of 
ephrin-B at the at EphB+/ephrin-B+ contact membranes. Consequently, adherens 
junction formation is not favoured at these membrane areas, thus creating 
differential distribution of E-cadherin within the EphB+ cells facing ephrin-B+ cells 
vs. cells facing other EphB+ cells. c) Activation of the EphB receptor also induces 
activation of Rho, probably at both EphB+/ephrin-B+ and EphB+/EphB+ cell 
membranes. It remains unknown whether EphB receptors placed at EphB+/EphB+ 
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membranes are phosphorylated to the same extent. p120ctn control over Rho 
activity, and possibly over E-cadherin stabilitiy at the membranes is required for 
EphB-ephrin-B cell sorting. We hypothesize that the interaction between E
cadherin and p120ctn could be distabilized at EphB-ephrin-B boundaries, leading 
to E-cadherin internalization. d) RhoA signaling cascade through ROCK and MLC 
promotes the remodeling of the actin cytoskeleton into radial stress fibers which 
anchor to the focal adhesions thus creating tension to induce the retraction of 
membranes facing ephrin-B+ cells. Rho signaling may be also involved in the 
remodeling of E-cadherin to the membranes facing other EphB+ cells. e) Finally 
cortical actomyosin rings are formed along the EphB+ homotypic clusters, thus 
maintaining them in a contracted state and preventing the formation of stable 
adherens junctions at EphB-ephrin-B boundaries. At this stage, EphB receptors 
are also redistributed to the EphB+/EphB+ membranes, possibly complexed to E
cadherin molecules. Differential adhesion, together with contraction events lead to 
the cell sorting of the two cell populations. AJ, adherens junctions; FA, focal 
adhesions; ECM, extracellular matrix. 

The role of RhoA/ROCK/MLC cascade in EphB-mediated cell 

sorting 

We have shown that induction of EphB2 CRC cells with ephrin

B1/Fc increases RhoA activity (Figure 41c). On the other hand, 
RhoA depletion through shRNA or inhibition of Rho and Rho 
effectors by the addition of chemical inhibitors results in a dramatic 

reduction of cell sorting. Our results indicate that RhoA signaling 
cascade is necessary for cell contraction upon stimulation with 

ephrin-B1 (Figure 41d-e). We have also observed that Rho and its 
effector ROCK are essential for the remodeling of actin upon 
ephrin-B1/Fc induction. Converselly, the inhibition of myosin II by 

blebbistatin does not impair actin remodeling although cell 
contraction is inhibited. In the latter case we hypothesize that even 

if actin is partially remodelled to the cortex, these actin fibers would 
be unfunctional, since the inhibition of myosin II by blebbistatin 

impairs the ability of actomyosin fibers to contract. This 
phenomenon resembles the scenario of lack of ECM. That is, even 
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if actin is remodelled to the cell cortex upon ephrin-B1/Fc addition, 

the lack of anchor of actin fibers to mature focal adhesions possibly 
results in an unefficient cell contraction. Strikingly, despite the 

prominent cell contraction induced by EphB signaling, we 
demonstrated that this process is completely dispensable for cell 

sorting. We hypothesize that differential cell adhesion is the 
essential force to sort EphB+ from ephrin-B+ cells whereas cell 
contraction/repulsion may play a secondary role as a way to 

reinforce the boundary between both cell types. It is important to 
point out that despite the fact that cell sorting occurs in the absence 

of contraction, inhibition of Rho signaling blocks EphB/ephrin-

B−incuced cell sorting both in DLD1 and in Co115 cells. This 

observation implies that RhoA may play additional roles 

downstream of EphB receptors other that inducing contractibility. 
Indeed, we observed defects in E-cadherin localization in cells 

treated with the Rho inhibitor (C3) or ROCK inhibitor (Y-27632). It 

would be interesting to assess Rho activation upon EphB−ephrin

B1 interactions is also asymmetric at the different membranes of 
EphB+ cells. 

There is contradictory literature in relation to Rho activity and its 
effect on adherens junctions. Rho kinase signaling has been 

reported to recruit and activate myosin II at cadherin-based 
adhesive contacts thus increasing cell adhesion [128]. Braga and 

colleagues also showed that Rho activity is necessary for E
cadherin accumulation at cell-cell contact sites in keratinocytes 
[192]. Quantitative cell-dissociation assays have shown that RhoA 

activity increases E-cadherin-dependent cell-cell adhesion. 
Evidence collected to date indicates that RhoA effect on cell 

adhesion may pressumably rely on the regulation of the actin 
cytoskeleton or other components by RhoA, as no direct interaction 
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between RhoA and the cadherin-catenin complexes has been 

detected so far [193] (reviewed in [123]). Interestingly, it has been 
recently described that overexpression of EphA2 in breast epithelial 

cells increases Rho activity and weakens cell-cell adhesion without 
affecting overall levels or phosphorylation status of the adherens 

junctions components. Authors show that expression of EphA2 
increases the internalization of E-cadherin in a calcium-depleted 
scenario. They suggest that this process may occur through a 

cascade involving LMW-PTP, p190RhoGAP and RhoA [76]. It 
would be interesting to validate these data in a more physiological 

model such as the ones described in this thesis. Although 
technically challenging, Fluorescence Ressonance Energy Transfer 
(FRET) analysis with a RhoA bionsensor probe [132] in our in vitro 

assays may allow the assessment of local RhoA activity within 
EphB expressing cells upon stimulation with ephrin-B1 ligands. 

This assay would help in the determination of the Rho activity in 
EphB+/ephrin-B+ interaction membranes (non-adhesive) as well as 

in EphB+/EphB+ cell membranes (adhesive). 

Is p120ctn as a molecular link between Rho activity and adhesion 

in cell sorting 

Recent studies showed that p190RhoGAP binds p120ctn, thus 

inhibiting RhoA activity and promoting cell adhesion [194]. 
Interestingly, we have discovered that p120ctn also acts as a 

downstream effector of EphB signaling, providing a molecular link 
between the regulation of Rho activity and E-cadherin in the cell 
sorting context. p120ctn knock-down by shRNA has revealed that 

this molecule is essential to drive cell sorting in EphB−ephrin-B co

cultures. Although E-cadherin is concomitantly downregulated in 

p120ctn-shRNA cells, rescue experiments with wild type or mutant 
forms of p120ctn have demonstrated that the effect of p120ctn on 
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cell sorting does not only rely on its impact on E-cadherin stability. 

The mutant Y112E p120ctn, which is unable to regulate RhoA 
activity [117], does not rescue the cell sorting phenotype in p120ctn 

knock-down cells. This observation implies that interaction of 
p120ctn with RhoA is essential to mediate cell sorting downstream 

of EphB. It is tempting to speculate that EphB may locally regulate 

RhoA activity at EphB−ephrin-B contact sites through p120ctn. It is 

also possible that EphB decreases membrane localization of E

cadherin by causing its dissociation from p120ctn. Indeed, 
preliminary results suggest that E-cadherin levels at the 

EphB−ephrin-B boundaries are not downregulated upon p120ctn 

knock-down (data not shown). To further test this hypothesis, it 
would be convenient to express mutated p120ctn forms with 

impaired ability to interact with E-cadherin and assess their effects 

in the EphB/ephrin-B−mediated cell sorting. These experiments will 

follow this thesis. 

ADAM metalloproteinases in the control of EphB-mediated 
differential adhesion 

We also demonstrated that ADAM metalloproteinases mediate E

cadherin differential distribution by a mechanism that probably 
involves the cleavage of the extracellular domains (shedding) of 

cell-to-cell adhesion molecules. This process, which is activated at 

Eph−ephrin boundaries, allows proper separation of ligand and 

receptor expressing cells (Figure 41b). Inhibition of ADAM activity 

disrupts cell sorting but does not impair ephrin-B1/Fc−induced cell 

contraction or actin and E-cadherin remodeling to the membrane. 

In contraposition to what we have reported for RhoA, ADAM effect 
on EphB signaling appears to specifically impact on the control of 

E-cadherin differential membrane distribution. ADAM10 has been 
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reported to be associated to EphA receptors [101,102]. This 

interaction has been solved by X-ray difraction of the crystallized 
complexes. Apparently, this metalloproteinase constitutively binds 

to the ephrin binding domain of the EphA3 receptor, an association 
which is enhanced by the presence of the ephrin-A5 ligand. In fact, 

the cystein-rich domain of ADAM10 only binds to EphA3−ephrin-A5 

complexes, suggesting that a conformational change induced by 
ligand binding to the receptor modulates its proteolytic activity 

[102,195]. ADAM10 is a β-catenin/Tcf target gene [196]. Its 

expression is enhanced at invasive fronts of CRC tumor areas, 

where it sheds the adhesion protein L1-CAM [196]. Several works 
have also demonstrated that ADAM10 can act as an E-cadherin 
sheddase [139,140,197]. 

Inhibition of ADAM10 activity perturbs the asymmetrical distribution 

of E-cadherin at the membranes. Our preliminary results on the 
dynamics of E-cadherin show that the mobility of the E-cadherin 

molecules at the membranes facing ephrin-B1+ cells is highly 
reduced. In addition, we have observed that ADAM/MMPs are 
required to maintain at low levels the turnover of E-cadherin at 

these sites. Possibly, ADAM cleavage on the extracellular domain 
of E-cadherin alters the capability of E-cadherin to establish cell-

cell contacts, thus resulting in unfunctional E-cadherin in 

EphB−ephrin-B boundary membranes. The low efficiency of E

cadherin−GFP recovery after photobleaching at these areas may 

be an indirect consequence of the actively impaired ability of these 
membranes to establish contacts. Alternatively, the reduced 

recovery after photobleaching of E-cadherin could be due to an 
uncoupling of the reminiscent E-cadherin at these membranes with 

the molecules involved with the remodeling of adherens junctions. 
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Of note, EphB−ephrin-B interacting membranes contain a thick 

cortical actin coat underneath, which has been described to 
immobilize the membrane microdomains, as well as to impair the 

diffusion between the membranous molecules and the cytosol 
(reviewed in [198]). It is also worth pointing out that the defects in 

FRAP at EphB−ephrin-B boundary membranes were already 

observed within a very short period of time. Therefore, the 

differences in E-cadherin−GFP mobility observed in these assays 

may be due to a reduced lateral diffusion of membranous E
cadherin rather than impaired vesicular traffic. Future work will be 

focused in the detailed study of ADAM10 subcellular location at 
adherens junctions [140] and its interaction with E-cadherin and 
EphB molecules upon induction with ephrin-B1. 

EphB as switches that control adherens junction formation 

EphB receptors are dynamically remodeled and activated at places 

of ephrin-B1 interaction. We speculate that the polarized activation 
of the receptor acts as a positional clue to determine cell 

membrane identity. According to this model, membranes in which 

EphB−ephrin-B interaction occur cannot host stable adherens 

junctions. Converselly, E-cadherin is remodeled and stabilized to 

the membranes where EphB receptors are not contacting ephrin-B 
ligands.  Consequently adherens junction maturation only occurs at 

these membranes, finally resulting in differential cell adhesion and 
EphB+ cell clustering (Figure 40c and Figure 41e). Together with 

the observation that EphB receptors tightly colocalize with E
cadherin, our results suggest that EphB activity may act as a switch 
for the establishment or destruction of adherens junctions at 

precise locations.  
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Is EphB signaling active in the cells within the inner 
tumor mass? 
EphB-positive cell clusters showed an overall increase in cell 
adhesion. Even cells located several positions away from the area 

of ephrin-B interaction relocalize E-cadherin at the basolateral 

mebranes and become more adhesive. Since EphB−ephrin-B 

interactions require cell-to-cell contacts, it can be assumed that 
only cells at the periphery of the clusters receive EphB signaling. 

Polarization of cells located within the cluster core could be a 
consequence of the physical pressure imposed by the cells in the 
boundary, which contract to avoid ephrin-B cells. A contractile ring 

of actin surrounds the EphB+ clusters. Forces imposed by the 
contraction of this F-actin coat may result in cell compactation. An 

alternative possibility would be that EphB receptors expressed in 
cells at the inner part of the cluster become activated despite the 

lack of direct contact with ephrin-B1 expressing cells. Some recent 
papers report that ephrin-B ligands are shed by MMPs upon 
contact with EphB receptors [199], and soluble  ephrin-A1 has 

been reported to be functionally active [200] (reviewed in [186]). 
Furthermore, secreted VAPB proteins have been recently 

described to act as soluble ligands for Eph receptors [182]. 
Therefore, it has been proposed that such soluble molecules could 
act as chemotactic signals to activate Eph receptors in distant Eph

expressing cells [100,101]. Another mechanism may involve cell 
communication from cells at the cluster periphery with active EphB 

signaling to the cells at the inner part of EphB+ clusters in an 
intercellular contact-depending manner [186,201]. 

197 



GENERAL DISCUSSION


Ephrin-B1 reverse signaling in cell sorting and tumor 
cell compartmentalization 
As detailed in the introduction (see section 4.4.2 of the 
introduction), ephrin ligands can also transduce signals upon 

binding to their cognate Eph receptors. Nonetheless, it is 
noteworthy that CRC cells do not normally express ephrin ligands 

at any stage of tumor progression, since most tumor cells have 
active Wnt signaling and therefore repress ephrin-B ligand 

transcription. Therefore, in this thesis, I have largely focused on the 
signaling triggered by the EphB receptors but I have paid less 
attention to reverse signaling downstream of ephrin-Bs. Our 

preliminary observations suggest that bidirectional signaling is 
required for cell sorting in our model system. Co-cultures of EphB

positive CRC cells with cells expressing a truncated from of ephrin
B1 lacking its cytoplasmic domain display lower levels of cell 

sorting (data not shown). Nonetheless, the response in EphB

positive CRC cells is more significant than in ephrin-B−expressing 

cells. First, induction of reverse ephrin-B1 signaling by soluble 

EphB2/Fc addition does produce neither contraction nor 

aggregation (data not shown). Second, in EphB−ephrin-B cell co

cultures, EphB-positive cells form tightly packed clusters that often 
protrude from the basal layer forming piles. Yet, even if we 
increased the numbers of EphB+ cell so that reverse signaling is 

promoted, ephrin-B1 cells sorted but never formed such packed 
clusters. Third, we have shown that blockade of EphB-forward 

signaling is sufficient to perturb cell sorting even in the presence of 
normal reverse ephrin-B1 signaling. 

It is tempting to speculate that ephrin-B ligands may also act as 
cell-cell junction components and induce E-cadherin remodeling in 
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ephrin-B expressing cells, in a similar fashion than EphB receptors. 

A direct interaction between ephrin-B1−reverse signaling and the 

Par polarity complex protein Par-6 has been recently reported. In 

this model, ephrin-B1 reverse signals promote the destabilization of 
tight junctions [202,203]. 

Therapies and perspectives 
The role of Eph receptors in tumorigenesis is still controversial. 

Small molecule inhibitors, antagonistic peptides, and antibodies 
have been developed for cancer treatment, which block EphA2 

receptors or the binding of EphB4 to endothelial ephrin-B2 
[33,77,204]. Our results represent a proof of concept for the 
function of EphB receptors in restricting tumor expansion at the 

early stages of colorectal cancer progression. Other groups have 
also reported tumor suppressor properties for Eph receptors 

[170,171,184]. Therefore, caution is demanded when considering 
anti-Eph cancer treatments, which should be specific of the target 
Eph receptor type and only directed to the site of treatment. 

Furthermore, the new in vitro Eph-mediated cell sorting model 

presented in this work has been instrumental for the identification 
of some of the molecules involved in EphB-mediated signaling and 

will be of use in the future to fully understand the molecular events 
that take place at EphB-ephrin-B boundaries. In particular, the 
finding that EphB may act as an adherens junction component is of 

key importance in our understanding of epithelial cell biology. 
Deciphering the function of effectors linking EphB receptors to this 

complex will focus our studies in the future. 
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The newly described EphB effectors identified in the in vitro assays 

presented in this work could be confirmed in vivo by generating 

conditional knwockout mice. For instance, we could use the 

cryptdin promoter to overexpress or delete genes in Paneth cells 
[205]. Using this approach the contribution of the EphB effectors in 

the physiological control of cell positioning in the intestinal 
epithelium would be established. Interestingly, a method to purify 
and culture intestinal crypts in vitro has been recently reported 

[206]. This culturing method allows the generation of intestinal 
crypts from single ISCs by the addition of several soluble factors. 

This new tool will significantly simplify the study of EphB signaling 
in the control of intestinal epithelial cell positioning. 
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1.	 Ephrin-B1 expression in the mouse intestinal epithelium is 

required for proper cell positioning within the crypt-villus axis. 
Mice lacking ephrin-B ligands show defects in the localization of 

Paneth cells. 

2.	 ApcMin/+ mice with reduced EphB−ephrin-B signaling display 

enhanced CRC progression. EphB signaling restricts the ability 
of tumor cells to colonize the ephrin-B+ territories at the onset 
of tumorigenesis. We call this phenomenon tumor cell 

compartmentalization. In addition, EphB signaling enforces 
tumor cell polarization. 

3.	 We have created models to study in vitro the outcome 

EphB−ephrin-B interactions. In these assays, contact of EphB+ 

and ephrin-B+ cells results in a re-distribution of both cell 

populations (cells sorting). This process recapitulates the 
intestinal epithelial cell compartmentalization induced by 

EphB−ephrin-B interactions in vivo. 

4.	 Cell sorting mediated by EphB and ephrin-Bs is a complex 

cellular reponse, which is the outcome of two integrated 
mechanisms: differential cell adhesion and cell 
contraction/repulsion. 

5.	 E-cadherin−mediated differential adhesion is a driving force to 

induce EphB/ephrin-B−mediated cell sorting. 

6.	 ADAM metalloproteinases, especially ADAM10 decrease E

cadherin level at EphB−ephrin-B boundary membranes. This 

phenomenon creates differences in cell affinity that contribute to 
the segregation of cell populations. 

7.	 Cell contraction induced by EphB−ephrin-B interactions is not 

necessary for cell sorting. Rather, EphB-mediated contractility 
refines and maintains the boundary between EphB+ and 

ephrin-B+ cell populations. 
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8.	 RhoA signaling is essential to transduce EphB-mediated cell 

contractility through its effectors Rock and MLC. RhoA plays 
additional roles in the control of cell adhesion downstream of 

EphB receptors. 
9.	 p120ctn acts as an EphB downstream effector by controlling E

cadherin levels and RhoA activity. 
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Abreviations 
dACF 
ADAM 

AJ
APC
BBST

BSA 
C3

CMV
Con-shRNA 
CRC 

DAPI
DMSO

DTT 
E-cadh 

ECM
EDTA 
EfnB1INT-KO

EGFP 
Eph 

Ephrin 
FA

FAK 
FAP 
FBS 

FITC
FRAP 

FRET 

Dysplastic Aberrant Crypt Foci  
A-Desintegrin-And-Metalloproteinase 

 Adherens Junctions 
 Adenomatous Popyposis Coli 

 Blebbistatin 

Bovine Serum Albumine 
 C3 transferase 

 Cytomegalovirus 
Non Targeting Control Short Hairpin RNA 
Colorectal Cancer 

 4',6-diamidino-2-phenylindole 
 Di-Metil-Sulfoxide 

Ditio-Treitol 
E-Cadherin (epithelial cadherin) 

 Extracellular Matrix 
Sodium Ethylendiamino Tetra-Acetate 

 Ephrin-B1 Intestinal-Knockout 

Enhanced Green Fluorescent Protein 
Erythropoietin-Producing Hepatocellular RTK 

Eph Family Receptor Interacting Protein 
 Focal Adhesion 

Focal Adhesion Kinase 
Familiar Adenomatous Polyposis  
Fetal Bovine Serum 

 Fluorescein Isothiocyanate 
Fluorescence Resonance After 

Photobleaching 
Fluorescence Recovery Energy Transfer 
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GAP Gtpase Activating Proteins 

GDI Rho GDP Dissociation Inhibitors 
GDP Guanosine Diphosphate 

GEF Guanine Nucleotide Exchange Factor 
GPI Glycosylphosphatidylinositol 

GTP Guanosine Triphosphate 
HCl Hydrochloric Acid 
HNPCC  Hereditary Non-Polyposis Colorectal Cancer 

IRES Internal Ribosome Entry Site 
ISC Instestinal Stem Cell 

LMW Low Molecular Weight  
mAb Monoclonal Antibody 
MDCK Madin-Darby Canine Kidney 

MgCl2 Magnesium Chloride 
Min Multiple Intestinal Neoplasia 

MLCP Myosin Light Chain Phosphatase 
MMP Matrix Metalloproteinase 

MMR  Mismatch Repair  
NaCl Sodium Chloride 
NP40 Tergitol-type Nonyl 

Phenoxylpolyethoxylethanol 
p120ctn p120-catenin 

pAb Polyclonal Antibody 
PAS Periodic Schiff-Acid 

PBS Phosphate Buffered Saline 
PEI Polyethylenimine 
PFA Paraformaldehyde 

P-FAK Phosphorylated Focal Adhesion Kinase 
P-MLC Phospho Myosin Light Chain 

P-Paxillin Phospho-paxillin PY118 
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RED-X Succinimidyl Ester of Lissamine Rhodamine 

B-labeled Aminohexanoic Acid 
RFP Red Fluorescent Protein 

Rho Ras Homolog Gene 
ROCK Rho Kinase 

ROI Region Of Interest 
RTK  Receptor Tyrosine Kinase 
SAM Sterile α-Motif 

SD Standard Deviation 
SDS Sodium Duodecil Sulphate 

SH2 Src Homology 2 
shRNA Short Hairpin RNA 
TA Transit Amplifying Cells 

TBS Tris-Buffered Saline 
Tcf/Lef T Cell Factor/Lymphoid-Enhancing Factors 

Tg Transgene 
Tris Tris(hydroxymethyl)aminomethane 

TRITC Tetramethyl Rhodamine Iso-Thiocyanate 
Triton X-100 Polyoxyethylene octyl phenyl ether 
Ubq Ubiquitin 

WT Wild Type 
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Supplementary Video Legends 

Supplementary Video 1. Contraction and aggregation 
response in EphB+ CRC cells upon induction with soluble 
ephrin-B1/Fc. Co115 cells infected with a control Ubq-GFP 

lentivirus (A) or with lentivirus bearing EphB2 (B) or EphB3 (C) 
cDNAs downstream of the ubiquitin promoter were recorded during 

15 minutes (timer from -15 to 0) before the addition of recombinant 
crosslinked ephrin-B1/Fc protein to the medium. Cells were then 
filmed for 60 minutes. Movies show DIC images taken every 30 

seconds (20x magnification, 2x zoom) (see chapter I for more 
details). 

Supplementary Video 2. E-cadherin is required for cell 
aggregation but not for cell contraction downstram of EphB 
signaling. Ubq-EphB3 Co115 cells expressing a non-targeting 
control shRNA (A) or a shRNA targeting E-cadherin (B) were 

recorded during 15 minutes (timer from -15 to 0) before the addition 
of recombinant crosslinked ephrin-B1/Fc protein to the medium. 
Cells were then filmed for 190 minutes. Movies show DIC images 

taken every 30 seconds (20x magnification, 2x zoom) (see chapter 
I for more details). 

Supplementary Video 3. Dynamics of cell sorted and control 
co-cultures. GFP and RFP merged images of a Co115 
EphB3;GFP and ephrin-B1;RFP co-culture (A) and a GFP and RFP 
control co-culture (B). Cells were co-cultured during 48 h and then 

recorded for 16 h. Images were taken every 60 seconds (63x 
magnification) (see section 2.2 of chapter II and Figure 20 for more 

details). 

233 



ANNEXES 


Supplementary Video 4. Actin remodeling upon EphB 
activation. Crosslinked ephrin-B1/Fc was added to EphB2 DLD1 

cells expressing a GFP-Actin construct after 24 h of culture on a 
laminin-coated surface. Cells were recorded for 50 min. GFP-Actin 

images were taken every 15 seconds. Actin-GFP intensity is 
represented in colour scale code (63x magnification, 3x zoom) (see 
section 3.1 of chapter II and Figure 22 for more details). 

Supplemtentary Video 5. RhoA is required for cell contraction 
and aggregation upon EphB activation. Ubq-EphB3 Co115 cells 
expressing a non-targeting control shRNA (A) or a shRNA targeting 
RhoA (B) were recorded during 15 minutes before the addition of 

recombinant crosslinked ephrin-B1/Fc protein to the medium. Cells 
were then filmed for 190 minutes. Movies show DIC images taken 

every 30 seconds (20x magnification, 2x zoom) (see section 3.2 of 
chapter II and Figure 23d-g for more details). 

Supplementary Video 6. p120ctn is required for cell 
aggregation but not for cell contraction upon EphB activation. 
Ubq-EphB3 Co115 cells expressing a non-targeting control shRNA 
(A) or a shRNA targeting p120ctn (B) were recorded during 15 

minutes before the addition of recombinant crosslinked ephrin
B1/Fc protein to the medium. Cells were then filmed for 190 

minutes. Movies show DIC images taken every 30 seconds (20x 
magnification, 20x zoom) (see section 5 of chapter II and Figure 
34c-f for more details). 
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