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ABSTRACT 
 

 

 

 

 

 

 

Among endothelial receptor tyrosine kinases which play a pivotal role in blood vessels 

growth and differentiation, Tyrosine kinase with Ig and EGF homology domain (Tie2) 

reserves one of the most important places during embryogenesis and in adult vasculature. The 

activation of Tie2, subsequent to the binding of its ligand Angiopoietin-1 (Ang-1), leads to 

vessel assembly and maturation by mediating endothelial cells (EC)-survival and regulating 

the recruitment of mural cells. In the last decade it has been demonstrated that the specificity 

of molecular signalling in the endothelium is determined by a synergism between growth 

factor receptors and cell adhesion molecules, in particular integrins.  

The signalling pathways triggered by Tie2 and integrins often lead to stimulation of the same 

downstream transducers, such as Akt and MAPK/Erk proteins. Moreover, integrin 

engagement can favour activation of tyrosine kinase receptors by affecting local receptor 

concentration at the plasma membrane. On such premises, I analyzed how cell adhesion 

influences Ang1-dependent Tie2 signalling in terms of receptor phosphorylation and 

activation of Akt and Erk.  

Thus I analysed the activation of Akt and Erk as a helpful tool to evaluate how integrin 

ligation modulates Tie2 signalling. 

The results showed that integrin engagement enhances Tie2 downstream signalling; 

specifically, Akt and Erk activation is maximum when α2 and α5  integrins are engaged.   
My study confirms and provides a better characterization of the cross-talk between Tie2 and 

integrins, shedding light on the important role of α2 and α5 integrins. Further analysis will be 

helpful to understand which molecular mechanisms regulate Tie2-integrins co-operation.  
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AIM OF THE PROJECT 

Tie2 is one of the major receptor tyrosine kinases implicated in Angiogenesis. Tie2 is 

fundamental in embryonic Angiogenesis, as mice lacking Tie2 die for hemorrhage as a 

consequence of failure of the primary vascular plexus to branch and differentiate, suggesting a 

role in blood vessels maturation and maintenance. Tie2 also has a role in adult vasculature; it 

has been found upregulated and activated in the endothelium undergoing active Angiogenesis 

such as in the endothelium of rat ovary and in rat skin wounds. Moreover Tie2 was found 

expressed and activated in the endothelium of all normal tissues suggesting a role in the 

maintenance of adult vasculature too. It is clear that Tie2 and its agonist ligand, Angiopoietin-

1 (Ang-1) have different functions during active Angiogenesis and vessel quiescence. In 

active Angiogenesis endothelial cells (ECs) lose cell-cell contact and Ang-1/Tie2 system 

preferentially activates MAPK pathway leading to ECs sprouting and migration; on the 

contrary, in quiescent vasculature, where ECs tightly contact each other, Ang-1/Tie2 system 

induces survival and anti-permeability effect by the activation of Phospho-inositol 3 kinase 

(PI3K)/Akt pathway. In the last decade a large amount of data from in vitro and in vivo 

models demonstrated that a co-operation between tyrosine receptor kinases and integrins is 

necessary to regulate Angiogenesis. In quiescent vasculature ECs adhere on basal membrane 

formed principally by laminins and collagens, while during Angiogenesis extracellular matrix 

(ECM) completely changes, consisting mainly of fibrinogen, fibronectin and vitronectin. Tie2 

promotion of survival in quiescent mature vasculature and migration in angiogenic 

endothelium could be explained not only as a consequence of different confluent condition, 

cell-cell contact and sparse cells respectively, but also as a consequence of Tie2 modulation 

signalling by different integrins engagement. For this reason the aim of my project has been to 

evaluate how Ang-1/Tie2 signalling pathways, specifically Akt and the MAPK Erk proteins, 

change when different integrins are engaged. My results provide evidence that integrins 

enhance Ang-1/Tie2 downstream signalling and that this synergic co-operation changes 

according to the specific engaged integrin. 



2 

INTRODUCTION 

Angiogenesis 

Humans are complex multicellular organisms and all cells require a finely controlled supply 

of oxygen.  The diffusion of oxygen through tissues is limited to 100 to 200 µm; therefore a 

complex vascular system has evolved to ensure that all the cells are within the distance of a 

supply of oxygen (Hoeben et al, 2004). Two processes are responsible for the formation of 

new blood vessels during embryogenesis: Vasculogenesis and Angiogenesis (Yancopoulos et 

al, 2000). 

During early embryogenesis blood vessels formation occurs through Vasculogenesis, an in 

situ differentiation of undifferentiated precursor cells (angioblasts) to endothelial cells that 

assemble into a vascular labyrinth. The subsequent growth and remodelling process of the 

primitive network into a complex network is called Angiogenesis (Carmeliet, 2000).  

In the adult, new vessels are produced almost exclusively through Angiogenesis. The 

vasculature is normally quiescent in the adult mammal, except for physiological processes in 

the female reproductive cycles (ovulation, menstruation, implantation, pregnancy) and during 

wound healing. The endothelial cells are among the longest-lived in the body outside the 

central nervous system; in a normal adult vessel, only 1 every 10,000 endothelial cells (0, 

01%) is in the cell division cycle at any given time (Hanahan & Folkman, 1996). 

Appropriate stimuli, such as vascular endothelial growth factor (VEGF) and fibroblast growth 

factors (FGFs) can activate quiescent vasculature to form new capillaries. This process of 

Angiogenesis is complex and it can be divided in two phases: activation and resolution. 

During activation vascular permeability is increased, the basement membrane surrounding the 

endothelial cell tube is degraded, the endothelial cells change shape and invade the stroma. 

This invasion is accompanied by proliferation of endothelial cells at the leading edge of the 

migrating column. During resolution endothelial cells stop proliferation, cease migration, 

change shape and tightly adhere to each other to form a capillary lumen (Hanahan & 

Folkman, 1996) (Figure I). 

Angiogenesis in the adult is also related to pathological situations such as tumour growth, 

rheumatoid arthritis, diabetic retinopathy, and psoriasis. Much of the interest in Angiogenesis 

comes from the notion that growing tumours need to recruit endothelial cells to form their 

own microcirculation system. During normal physiological Angiogenesis, new vessels rapidly 

mature and become stable. On the contrary tumour blood vessels fail to become quiescent, 

enabling the constant growth of new tumour blood vessels. Tumour blood vessels are 

architecturally different from their normal counterparts; they are irregularly shaped, dilated, 

tortuous and they can have dead ends. They are not organized into definitive venules, 

arterioles and capillaries but rather share chaotic features of all of them. The vascular network 

is often leaky and haemorrhagic, partly due to the over production of VEGF and to the fact 

that peri-vascular cells often become more loosely associated or less abundant (Bergers & 

Benjamin, 2003) . 
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Figure I. The Angiogenic Process. Quiescent endothelial cells are activated and vascular 

permeability is increased; this first step is VEGF-dependent. Endothelial cells produce and release 

proteinases responsible for the degradation of the extracellular matrix. Matrix metalloproteinases and 

urokinase plasminogen activator receptor (uPAR) are involved in this phase. Endothelial cells 

proliferate and migrate forming a primitive tube. This primitive tube is then surrounded by perycites 

and a mature blood vessel is formed. Angiopoietin-1 (Ang-1) and Trasforming growth factor β (TGFβ  
are responsible for this late phase of Angiogenesis. By http://cme.medscape.com/viewarticle/461038 

 

Tumour development is characterized by two phases: a prevascular phase and a vascular 

phase. The transition from the prevascular to the vascular phase is referred to as ‘angiogenic 

switch’. During the prevascular phase it is visible an initial increase in tumour growth, in 

which the rate of tumour cell proliferation is balanced by an equivalent rate of cell death 

(apoptosis). On the contrary, during the vascular phase, tumour is characterized by a rapid 

growth, tissue invasion and haematogenous spread caused by a decreased in the rate of 

tumour cell apoptosis (Pepper, 1997). ‘Angiogenic switch’ is a finely controlled process, 

where the angiogenic phenotype depends on a local change in the balance between angiogenic 

stimulators and inhibitors (Hoeben et al, 2004). Among the factors which positively regulate 

Angiogenesis are FGF and VEGF, while among Angiogenesis inhibitors are angiostatin (an 

internal fragment of plasminogen), endostatin and antithrombin III (Figure II). 
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Figure II. The angiogenic balance. Angiogenesis is orchestrated by a variety of activators and 

inhibitors. Activators of endothelial cells are mainly receptor tyrosine kinase ligands, such as VEGF, 

FGF, platelet-derived growth factor (PDGF) and epidermal growth factor (EGF). Among angiogenic 

inhibitors are thrombospondin-1 and many molecules referred to as ‘statins’ (Hoeben et al, 2004). 
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Receptor tyrosine kinases in the vascular system: VEGFR, Tie2 and 
ephrin receptor  

The VEGF/VEGFR family 

One of the most important proangiogenic factors is vascular endothelial growth factor 

(VEGF). The family of VEGFs comprises seven members: VEGF-A, VEGF-B, VEGF-C, 

VEGF-D, VEGF-E, VEGF-D and Placental growth factor (PIGF) and they show differential 

interaction with three related receptor tyrosine kinases: fms-like tyrosine kinase (Flt-

1/VEGFR-1), the kinase domain region (KDR) also referred to as fetal liver kinase Flk-

1/KDR/VEGFR-2 and VEGFR-3/Flt-4. Neuropilin-1 and -2 can be involved in these 

receptors complexes as coreceptors (Hoeben et al, 2004).  

VEGFR-1 and VEGFR-2 are principally expressed on the vascular endothelium (de Vries et 

al, 1992; Matthews et al, 1991; Shibuya et al, 1990; Terman et al, 1992)  and they are up-

regulated during Angiogenesis, accounting for a specific action of the relative growth factors 

in the vasculature system; while VEGFR-3 is mainly confined to lymphatic endothelial cells 

(Kukk et al, 1996; Lymboussaki et al, 1998). Neuropilin-1 binds VEGF-A and when 

coexpressed with VEGFR-2 it enhances the binding of VEGF-A to VEGFR-2 (Soker et al, 

2002) and chemotaxis of Endothelial Cells (ECs). In vitro VEGF-A and its receptor VEGFR-

2 have the ability to induce ECs proliferation, migration and sprouting and to promote ECs to 

form tubule-like structures. In vivo, VEGF-A and VEGFR-2 are indispensable for the earliest 

steps of Vasculogenesis, as their absence compromise blood-island, ECs and vessel tube 

formation (Shalaby et al, 1995). Even loss of a single VEGF-A allele results in embryonic 

lethality. Embryos heterozygous for VEGF-A allele allow embryos analysis in later stages of 

Vasculogenesis showing VEGF-A involvement also in sprouting and maintenance of vessel 

survival (Carmeliet et al, 1996; Ferrara et al, 1996). During Vasculogenesis, VEGFR-1 

modulates ECs division, as a matter of fact embryos and differentiated ECs lacking VEGFR-1 

(VEGFR-1
-/-

) show increased vascularisation and ECs number (Fong et al, 1995). VEGFR-1 

has the highest affinity for VEGF-A; it could be involved in down-regulating VEGF activity, 

dampening the angiogenic effects of  VEGFR-2 and ensuring the generation of a correct ECs 

number (Zeng et al, 2001). 

The Angiopoietin/Tie family 

A second family of growth factors specific for vascular endothelium is the one constituted by 

Angiopoietins (Davis et al, 1996; Maisonpierre et al, 1997; Suri et al, 1996; Valenzuela et al, 

1999). The Angiopoietin receptors, Tie1 and Tie2, are expressed not only on vascular 

endothelium (Anghelina et al, 2005; Runting et al, 1993; Schnurch & Risau, 1993) but also in 

non endothelial cells, including carcinoma cells, mesenchymal cells, eosinophils  

etc.(Feistritzer et al, 2004; Metheny-Barlow et al, 2004; Nakayama et al, 2005). The four 

known Angiopoietins (Ang-1, Ang-2, Ang-3 and Ang-4) are specific ligands for Tie2, acting 

as agonists and/or antagonists. While a specific ligand for Tie1 has been not found yet, 

however some studies have showed that Ang-1 and Ang-4 can phosphorylate Tie1 (Saharinen 

et al, 2005). In vitro studies have shown that Ang-1 does not induce proliferation and tubule 

formation, although it can promote sprouting (Davis et al, 1996; Koblizek et al, 1998) and has 

an anti-apoptotic effect (Takahara et al, 2004). In vivo studies reveal that mouse embryos 

lacking Ang-1 or Tie2 have no problem in the early stages of vascular development but 

remodelling and stabilization of this primitive vasculature is compromised and lead to 

embryonic death in murine model between E9.5 and E12.5 days (Dumont et al, 1994; Sato et 

al, 1995; Suri et al, 1996). Vessels of mouse embryos lacking Ang-1 or Tie2 show poor 
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association between ECs and supporting cells as smooth muscle cells (SMCs). ECs appear 

rounded and detached from the underlying cells and matrix, the vessels fail to undergo 

remodelling events as maturation and regression. Great defects are also visible in heart 

development. Ventricles myocardial projections, known as trabeculations, fail to form and 

endocardium appears detached from the underlying myocardium. Tie2 is constitutive 

expressed in the adult endothelium and Ang-1/Tie2 signalling is essential in the maintenance 

of vascular integrity (Niu et al, 2004; Wong et al, 1997). On the contrary Ang-2 binds but 

does not activate Tie2, resulting an antagonist of Ang-1 activity. Overexpression of Ang-2 

during embryogenesis leads to embryos defects similar to the ones seen in embryos lacking 

Ang-1 or Tie2, accounting for an antagonist effect of this growth factor. Contrary to Ang-1, 

which is widely expressed in normal adult vasculature, Ang-2 is highly expressed only at sites 

of vascular remodelling, where it promotes vascular regression or Angiogenesis depending on 

the absence or presence of VEGF respectively (Hanahan, 1997; Maisonpierre et al, 1997). 

The ephrins/EphR family 

Ephrin (Eph) receptors and their corresponding ephrin ligands are identified as the third 

vascular Receptor Tyrosine Kinase (RTK) system (Pfaff et al, 2006). Originally identified as 

neuronal guidance molecules, Eph receptors and ephrin ligands have a role also in vascular 

morphogenesis processes (Palmer & Klein, 2003; Pfaff et al, 2006). Eph receptors are divided 

into two subgroups: class receptors A, consisting of ten receptors and class receptors B, 

consisting of six receptors. The ephrin ligands are correspondingly divided into a subgroup A 

(six members) and a subgroup B (three elements). Ephrin ligands remain bound to the 

membrane of the cell in which are produced; in the subgroup A ephrins are anchored to the 

membrane through glycosylphoshotidylinositol (GPI), while in the subgroup B ephrins are 

transmembrane molecules with a short cytoplasmic domain. B class Eph receptors and B class 

ephrin ligands have been identified as regulators of vascular morphogenesis. EphrinB2 knock 

out mice revealed that this ligand is expressed in arterial endothelial cells at the early stage of 

vascular development, while the corresponding EphB4 receptor marks only the venous 

endothelium (Wang et al, 1998).  The embryos lacking ephrinB2 present defects in the 

vascular remodelling, subsequent to the initial stages of Vasculogenesis, in both arterial and 

venous regions. It has been suggested that these defects are due to the lacking of bidirectional 

signalling between arterial and venous endothelium, normally mediated by ephrinB2 and 

EphB4. The early proper differentiation between arterial and vascular endothelial cells seems 

to be a critical step for the correct vasculature development. In addiction to these defects 

ephrinB2 knock out mice also present defects similar to the ones seen in Ang-1 or Tie2 knock 

out mice: the endothelium is poorly associated to periendothelial cells in the yolk sac, venous 

vessels appear dilated and unorganized and heart trabeculations present abnormalities. Others 

B class EphR and ligands are expressed in the developing vasculature and in vessel 

surrounding tissues at sites of sprouting Angiogenesis, suggesting a role of Eph-ephrin system 

in mediating interactions between endothelium and surrounding cells (Adams et al, 1999). 
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Figure III. RTK in vascular system.  VEGF ligands and their receptors, Ang ligands and Tie 

receptors and ephrin ligands with Eph receptors are represented in this scheme. The four growth 

factors highlighted in red (VEGF-A, Ang-1, Ang-2 and ephrinB2) are the more important and studied 

in vascular endothelium (Yancopoulos et al, 2000). 
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The Angiopoietin family 

The Angiopoietins have been discovered in the ‘90s as a family of growth factors essential for 

vascular system. There are four Angiopoietins: Angiopoietin-1 (Ang-1), Angiopoietin-2 

(Ang-2), Angiopoietin-3 (Ang-3) and Angiopoietin-4 (Ang-4). Ang-1 and Ang-2 are the best 

characterized, while Ang-3 and Ang-4 are less characterized and found in mouse and human 

respectively (Davis et al, 1996; Kim et al, 1999; Valenzuela et al, 1999). The Angiopoietins 

are ligands for the vascular RTK Tie2.  Structurally, Angiopoietins contain an amino-terminal 

domain, a coiled-coil domain, a linker peptide and a carboxy-terminal fibrinogen homology 

domain. The fibrinogen homology domain is responsible for receptor binding, while coiled-

coil domain and the amino terminal domain are respectively responsible for dimerization and 

formation of high multimeric forms of these growth factors (Figure IV). 

Figure IV. Structure of Angiopoietin ligands. Ang-1, the main agonist ligand of Tie2 receptor, has 

four isoforms with different activities on Tie2. Ang-2 is an antagonist of the Tie2 pathway and it is 

present in two isoforms. Ang-3 and Ang-4 are orthologues in mouse and human, respectively, and they 

specifically activate Tie2. The percentages indicate the homology with the different domains of Ang-1 

(Shim et al, 2007). 

 

Angiopoietin-1 

Ang-1, the Tie2 agonist ligand, is secreted as a monomeric glycoprotein with a molecular 

weight around 70 kDa, but it can activate Tie2 receptor only as a multimer. The short amino 

terminal domain is responsible for high order oligomer formation allowing Ang-1 to exist as 

heterogenous multimers formed by trimeric, tetrameric and pentameric oligomers (Kim et al, 

2005; Procopio et al, 1999). Ang-1 is principally expressed by mesenchymal cells and acts in 

a paracrine way on endothelial cells. It is also expressed in myocardium during development, 

in adult tissue, in some tumours cells and in neuronal cells (Gale et al, 2002; Maisonpierre et 

al, 1997; Stratmann et al, 1998; Suri et al, 1996; Zagzag et al, 1999). Different stimuli, as IL-

1β, TNF-α, TGF-β, IL-10, VEGF and hypoxia, are able to regulate Ang-1 expression in 

different cell type (Hangai et al, 2001; Makinde et al, 2006; Park et al, 2003; Scott et al, 

2002). After secretion Ang-1 is found joined to extracellular matrix (Xu & Yu, 2001). Ang-1 

deficient mice die at E11-E12.5. These mice have a retard in the heart development, 

endocardium is collapsed and detached from underlying myocardium and ventricular 
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trabeculae are absent. Ang-1 deficient mice also show vascular defects, characterized by an 

immature primary capillary plexus: endothelial cells appear rounded and poorly associated to 

reduced periendothelial cells (Suri et al, 1996).   

Angiopoietin-2  

Angiopoietin-2 acts as an antagonist of Tie2 receptor (Maisonpierre et al, 1997), but in some 

case has been reported to induce receptor phosphorylation. It is no clear yet which molecular 

basis is responsible for agonist/antagonist function of Ang-2 but the different outcome seems 

to be context-dependent  (Daly et al, 2006; Kim et al, 2000b). Ang-2 is almost exclusively 

expressed by endothelial cells and it is stored in Weibel-Palade bodies (WPB). Some 

cytokines, such as Histamine and Trombin, can induce the release of WPB contents and 

consequently Ang-2 (Fiedler et al, 2004). Ang-2 acts in an autocrine way on Tie2 by binding 

as homodimers or multimers (Procopio et al, 1999). 

It has been found upregulated in hypoxia condition (Oh et al, 1999; Pichiule et al, 2004) and 

in physiological condition it is expressed in site of vascular remodelling: in site of active 

Angiogenesis as in vascularization of retina and in site of vessels regression as in corpus 

luteum (Goede et al, 1998; Maisonpierre et al, 1997). In pathological condition Ang-2 is 

overexpressed in the endothelium of tumour and in cell tumour themselves (Torimura et al, 

2004; Zagzag et al, 1999). Transgenic overexpression of Ang-2 in mice shows a phenotype 

similar to the one observed in mice lacking Ang-1 or Tie2, supporting the hypothesis that 

Ang-2 acts as an antagonist of Ang-1/Tie2 signalling (Maisonpierre et al, 1997). Ang-2 

deficient mice show different phenotype strain-dependent. Ang-2 deficient mice in 129/J 

background die 14 days after birth (Gale et al, 2002), while Ang-2 deficient mice in C57/BL6 

background are viable, they have few vascular defects (hyaloid vessels in eye lens do not 

regress after birth, supporting the thesis of Ang-2 involved in remodelling vessels) and 

develop problem in the lymphatic system as a severe chylous ascites (Fiedler et al, 2006; 

Shimoda et al, 2007). The genetic Ang-1 knock in in Ang-2 locus rescues the phenotype of 

Ang-2 in the lympathic system, but not in the vascular remodelling defects; for this reason 

Ang-2 appears to be agonist ligand in the lympathic system but antagonist in the vessel one 

(Gale et al, 2002). Ang-2 is highly expressed during inflammation: Ang-2 level increases 

from a basal level of 1-2 ng/ml up to 30 ng/ml during sepsis and it also been found 

upregulated during neovascularization that occurs in arthritis and psoriasis (Fearon et al, 

2003; Kuroda et al, 2001; Parikh et al, 2006). Ang-2 is associated to VEGF expression in the 

sites of vessels remodelling, together they induce Angiogenesis and matrix metalloproteases 

release (Etoh et al, 2001), on the contrary Ang-2 in the absence of VEGF induces vessel 

regression (Holash et al, 1999). 

Angiopoietin-3 and Angiopoietin-4 

Ang-3 and Ang-4 were found by homology cloning in virtue of the primary structure 

similarities to Ang-1 and Ang-2 and for their ability to bind Tie2. Mouse Ang-3 and human 

Ang-4 are orthologues and until now poor characterized (Valenzuela et al, 1999). Ang-3 is 

found tethered on the cell surface via heparin sulphate proteoglycans, it is expressed at low 

levels in many tissues and it can phosphorylate Tie2 in mouse endothelial cells but not in 

human ones. Ang-4 is highly transcripted only in lung tissue and it induces Tie2 

phosphorylation in human endothelial cells (Lee et al, 2004) 
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Tie receptors 

Structure and expression of Tie receptors 

Tyrosine kinase with Ig and EGF homology domain (Tie) receptors, representing the second 

specific ECs surface receptors identified, are tyrosine kinase receptors involved in angiogenic 

processes and they are almost exclusively expressed on ECs. Tie1 and Tie2 are single 

membrane receptors composed by an amino-terminal extracellular region and by an 

intracellular region. The amino-terminal region presents: two immunoglobulin-like (Ig) 

domains, three endothelial growth factor (EGF)-like repeats, another Ig domain and three 

fibronectin type III repeats. Crystal analysis shows that the three Ig domains and the three 

EGF domains interact to form an arrowhead shape structure (Barton et al, 2006) and that the 

second Ig domain seems to be the one responsible for Ang-1 and Ang-2 binding (Fiedler et al, 

2003). The intracellular region is formed by a split tyrosine kinase domain (Schnurch & 

Risau, 1993) (Figure V). 

Tie1 and Tie2 are found co-expressed in vascular and lympathic ECs. Tie2 is constitutively 

expressed while Tie1 transcription seems to be subjected to regulation, as a matter of fact 

Tie1 mRNA is highly expressed in some cancer progression and in sites of turbulent blood 

flow (Kaipainen et al, 1994; Porat et al, 2004). 

Tie receptors have also been found in haematopoietic cells (megakaryocytes and 

haematopoietic stem cells in the bone marrow), in some monocytes related to cancer known 

as Tie2-expressing monocytes (TEMs) and in some types of tumour cells (De Palma et al, 

2005; De Palma et al, 2003).  

 

Figure V. Structure of Tie receptors. Tie receptors are single membrane 

receptor tyrosine kinases. The extracellular portion comprises two 

immunoglobulin –like (Ig) domains, followed by three endothelial growth 

factor (EGF)-like repeats, another Ig domain and three fibronectin type III 

repeats. The second Ig domain is responsible for the ligand binding. The 

intracellular portion is composed of a split tyrosine kinase domain. Tie1 and 

Tie2 share an homology of 76% in the intracellular portion and 33% of 

homology in their extracellular portion (Augustin et al, 2009) 



11 

Tie2 activation 

The binding of Ang-1 to Tie2 leads to receptor dimerization and activation. Following 

dimerization the tyrosine residues present on the kinase domain of the intracellular region 

become phosphorylated and the adaptor proteins bind to them initiating different signal 

cascades. Growth factor receptor-bound protein 2 (Grb2), Grb7, Grb14, Src homology-2 

domain-containing phosphatase (SHP2) and p85, which is the regulatory subunit of phosho-

inositide 3-kinase (PI3K), are well known adaptor proteins which interact with Tie2 via Src 

homology-2 (SH2) domain (Augustin et al, 2009). 

Ang-1/Tie2 signalling can induce survival in resting ECs by activating PI3K/Akt pathway but 

it may induce also migration in isolated non-resting ECs by activating mitogen-activated 

protein kinase (MAPK). In the first case Ang-1 induces the translocation of Tie2 to cell-cell 

junctions and the formation of in trans Tie2 complexes between neighbouring cells. These 

phenomena lead to stable association between Tie2 and vascular endothelial-phosphotyrosine 

phosphatase (VE-PTP) resulting in inhibition of permeability, additionally Akt is activated 

leading to survival and maturation of endothelium via endothelial Nitric Oxide Synthase 

(eNOS). In isolated migrating endothelial cells Ang-1 induces the translocation of Tie2 at the 

rear side of ECs resulting in migration via the Downstream of tyrosine kinase/ docking 

protein (Dok)-R (Fukuhara et al, 2008; Saharinen et al, 2008).  

ECs survival in quiescent vasculature 

Tie2 activation leads to the recruitment of Grb2 and p85, both of which are reported to 

interact with Tie2 at pTyr-1101 multisubstrate docking site (Jones et al, 1999; Kontos et al, 

1998). Phosphorylation of p85, as subunit of PI3K, induces Akt activation which promotes 

the survival pathway through the activation of eNOS and survivin and through the 

suppression of proteins involved in apoptosis such as caspase-9 and BAD (DeBusk et al, 

2004; Papapetropoulos et al, 2000). Moreover Akt phosphorylates the forkhead transcription 

factor (FOXO) 1; the phosphorylated form of FOXO1 fails to enter in the nucleus resulting in 

the inhibition of its transcription factor activity. FOXO1 induces Ang-2 transcription, 

consequently Ang-1/Tie2 signalling inhibits FOXO1-mediated Ang-2 production (Tsigkos et 

al, 2006) (Figure VI).  
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Figure VI. Ang-1/Tie2 signal in endothelial cell quiescence. Ang-1-bound Tie2 

establishes trans complexes with Tie2 expressed on neighbouring cells. This complex leads 

to PI3K activation (PI3K consists of two subunits: a regulatory one p85 and a catalytic one 

p110) which in turn activates Akt. Akt drives an anti-apoptotic effect through activation of 

eNOS and survivin and inhibition of caspase-9 and BAD. Vessels integrity is maintained 

through sequestration of Src which is known to induce VE-cadherin internalization and 

subsequent vessel leakage (Augustin et al, 2009). 

 

ECs activation and migration in non-resting vasculature 

PI3K phosphorylation not only leads to survival through Akt, but it may also induce sprouting 

and migration in non resting endothelium (DeBusk et al, 2004; Jones et al, 1999; Kim et al, 

2000a) like it does on ECs activated by others cytokines (Graupera et al, 2008; Kundra et al, 

1994). Ang-1 induces focal adhesion kinase (FAK) activation via PI3K and secretion of 

proteases. FAK phosphorylation and subsequent activation of paxillin are involved in 

cytoskeletal reorganization while secretions of proteases in degrading extracellular matrix; 

these processes are necessary for cell sprouting (Kim et al, 2000a). Ang-1/Tie2 signalling may 

drive ECs migration also through Dok-R. Upon Ang-1 stimulation, Dok-R interacts with Tie2 

at pTyr-1107 through its phosphotyrosine binding domain (PTB) and results in tyrosine 

phosphorylation itself. 

Phospo-Dok-R recruits rasGAP, Nck and p21-activating kinase (PAK) which increase cell 

motility (Jones & Dumont, 1998; Master et al, 2001).  

Contrasting data on the role of mitogen-actived protein kinase (MAPK) in ECs migration are 

emerged: while in rat aortic ring explants MAPK inhibition attenuated Ang1-mediated 

angiogenesis (Zhu et al, 2002), in cell culture it had no effect on Ang1-mediated endothelial 

cells survival and migration (Fujikawa et al, 1999) (Figure VII a). 
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ECs permeability 

Ang-1/Tie2 signalling acts on resting endothelium to limit permeability, consequently it 

counteracts VEGF/VEGFR-2 signal which causes vessel leakage. Both the signals regulate 

permeability through the distribution of vascular endothelial (VE) cadherin in adherens 

junctions. VEGF signal leads to VE cadherin phosphorylation and subsequent internalization 

from junctional complexes through the activity of the non receptor tyrosine kinase Src. On the 

contrary, Ang-1 signal leads to Src sequestration through the activity of RhoA, a small 

GTPase, and mammalian diaphanous (mDia) thus inhibiting VE cadherin phosphorylation 

and subsequent internalization from junctional structure (Gavard 2008). Additionally in 

confluent endothelium the trans association between Tie2 in neighbouring cells allows the 

interaction between Tie2 and VE-PTP, which inhibits paracellular permeability (Saharinen et 

al, 2008). On the contrary, Ang-2 promotes permeability by inhibiting Src sequestration 

(Augustin et al, 2009) (Figure. VII b). 

Anti-inflammatory activity 

Ang-1/Tie2 pathway also has an anti-inflammatory role by protecting ECs from 

microvascular leakage caused by lipopolysaccharide-induced endotoxic shock (Witzenbichler 

et al, 2005). Moreover Ang-1 inhibits the expression of intercellular adhesion molecule-1 

(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and E-selectin, which are involved 

in leukocytes adhesion to ECs induced by VEGF (Kim et al, 2001).  The Ang-1 mediated 

activation of PI3K/Akt leads to A20-binding inhibitor of NF-kB 2 (ABIN-2) recruitment 

which interferes with the pathway of the nuclear factor kB (NF-kB).  NF-kB induces the 

expression of adhesion molecules responsible for leukocytes adhesion on endothelium 

(Hughes et al, 2003; Jeon et al, 2003) (Figure VII c) 

ECs maturation 

Quiescence and maturation of endothelium require tight association between ECs and 

periendothelial cells. Tie2 seems to be responsible for this association but the precise 

mechanism is still unknown. Ang-1/Tie2 signalling induces ECs production of heparin-

binding epidermal-like growth factor (HB-EGF), hepatocyte growth factor (HGF) and 

serotonin which induce SMCs recruitment in a paracrine way (Iivanainen et al, 2003; 

Kobayashi et al, 2006; Sullivan et al, 2003). Platelet derived growth factor (PDGF) is 

produced by ECs and promotes proliferation of SMCs and pericytes during their recruitment 

to endothelium (Hellstrom et al, 1999). In the mouse retina vasculature, the block of pericyte 

recruitment by an anti-PDGF receptor β (PDGFRβ) antibody is rescued by Ang-1 injection. 

For this reason the activity of Ang-1 in pericyte recruitment seems to act independently from 

PDGF signal (Uemura et al, 2002) (Figure VII d). 
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Figure VII. Ang1/Tie2 signal in endothelial cell activation. a EC migration is activated by PI3K 

through FAK phosphorylation or by Pi3K-independent Dok-R recruitment. b In EC the anti-

permeability effect is mediated by sequestration of Src through the recruitment of mDia and subsequent 

inhibition of VE cadherin internalization. c EC inflammation is inhibited by the recruitment of ABIN-2 

which blocks the NF-kB-mediated expression of adhesion molecules involved in leukocytes adhesion 

on endothelium. d Ang-1/Tie2 signalling mediates vascular maturation through the secretion of HB-

EGF, HGF and serotonin which recruit SMCs and pericytes (Augustin et al, 2009; Jones et al, 1999) 
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Ang-1/Tie2 signalling in physiological condition 

The embryonic capillary plexus begins expansion through Angiogenesis and undergoes 

remodelling and maturation processes between E9.5 and E12.5. These processes comprise the 

recruitment of pericytes, periendothelial cells, which enwrap capillary ECs and of SMCs 

which surround ECs in arteries, arterioles, venules and veins (Augustin et al, 2009). Ang-

1/Tie2 signalling attends at these processes, controlling sprouting Angiogenesis, vascular 

remodelling and transition of ECs from quiescent to active state. Conversely Tie2-/-  and 

Ang-1 -/- mice die between E10.5 and E12.5 due to hemorrhage as a consequence of 

reduction in the number of ECs, failure of the primary vascular plexus to branch and 

differentiate, reduction of  pericytes and SMCs coverage around ECs, decreasing 

haematopoiesis and severe heart defects (Dumont et al, 1994; Patan, 1998; Sato et al, 1995; 

Takakura et al, 1998). 

Tie2 is also found expressed in adult vascular tissues undergoing Angiogenesis as in the 

neovessels of corpus luteum and it has been found overexpressed during active Angiogenesis 

of skin wounds, but it was also found expressed in its active phosphorylated form in the 

mature endothelium of all adult tissues, suggesting a role of Tie2 in the maintenance of 

quiescent adult vasculature  (Wong et al, 1997). 

Moreover Ang-1/Tie2 signalling also has a non vascular function since it is required during 

postnatal bone marrow haematopoiesis but dispensable for embryonic one (Arai et al, 2004; 

Puri & Bernstein, 2003; Takakura et al, 1998). Ang-1/Tie2 system plays a role in maintaining 

haematopoitic stem cells in quiescent state in the bone marrow, indeed Tie2 expressing 

haematopoitic stem cells adhere to Ang-1 expressing osteoblast.  

Besides Tie2 is expressed in some type of neuronal cells and its activation induces their 

survival and mitosis (Kosacka et al, 2005; Valable et al, 2003).  
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Ang-1/Tie2 signalling during pathology 

Recently a large body of evidences has pointed out a role for Ang-1/Tie2 signalling in 

pathological processes.   

For example, TNFα stimulation fails to induce a rapid inflammation in Ang-2 -/- mice knock-

out (Fiedler et al, 2006). Inflammatory leukocytes recruitment on capillary endothelium is a 

multistep sequence and the absence of Ang-2 seems to affect the last part of this process: the 

firm adhesion and the transmigration of leukocytes. Ang-2 itself does not induce transcription 

of pro-inflammatory gene but it can potentiate the pro-inflammatory gene transcription 

induced by TNFα. 
Furthermore, Angiopoietins/Tie2 system is involved in tumour Angiogenesis. In the first step 

of growth, primary tumour utilizes pre-existing host blood vessels, leading to ECs activation 

and release of Ang-2. Consequently to Ang-2 release host blood vessels around tumour 

regress and the resulting tumour hypoxia induces VEGF-mediated Angiogenesis. Conversely 

Ang-2 is found substantially up-expressed in tumour-associated endothelium and the level of 

circulating Ang-2 is a marker of tumour progression for different cancer (Augustin et al, 

2009; Holash et al, 1999). On the contrary, the role of Ang-1 in tumour Angiogenesis is 

controversial. Overexpression of Ang-1 inhibits Angiogenesis and tumour growth in some 

types of cancers, probably by recruitment of mural cells and consequent vessel stabilization 

(Makinde & Agrawal, 2008; Tian et al, 2002); in other cases Ang-1 blockade leads to 

inhibition of tumour growth (Beecken et al, 2000; Stoeltzing et al, 2003). Tie2 and Ang-1 are 

found expressed not only on tumour associated vasculature but also in tumour cells, where 

their interaction may have an anti-apoptotic effect, as reported for neuroblastoma cells 

(Kosacka et al, 2005). TEMs are found associated to tumour and their depletion leads to 

inhibition of tumour Angiogenesis and growth. Hypoxia inside tumour induces Ang-2-

mediated TEMs recruitment and this is could be the explication of TEMs clustering around 

vessels in some kind of tumours (Lewis et al, 2007; Venneri et al, 2007) Also Tie1 has been 

found in its active form in some cancer cells as breast, thyroid and gastrointestinal tumour 

cells (Rees et al, 2007). 

In rheumatoid arthritis Tie2 and Ang-1 are expressed on synovial lining cells, endothelial 

cells, SMCs and fibroblasts, whereas in normal art tissue Tie2 expression is limited to the 

capillary endothelium (Shahrara et al, 2002). Ang-1/Tie2 signalling has a role in rheumatoid 

arthritis progression and arthritic joint destruction. Ang-1 and matrix metalloproteinases 3 

(MMP3) are found highly expressed at the invasive front of rheumatoid pannus. Ang-1 

induces synovial cells proliferation and survival through Akt and the MAPK Erk  pathway 

and moreover it induces proMMP3 secretion, which is involved in cartilage degradation  

(Hashiramoto et al, 2007). 

Ang-1, Ang-2 and VEGF are found highly expressed in the sputum of asthmatic patients, 

specifically the level of Ang-2 and VEGF positively correlates with vascular permeability and 

consequently it may be responsible for inflammatory cells infiltration and SMCs hyperplasia 

typical of asthma disease. On the contrary Ang-1 inversely correlates with vascular 

permeability (Kanazawa et al, 2007). The anti-inflammatory function of Ang-1 makes this 

growth factor a potential therapeutic candidate against asthma. As a matter of fact Ang-1 

could rescue the plasma baseline leakage and inhibit the expression of adhesion molecules 

such VCAM-1 involved in inflammatory cells adhesion on ECs (McDonald, 2001).  
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Integrin 

Integrins structure 

Integrins are heterodimeric cell surface glycoproteins not covalently associated; the two 

molecules are referred as α and β integrin. There are 18 α subunits and 8 β subunits and they 

associate to form at least 24 different heterodimers. The α subunits are trans-membrane 

proteins containing 1000-1200 amino acids, while the β subunits are trans-membrane proteins 

too, but they are shorter, containing 700-800 amino acids. Except for β4 integrin whose 

cytoplasmic domain contains 1000 amino acids, normally the cytoplamic region of integrins 

is short, 30-40 amino acids for α subunits and 40-50 for β subunits. The interaction between 

integrins and extracellular matrix (ECM) is highly promiscuous, different integrins can bind 

to the same ligand, but in some case it has been demonstrated that different integrins, which 

binds the same ligand, can trigger different signals. This is the case of integrin α5β1  that, 

when it binds fibronectin, suppresses cells migration (Giancotti & Ruoslahti, 1990) while 

integrin αvβ6 when binding fibronectin it promotes migration (Thomas et al, 2001).  On the 

other side a specific integrin can bind more than one ligand; this is the case of integrin 

αvβ3 that may bind fibronectin, vitronectin, thrombospondin, tenascin-C, etc (Hynes, 1992). 

This could result in a cell advantage when the signal internalized by the specific integrin is 

more important than the specific ECM encountered by the cells. Integrins may also mediate 

cell-cell interaction, such as when they bind to intercellular adhesion molecules (ICAMs) to 

mediate leukocytes adhesion to endothelium at sites of inflammation or platelet aggregation 

(McEver, 2001). 

Integrin activation 

Integrins exist in two forms: an ‘inactive’ form in which the integrin is not able to adhere to 

ECM and an ‘active’ form in which the integrin can bind the ligand, form clusters and 

associate with cytoskeleton (Woodside et al, 2001). The actual model proposes that α and 

β integrin interacts to form a heterodimer with a global shape of a large head on two legs. The 

head is formed by a β−propeller domain of the α subunit and a β−propeller domain of the 

β subunit. The ligand-binding pocket resides in the interface between the two β−propeller 

domains. The legs consist of the remaining domains, tightly packed to form straight stalks. 

The ‘inactive’ integrin has a bent conformation in which the head and consequently its ligand-

binding pocket is very close to the plasma membrane. In this shape, integrin can not bind the 

ligand. Upon addiction of manganese, which binds the metal ion-dependent adhesion site 

(MIDAS) in the head region, or addiction of a high affinity ligand, integrins becomes 

activated and assume a stretch conformation, where ligand-binding pocket is accessible to 

ligands. ‘Inactive’ integrin have α and β cytoplasmic domains close to each others; disruption 

of this interaction leads to integrin activation. Talin binding to β cytoplasmic domain is a 

proposed mechanism involved in α and β cytoplasmic domains separation. This separation 

induces stretching of the extracellular domains and consequently active conformation of the 

head region. This integrin activation is referred to ‘inside-out’ signalling (Liddington & 

Ginsberg, 2002; Takagi & Springer, 2002) (Figure VIII). Upon activation integrins form 

clusters and recruit structural proteins as vinculin and α−actinin, adaptor proteins as Shc and 

signalling proteins as c-Src, FAK and paxillin. Integrins form focal structures (focal contacts, 

focal adhesion and fibrillar adhesion) and propagate tensional force between ECM and 

cytoskeleton (Miranti & Brugge, 2002; Sastry & Burridge, 2000).  It has also been reported 

that growth factors can promote integrin activation. VEGF activates αvβ3 on HUVECs, 
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increasing adhesion and migration (Byzova et al, 2000). Physiological concentrations of 

PDGF can activate αvβ3 on oligodendrocytes and it can promote cell survival on vitronectin, 

a αvβ3 ligand. In absence of PDGF activation of integrin αvβ3 can be induced by cation 

Mn
2+ 

 (Baron et al, 2002).
 
Integrin activation independently from the stimulus, seems to be 

mediated by talin, a cytoskeletal protein whose interaction with the cytoplasmic domain of β  
subunit activates integrins (Tadokoro et al, 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure VIII. Integrin activation. Integrin transition between ‘inactive’ form (bent conformation where 

the ligand-binding pocket is not accessible to the ligand) and ‘active’ form (stretch conformation where 

ligand-binding pocket is accessible to ligand and cytoplasmic regions are separated) (McCleverty & 

Liddington, 2003).  

 

Integrins and Angiogenesis  

Endothelial integrin adhesion receptors have emerged as critical mediators and regulators of 

Angiogenesis and vascular homeostatis. Integrins allow the interaction of endothelial cells 

with surrounding extracellular matrix necessary for cell adhesion, migration, positioning and 

signal transduction, events essential for cell survival, proliferation and differentiation which 

occur during Angiogenesis (Ruegg & Mariotti, 2003). Many works highlight the importance 

of integrins in embryonic and post-natal Angiogenesis, overall in association with the activity 

of growth factors receptors.  

The combine signal of integrins and growth factor receptors is fundamental in endothelial 

activation and neovascularization (Serini et al, 2008a; Serini et al, 2008b). The majority of the 

signalling pathways activated by integrins are also activated by growth factor receptors and 

consequently an interaction between the two signals lead to an increase in specificity and 

control over the cell response. In many cases, the signals internalized by growth factor 

receptors are amplified when ECs are attached to ECM (Somanath et al, 2007). 

For example integrin α5β1 has a fundamental role in Angiogenesis. α5β1−deficient mice die 

early during embryogenesis as a consequence of vascular and cardiac defects, moreover the 

deposition of fibronectin, ligand of α5β1,  on basal membrane is impaired. Embryod bodies 

formed by embryonic stem cell α5 −/− show an impaired vascular plexus formation (Francis 

et al, 2002). It has also been reported a stable association between integrin α5β1 and Tie2.  

Engagement of integrin α5β1 by fibronectin increases integrin interaction with Tie2, resulting 

in receptor phosphorylation in response to low concentrations of Ang-1 (Cascone et al, 2005). 

ECs during Angiogenesis adhere on a provisional ECM rich in vitronectin and fibrinogen 
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through integrin αvβ3 (Byzova et al, 2000; Mahabeleshwar et al, 2007). Ligation of integrin 

αvβ3 promotes ECs proliferation, survival and motility (Eliceiri et al, 1998; Leavesley et al, 

1993; Scatena et al, 1998). Stimulation of ECs with VEGF results in formation of a complex 

between VEGFR2 and integrin αvβ3.  Two β3 cytoplasmic tyrosine residues are required for 

this association, consequently the mutation of both abolishes this interaction and impairs 

VEGFR2 activity upon VEGF stimulation (Mahabeleshwar et al, 2006). The collagen 

receptors, integrins α1β1 and α2β1, are implicated in Angiogenesis too. They result up-

regulated by angiogenic growth factors; functional antibodies against them inhibit 

Angiogenesis in in vivo models and mice deficient for integrin α1β1 show impaired tumour 

Angiogenesis (Hong et al, 2004; Senger et al, 1997; Senger et al, 2002).   

Integrins signalling pathways in the vascular system 

Integrin signalling is fundamental to regulate Angiogenesis. Endothelial cells express at least 

11 different integrins (Karaoz et al, 1996; Korhonen et al, 1990; Sobel et al, 1998). Among 

them α1β1, α2β1, α3β1, α6β1, α8β1, α9β1, αvβ1 and α6β4  are receptors for collagens and 

laminins and for this reason they mediate interaction between endothelial cells and basal 

membrane in mature vasculature. On the contrary α5β1 αvβ3 and αvβ5 are absent from the 

basal membrane of mature vasculature but they are present in endothelium undergoing 

Angiogenesis. Integrins have no intrinsic enzymatic activities but they trigger cell response 

through the recruitment of signalling molecules such as Src family kinases, FAK, PI3K, small 

GTPases and phosphatases (Giancotti & Ruoslahti, 1999). The main signalling pathways 

activated in ECs during Angiogenesis involve MAPK, NF-kB, Rho-family GTPases and 

PKB/Akt. 

MAPK. Upon ligand binding, integrins can activate Ras-MAPK signalling leading to MAPKs 

translocation in the nucleus and consequently regulation of genes involved in cell 

proliferation, migration and survival. Integrin-mediated MAPK activation may be obtained 

through two different pathways: 1) FAK autophosphorylation at 
397

Y associates with Fyn and 

Yes, belonging to Src-family kinases, which further phosphorylate it on
925

Y, allowing the 

binding of the complex Grb2-Sos and activation of MAPK through Ras (Schaller et al, 1994; 

Schlaepfer et al, 1994). 2) FAK-independent Fyn and Yes activation leads to Shc-mediated 

Grb2-Sos complex recruitment (Wary et al, 1996; Wary et al, 1998). The importance of 

integrins-mediated MAPK activation is proved in Chorion Allantoid Membrane (CAM) 

model where new Angiogenesis is affected by inhibition of αvβ3 through antagonist or 

chemical inhibitors (Eliceiri et al, 1998). 

NF-kB. NF-kBis a transcription factor which regulates immune response and promotes 

inflammation in tumours (Karin et al, 2002).  It has been reported that binding of osteopontin 

to integrin αvβ3 leads to NF-kB activation and consequently endothelial cells protection from 

apoptosis (Scatena et al, 1998). 

Rho-family GTPases. Rho, Rac and cdc42 are small GTPases which regulate actin 

polymerization and turnover, essential processes for the formation of stress fibers, focal 

adhesions, lamellipodia and filopodia. Integrin ligation activates Rho GTPases: in particular 

integrin αvβ3 activates cell migration and Angiogenesis through Rac and its effector protein 

p21 activated kinase 1 (PAK1) (Kiosses et al, 1999). Rac is also involved in integrin αvβ3 

recruitment to lamellipodia and consequent formation of focal adhesion at the leading edge 

(Kiosses et al, 2001) and in endothelial cell proliferation following integrin α5β1 binding to 

fibronectin (Mettouchi et al, 2001). 

PKB/Akt. PKB/Akt is a serine/threonine nonreceptor kinase, activated in a PI3K dependent 

way and involved in cellular fundamental processes as glucose metabolism, transcription, 

proliferation, migration and survival.  
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In ECs many growth factors, such as VEGF and Ang-1, activate Akt but only when integrins 

are engaged (Fujio & Walsh, 1999); moreover integrin ligation activates directly PKB/Akt 

through FAK and Integrin-linked kinase (ILK) (Attwell et al, 2000; Sonoda et al, 2000). 
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MATERIALS AND METHODS 

Reagents and Antibodies 

Human recombinant Angiopoietin-1 was purchased from R&D Systems (923-AN/CF 

Minneapolis MN). For protein detection, primary antibodies anti-pSer473 Akt (Rabbit, # 

4060), anti-Akt (Rabbit, # 4691), anti-Phospho-p44/42 MAPK (Erk 1/2) (Thr202/Tyr204) 

(Mouse, #9106), anti p44/42 MAPK (Erk 1/2) (Rabbit, #9102) were from Cell Signaling 

Technology (Danvers, MA); anti-Tie2/TEK (Mouse, #05-584) was from Upstate (Millipore; 

Billerica, MA); anti-Vinculin (Goat, # 7649) was from Santa Cruz Biotechnology (Santa 

Cruz, CA); anti-α-Tubulin (Mouse, # T-5168), anti-α−Actinin (Mouse, A-5044) were from 

Sigma Aldrich (St. Louis, MO); anti-Phosphotyrosine (Mouse, 05-1050) and anti-human 

integrin alpha 2 (Rabbit, AB1936) were from Millipore (Billerica, MA); anti-integrin alpha 5 

(Rabbit, AB1949) was from Chemicon (Millipore, Billerica, MA). 

HRP-conjugated secondary antibodies used were: anti-Rabbit (#211-032-171, Jackson 

ImmunoResearch Laboratories, Inc.; West Grove, PA), anti-Mouse (#AP124P, Chemicon 

International, Millipore; Billerica, MA) and anti-Goat (# 2020, Santa Cruz Biotechnology; 

Santa Cruz, CA). Extracellular matrix proteins used for plate coating: Collagen solution (C-

8919), Fibronectin (F0895), Vitronectin (V 8379), Fibrinogen (F3879), Poly-DL-lysine 

hydrobromide (P9011) were from Sigma Aldrich (St. Louis, MO).  

Cells and culture conditions 

HUVECs were isolated from umbilical cord vein as previously described (Bussolino et al, 

1992). HUVECs were grown on gelatin-coated plastic, in medium M199 (Sigma Aldrich; St. 

Louis, MO) supplemented with 20% FCS (Gibco, Invitrogen; Paisley, UK), 50 µg/ml Heparin 

(Sigma Aldrich; St. Louis, MO), 2% penicillin-streptomycin solution (Sigma Aldrich; St. 

Louis, MO) and 100 µg/ml bovine brain extract. For time course experiments, long- confluent 

HUVECs were seeded at a density of 20 x 103 cells/cm2 and reached confluence 48 hrs before 

the experiments with last medium change, forming a high density monolayer with mature 

cell-to-cell contacts and absence of gaps between cells (Lampugnani et al, 2006). The day 

before the experiments, sparse cells were seeded at a density of 3,5 x 103 cells/cm2, presenting 

rare cell contacts at the time of experiments. For experiments on ECM-bound cells, cells were 

seeded at a density of 20 x 103 cells/cm2 1hr and 30 min before the experiments, presenting rare 

cell contacts at the time of experiments. HUVEC passages 3-5 were used for the experiments 

and they were maintained at 37°C and 5% CO2. 

293T and Hela were grown in medium DMEM (Sigma Aldrich; St. Louis, MO) supplemented 

with 10% FCS (Gibco, Invitrogen; Paisley, UK), 1% L-Glutamine (Sigma Aldrich; St. Louis, 

MO) and 2% penicillin-streptomycin solution (Sigma Aldrich; St. Louis, MO).  
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Time-course assay 

The day of the experiment, HUVECs were first starved in M199 supplemented with 0,5 % 

BSA for 3 hrs and then they were properly stimulated with Ang-1. For time-course 

experiments, ECs were stimulated at different time points (0’, 10’, 20’, 30’) with 100 ng/ml of 

Ang-1 as indicated. At the end of stimulation, cells were properly processed for subsequent 

analysis. 

Ang-1 stimulation of HUVECs upon ECM binding 

To stimulate HUVECs with Ang-1, collagen type I (5 µg/mL)-, fibronectin (5 µg/mL)-, 

vitronectin (5 µg/mL)-, fibrinogen (10 µg/mL)-, gelatine (5 µg/mL)- and poly-DL-lysine (50 

ng/mL)-coated dishes were used. HUVECs were starved in M199 supplemented with 0,5% 

BSA for 3 hrs, then they were detached from the culture dish and resuspended in M199 

supplemented with 0,5% BSA. The cells were placed on the extracellular matrix-coated 

dishes for 1 hrs and 30’ and then stimulated for 10’ with 20 or 100 ng/mL of Ang-1. At the 

end of stimulation, cells were properly processed for subsequent analysis. 

Western blot analysis 

For whole cell lysates, after appropriate treatment, HUVECs were washed twice with 

cold PBS (Sigma Aldrich; St. Louis, MO) and proteins were extracted with a buffer 

containing 0,5 M Tris-HCl pH 6,8, 5% SDS, 20% glycerol and quantified by BCA assay 

(Pierce; Rockford, IL). Equal amounts of each sample were resolved by SDS PAGE and 

transferred to nitrocellulose membrane Hybond-C Extra (GE Healthcare; Little Chalfont, 

UK). Membranes were then saturated with TBS 10% BSA and incubated with specific 

primary antibodies and proper HRP-conjugated secondary antibodies. Immunocomplexes 

were then visualized by enhanced chemiluminescence 

(ECL) system (Perkin Elmer; Waltham, MA). The immunoreactive bands were visualized and 

quantified using a ChemiDoc XRS charge-coupled device (CCD) camera (Bio-Rad 

Laboratories; Hercules, CA) and Quantity One software. 

Immunoprecipitation 

Cells were washed with cold PBS and lysed in buffer with added protease and phosphatase 

inhibitors (50 µg/mL leupeptin, 10 µg/mL aprotinin, 1 mM phenylmethylsulfonyl fluoride, 

100 µM ZnCl2, 1 mM Na3VO4). To immunoprecipitate Tie2, a buffer containing 10 mM Tris-

HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 1 % Triton X-100, 10% glycerol was used. Lysates 

were incubated with protein G-Sepharose and Ab indicated for 2 hrs at 4°C. After washes, 

immunoprecipitates were resolved by SDS Page and transferred to nitrocellulose membrane 

Hybond-C Extra (GE Healthcare; Little Chalfont, UK). Membranes were then saturated with 

TBS 10% BSA and incubated with specific primary antibodies and proper HRP-conjugated 

secondary antibodies. Immunocomplexes were then visualized by enhanced 

chemiluminescence (ECL) system (Perkin Elmer; Waltham, MA). The immunoreactive bands 

were visualized and quantified using a ChemiDoc XRS charge-coupled device (CCD) camera 

(Bio-Rad Laboratories; Hercules, CA) and Quantity One software. 
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Lentiviral-mediated shRNA knock-down. 

Five different shRNA MISSION RNA interference vectors were obtained for each target gene 

from Sigma. Lentiviral particles were produced by transfecting 293T cells with hairpin-

pLKO.1 vector, second generation packaging plasmid and envelope plasmid. Viral titre was 

calculated by infecting HeLa cells with increasing volumes of the virus preparations and by 

counting viable cells after puromycin selection. The optimal multiplicity of infection (MOI) 

for HUVECs was established at 2 MOI/cell. Cells were infected with lentiviral shRNAs at the 

onset of culture and afterward positively selected with 2.5 µg/ml puromycin. To measure 

silencing efficiency, the level expression of the target proteins were analyzed by Western blot 

analysis 7 days post infection and compared to the expression levels measured in cells 

transduced with lentiviruses carrying MISSION Non-Target shRNA control vector. 

Adhesion assay 

HUVECs were starved in M199 supplemented with 0,5% BSA for 3 hrs. 150 cell/µl were 

plated in absence or presence of 100 ng/mL Ang-1 on 96-well microtiter plates, incubated for 

30’ at 37°C, washed two times with PBS, fixed in 3.7% glutaraldehyde and stained with 0.1% 

crystal violet. The absorbance was read at 595 nm in a spectrophotometer for microtiter plate 

(Synergy HT, Biotek). 
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RESULTS 

Extracellular matrix and cell-to-cell contact modulate angiopoietin-1 
signalling  

During vascular development Ang-1 maintains the vascular integrity exerting an anti-

apoptotic effect on mature vessels by activating Tie2 signalling (Dumont et al, 1994; Sato et 

al, 1995). However, Ang-1 also promotes vascular sprouting and remodelling  in active 

angiogenic endothelium (Hayes et al, 1999; Kim et al, 2000a; Koblizek et al, 1998; 

Witzenbichler et al, 1998). 

To explain these contrasting effects it has been proposed that ECM and cell-to-cell contact 

might differently regulate the signalling pathways activated by Ang-1 

In mature vasculature, endothelial cells tightly contact each others and upon Angiopoietin-1 

stimulation, Tie2 localizes at cell-cell contacts forming Tie2 trans-association bridged by 

Ang-1. On the contrary, during Angiogenesis, cells lose contacts and upon Ang-1 stimulation 

Tie2 localizes at cell-substratum interface, where it is in contact with extracellular matrix. For 

this reason, I analysed Ang-1 signalling in cell confluence conditions or in absence of cell 

contact and adhering on different ECM proteins. 

To analyze how ECM controls Tie2 activation and the downstream signalling by Ang-1, I 

plated ECs on different ECM proteins: collagen type I, fibronectin, vitronectin, gelatine and 

polylysine. Upon Ang-1 stimulation, Tie2 phosphorylation level was higher in ECs adhering 

on ECM that are ligands of integrins, compared to Tie2 activation of ECs adherent to 

polylysine, an electric charged matrix which allows cell adhesion without integrin ligation 

(Figure 1).  

In the same experimental conditions I evaluated the activation of two downstream effectors of 

Tie2: Akt and the MAPK Erk 1/2. The phosphorylation level of both proteins follows the 

trend of Tie2: the activation is higher on ECM compared to polylysine (Figure 2).  

To evaluate the effect of cell-to-cell contact I performed experiments with EC maintained at 

cell confluence for 48 hours termed Long Confluent (LC) compared to EC sparsely seeded for 

24 hours termed as Sparse (S). The phosphorylation of Akt and Erk 1/2, as effectors proteins 

of Tie2 activation, has been analyzed in time course experiment.  

Upon Ang-1 stimulation, the maximal activation of Akt is reached after 10-20 minutes of 

stimulation and slowly decreased after 30 minutes. Moreover Akt phosphorylation is higher in 

the confluent cells than in the sparse cells.  The peak of Erk 1/2 activation is reached after 10 

minutes of stimulation and then it sharply decreases after 20 minutes of stimulation. As Akt, 

Erk 1/2 phosphorylation is higher in the confluent cells than in the sparse cells. I did not 

observe changes in the kinetics of activation of Akt and Erk1/2 in confluent versus sparse 

cells, but rather a quantitative decrease of signal activity specifically in sparse cells (Figure 3). 
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Figure 1. Activation of Tie2 on different Extracellular matrix proteins. Sparse HUVECs adherent 

on different ECM proteins (collagen type I –COLL I-, fibronectin –FN-, vitronectin –VN-, gelatine –

GEL- and polylysine –POLY-LYS) were stimulated with 100 ng/ml Ang-1 for 10 min.  Tie2 was 

immunoprecipitated with a specific antibody and its phosphorylation revealed by a generic 

phosphotyrosine antibody (p-Tyr).  

 

Figure 2. Activation of Akt and Erk on different Extracellular matrix proteins. Sparse HUVECs 

adherent on different ECM proteins (collagen type I –COLL I-, fibronectin –FN-, vitronectin –VN-, 

gelatine –GEL- and polylysine –POLY-LYS) were stimulated with 100 ng/ml Ang-1 for 10 min.  

Phosphorylation of Akt (p-Akt) and Erk (p-Erk) was analysed. 
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Figure 3. Activation of Akt and ERK in confluent and sparse HUVECs. Confluent and sparse HUVECs 

were stimulated with 100 ng/ml Ang-1 for the time indicated (min). Phosphorylation of Akt (p-Akt) and Erk 

(p-Erk) was analysed. Histograms are relative to the time course of Akt and Erk activation. Akt and Erk 

phosphorylation was normalized by tubulin values. The values are the average of three independent 

experiments ± SD.    
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Tie2 signalling is positively modulated by cell adhesion on collagen 
type I and fibronectin  

The above results indicate that activation of the intracellular signalling triggered by Ang1 is 

enhanced in ECs adhering onto different ECM components. To get further insight into how 

cell adhesion may impact Tie2-regulated signal transduction pathways, we decided to expand 

the repertoire of matrix ligands and assess their specific contribution to Ang1-induced 

phosphorylation of Akt and Erk. 

Firstly I evaluated Akt and Erk phosphorylation of ECs adherent to gelatine, collagen type I, 

fibronectin and fibrinogen. Upon stimulation with Ang-1, I observed the higher activation of 

Akt and Erk when HUVECs adhered on collagen type I and fibronectin. The lowest Akt and 

Erk activation is detected on gelatine, while on fibrinogen the phosphorylation of both 

proteins presents a high variability among different experiments, but substantially lower than 

on collagen type I and fibronectin (Figure 4). Besides I also evaluated the activation of Tie2 

signalling pathways when ECs adhered on vitronectin, polylysine and when left in 

suspension. As before, HUVECs reach the maximum activation of Akt and Erk on collagen 

type I and fibronectin, Vitronectin does not enhance Akt and Erk 1/2 phosphorylation 

compared to polylysine, where integrins are membrane exposed but not activated. The lowest 

Tie2 downstream signal is detected when ECs are left in suspension and integrins are not 

exposed on the membrane surface (Figure 5). 
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Figure 4. Activation of Akt and ERK on different extracellular matrix proteins.  Sparse HUVECs 

adherent on different extracellular matrix proteins (gelatine, collagen type I, fibronectin and fibrinogen) 

were stimulated with 20 and 100 ng/ml Ang-1 for 10 min. Phosphorylation of Akt (p-Akt) and Erk (p-

Erk) was analysed. Histograms are relative to Akt and Erk activation for increasing Ang-1 

concentration. Akt and Erk phosphorylation was normalized by tubulin values. The values are the 

average of three independent experiments ± SD.    

 

 

Figure 5. Activation of Akt and ERK in different adhesion condition.  Sparse HUVECs in 

suspension or adherent on different extracellular matrix proteins (polylysine, collagen type I, fibronectin 

and vitronectin) were stimulated with 100 ng/ml Ang-1 for 10 min. Phosphorylation of Akt (p-Akt) and 

Erk (p-Erk) was analysed. Histograms are relative to Akt and Erk activation, the highest values are 

highlighted with rectangles. Akt and Erk phosphorylation was normalized by tubulin values. 
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Down-regulation of integrin αααα2 affects Tie2 signalling  

Ang-1 signalling is preferentially enhanced when ECs are plated on collagen type I. The most 

abundant collagen receptor on EC is the integrin α2β1, then I decided to evaluate whether this 

integrin can affect Tie2 signalling in ECs. I silenced ECs for integrin α2 by infection with 

lentiviruses. I tested 5 different lentiviruses, each containing a plasmid carrying a shRNA able 

to block the translation of integrin α2 mRNA. Among them I decided to use shRNA Itg α2 

#30 and #31; they reduce integrin α2 to 30% and 11% of the wild type expression. ECs 

infected with lentivirus containing scramble shRNA, a control shRNA which does not affect 

Itg α2 translation, present a small increase in the protein expression (107%) compare to ECs 

wild type. Infection of ECs with shRNA Itg α2 #28 and #32 decreases Itg α2 to 89% and 81% 

of the wild type expression. shRNA Itg α2 #29 increases Itg α2 up to 156% of wild type level 

(Figure 6). 

Next I evaluated Akt and Erk 1/2 phosphorylation, as Tie2 downstream signals, in ECs 

silenced for integrin α2 versus control ECs. The protein activation was evaluated on collagen 

type I, fibronectin, vitronectin and polylysine. Upon Ang-1 stimulation, Akt phosphorylation 

was higher in control ECs compared to ECs silenced for integrin α2 not only on collagen type 

I but also on fibronectin and vitronectin. Akt phosphorylation was directly proportional to the 

quantity of integrin α2 (107% ctrl > 30% #30 > 11% #31). As for Akt, Erk phosphorylation 

was higher in control ECs compared to ECs silenced for integrin α2 on the extracellular 

matrix tested. Erk 1/2 phosphorylation was directly proportional to the quantity of integrin α2 

expressed by the cells (107% ctrl > 30% #30 > 11% #31) (Figure 7).  
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Figure 6. Integrin alpha 2 silencing. Western blotting of integrin alpha 2 in HUVECs infected with 

alpha 2 sh-RNA. The bar graph shows alpha 2 silencing percentage.  
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Figure 7. Akt and Erk activation in α2-silenced ECs for integrin alpha 2 versus control. Akt and 

Erk phosphorylation was evaluated in α2-silenced ECs versus control. ECs adherent on collagen type I, 

fibronectin and vitronectin were stimulated with 100 ng/ml of Ang-1 for 10 min. Histograms are 

relative to Akt and Erk activation. Akt and Erk phosphorylation was normalized by total Akt and total 

Erk respectively. The values are the average of three independent experiments ± SD.    
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Integrin αααα5 regulates Tie2 signalling on fibronectin  

Integrin α5β1 and αvβ3 are the main receptors for fibronectin on ECs. Since integrin αvβ3 

binds vitronectin too and vitronectin seems not to modulate Tie2 signalling, I decided to 

silence ECs for integrin α5 to evaluate how Akt and Erk 1/2 activation was affected. 

HUVECs were infected with 4 lentiviruses each containing a plasmid carrying a shRNA able 

to block the translation of integrin α5 mRNA. Among them I decided to use shRNA Itg α5 

#52; this shRNA is able to reduce integrin α5 to 12% of the wild type expression. ECs 

infected with lentiviruses containing scramble shRNA, a control shRNA which does not 

affect Itg α5 translation, showed a fine increase in integrin expression (105%) compare to 

ECs wild type. ECs infected with shRNA Itg α5 #49, #50 and #51 showed a decrease in Itg 

α5 expression of 60% compared to the wild type expression (Figure 8). 

Akt and Erk 1/2 phosphorylation were analysed in ECs silenced for integrin α5 versus control 

ECs. I evaluated protein phosphorylation not only on fibronectin but also on collagen type I 

and vitronectin. Akt and Erk 1/2 activation decreased in ECs silenced for integrin α5 

compared to control ECs on the extracellular matrix tested an effect particularly evident for 

Akt and Erk 1/2 activation on fibronectin (Figure 9). These data confirm that in endothelium 

the complex formed by integrin alpha 5-fibronectin and Tie2 positively co-operate in signal 

transduction. Moreover, based on the results shown in Fig. 7, also α2 integrin appears to 

participate to fibronectin-dependent potentiation of Tie2 signalling.   
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Figure 8. Integrin α5α5α5α5 silencing. Western blotting of α5 in HUVECs infected with  shRNA α5. The bar 

graph shows α5 silencing percentage. 
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Figure 9. Akt and Erk activation in αααα5-silenced ECs versus control. Akt and Erk phosphorylation 

was evaluated in α5-silenced ECs versus control. ECs adherent on collagen type I, fibronectin and 

vitronectin were stimulated with 100 ng/ml of Ang-1 for 10 min. Histograms are relative to Akt and Erk 

activation. Akt and Erk phosphorylation was normalized by tubulin values. The values are the average 

of three independent experiments ± SD.    
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Tie2 is necessary for Akt and Erk 1/2 activation in response to Ang-
1 stimulation 

Integrins also can bind growth factors and trigger biological processes similar to the ones 

triggered by RTK. It has been described that a truncated monomeric form of the Ang-1 is not 

able to activate Tie2 but can bind integrin α5β1 activating adhesion and promoting MAPK 

activation (Weber et al, 2005).      
For this reason I decided to verify if Tie2 is dispensable for Akt and Erk activation. HUVECs 

were infected with 5 lentiviruses each containing a plasmid carrying a shRNA able to block 

the translation of Tie2 mRNA. Among 5 shRNA tested, I decide to use shRNA Tie2 #14, 

which reduced Tie2 expression to less than 20% of wild type. Scramble shRNA, used as 

control, slightly reduced Tie2 expression (80%) and shRNA Tie2 #13 and #12 reduced Tie2 

expression to 45% of wild type. HUVECs infected with lentiviruses containing shRNA Tie2 

#15 and #16 did not survive to the following selection with puromicin which guarantees that 

the infection had worked (Figure 10). 

Akt and Erk 1/2 phosphorylation was evaluated in control ECs and in Tie2-silenced ECs. The 

protein activation was analysed on different extracellular matrix proteins (collagen type I, 

fibronectin, vitronectin and polylysine). The basal level of untreated cells showed that Akt 

and Erk 1/2 activation is higher in ECs silenced for Tie2 compared to the control. On the 

contrary, receptor Tie2 was indispensable to trigger Ang-1 mediated Akt and Erk 

phosphorylation. Akt and Erk activation did not increase over the basal level on all 

extracellular matrix tested in Tie2-silenced ECs (Figure 11).  
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Figure 10. Tie2 silencing. Western blotting of Tie2 in HUVECs infected with Tie2 sh-RNA. The bar 

graph shows Tie2 silencing percentage.  

 

 

Figure 11. Akt and ERK activation in Tie2-silenced ECs versus control. The phosphorylation of Akt 

(P-Akt) and Erk (P-Erk) was evaluated in control and Tie2-silenced ECs. ECs adherent to different 

extracellular matrix proteins were stimulated with 100 ng/ml of Ang-1 for 10 min. Akt and Erk 

phosphorylation was normalized by tubulin values. 
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Ang-1 enhances HUVECs adhesion on collagen type I and 
fibrinogen but not on fibronectin  

In endothelial cells growth factors increase integrins adhesion through a mechanism known as 

‘inside-out’ activation, as it has been showed for integrin αvβ3 upon VEGF stimulation 

(Prasad et al, 2003). For this reason I verified if Ang-1enhances integrin-mediated HUVECs 

adhesion. Adhesion assay was performed on collagen type I, fibrinogen and fibronectin. The 

presence of Ang-1 enhanced HUVECs adhesion on collagen type I at the concentration of 

10µg/ml (p<0.01), 0.5 and 5 µg/ml (p<0.05). Ang-1 significantly increased HUVECs 

adhesion also on fibrinogen at the concentration of 0.5 (p<0.01), 1, 10 and 20 µg/ml (p<0.05), 

while Ang-1 did not enhance HUVECs adhesion on fibronectin, except at the concentration of 

0.5µg/ml. This demonstrated that at least for integrins α1β1 and α2β1, receptors for collagen 

type I, and for integrin αvβ3, receptor for fibrinogen, Ang-1 enhanced integrin activation and 

consequent ligand binding. On the contrary Ang-1 stimulation did not enhance integrin 

α5β1 ligation to fibronectin (Figure 12). 

 

 

Figure 12. Effect of Ang-1 on HUVECs adhesion. The three panels show the increase of HUVECs 

adhesion induced by Ang-1 (100 ng/ml) versus unstimulated HUVECs to different concentration of 

collagen type I, fibrinogen and fibronectin. The experiment was performed in triplicate. Statistical 

significance (*, P < 0.05, **, P < 0.01) shows increased HUVEC adhesion induced by Ang-1 compared 

to untreated cells. The values are the average of three independent experiments ± SD.    
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DISCUSSION 

Angiogenesis is a multistep process finely controlled by vascular specific growth factors. 

Vascular Endothelial Growth Factor (VEGF) is the most critical vascular growth factor and it 

is required to initiate the formation of immature vessels. Subsequently Angiopoietin-1 and 

ephrinB2 regulate the vessel remodelling and maturation. Angiopoietin-1 is a specific ligand 

of Tie2 receptor. Tie2 activation promotes vessel assembly and maturation by mediating 

survival signals and regulating the recruitment of mural cells (Thomas & Augustin, 2009). 

Moreover Ang-1/Tie2 system plays an active role in adult Angiogenesis in physiological 

condition such as in the endothelium of rat ovary and in healing rat skin wounds (Wong et al, 

1997) and in pathological one such as in the endothelium of human breast cancer (Hayes et al, 

2000). To shed light on the molecular mechanisms which allow Angiopoietin-1 to promote 

either Endothelial Cells (ECs) survival in quiescent vasculature and sprouting Angiogenesis 

in active endothelium, the Ang-1-dependent activation of signalling pathway was analysed in 

confluent ECs, an in vitro condition which mimics quiescent mature endothelium where 

mature cell-to-cell contacts are present, and in sparse and ECM-bound ECs, an in vitro 

condition which resembles endothelium during Angiogenesis. 

In confluent ECs Ang-1 signalling, analysed in term of Akt and MAPK Erk 1/2 

phosphorylation, was substantially higher than in sparse cells, proving that mature cell-to-cell 

contacts strengthen the activated pathways. VE-Cadherins are the major transmembrane 

component of endothelial adherens junctions and they may regulate Tie2 signalling as they do 

for VEGFR-2. Indeed it has been reported that when VE-Cadherin is clustered at cell-cell 

contacts as in confluent culture the two proteins can form a complex, resulting in a reduction 

in VEGFR-2 tyrosine phosphorylation. Surprisingly this reduced tyrosine phosphorylation 

affects MAPK-dependent proliferation but enhance the survival pathways (Lampugnani & 

Dejana, 2007). However, my experiments did not show a differential activation of MAPK and 

AKT pathways upon Ang-1 stimulation in sparse and confluent cells. Although previously 

evidence suggested that cell-to-cell contact preferentially activated Akt pathway following 

stimulation of EC with a potent Ang-1 variant (COMP-Ang-1) (Fukuhara et al, 2008; 

Saharinen et al, 2008), I also observed an increase of MAPK activation in confluent cells. 

Anyway my data are obtained with native Recombinant human (Rh)-Ang-1 and this could 

affect EC outcomes. 

In sparse ECs Ang-1 signalling is enhanced by integrin-dependent adhesion on interstitial 

ECM proteins. Collagen type I, ligand of integrin α2β1, and fibronectin, ligand for integrin 

α5β1 and αvβ3,  maxime Ang-1 signalling. For this reason I decided to verify whether and 

where down-regulation of integrin α2 and α5 affects Ang-1 signalling.  

The knocking-down of integrin α2 affects Ang-1 signalling and unexpectedly this effect is 

observed not only when cells adhere on its ligand collagen type I, but also when cells adhere 

on other unspecific ECM. These evidences demonstrated that integrin α2 positively regulates 

Ang-1/Tie2 signalling, as it has already been demonstrated for VEGFR-2 where integrin 

α2β1 activation provides an important support to VEGF signalling, endothelial cell migration 

and tumour Angiogenesis (Senger et al, 2002). 

The reduction in integrin α5 level decreases Ang-1 signalling and the signal detretment is 

more evident when cells adhere on fibronectin, its specific ligand. As for the down-regulation 

of integrin α2, the absence of integrin α5  also affects the signalling on unspecific ECM, 

although the effects are less important. My results provide evidence that Ang-1-dependent 

Tie2 signalling is increased by integrin α5β1. These data are in agreement with Cascone’s 
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work (Cascone et al, 2005) which demonstrated that Tie2 and integrin α5β1 constitutively 

associate and that integrin binding to fibronectin augments this association.  

Although I do not have proof of a direct action of integrin α2 and α5 on regulation of Ang-1-

dependent Tie2 pathways, their absence affect ECs Ang-1/Tie2 signalling either in their un-

ligated form, as testified by signal down-regulation on unspecific ECM, either in their ligated 

form upon collagen type I and fibronectin binding.  

Integrin can bind growth factor and trigger biological processes as RTK as the case for a 

monomeric form of Ang-1 which can not activate Tie2 but it can promote integrin 

α5β1−dependent ECs adhesion and MAPK activation (Weber et al, 2005). 

Moreover, function-blocking antibodies against β1, α5 and αvβ5 abolish fibroblast adhesion 

to Ang-1 and consequent MAPK activation (Carlson et al, 2001).  For this reason I tested the 

possibility that integrins can trigger Ang-1 signalling independently by Tie2 presence. Upon 

Ang-1 stimulation, Akt and Erk phosphorylation was evaluated in stable Tie2-silenced ECs 

compared to wild type ECs. No Akt and Erk activation was detected in Tie2-silenced ECs on 

any ECM tested, proving that Tie2 is indispensable to trigger Ang-1 signalling. 

Thus in our in vitro model where HUVECs mimics angiogenic endothelium and quiescent 

mature vasculature the Ang-1 signalling is enhanced in presence of cell-cell contacts and in 

sparse ECs by integrin-mediated adhesion on ECM. Among integrins, α2β1 and α5β1 exert a 

positive effect on Ang-1 signalling particularly when bounded to their specific ECM, collagen 

type I and fibronectin respectively. The subsequent down-regulation of integrin α2 and 

α5 confirms their positive role in potentiating Ang-1 signalling and demonstrates that they 

can exert this function also in their un-ligated form. My data provide evidences that integrins 

alone can not trigger Ang-1 signalling, Tie2 receptor results indispensable to internalize the 

growth factor message. 

My data confirm that Ang-1/Tie2 signalling can be modulated in confluent culture condition, 

which mimic quiescent endothelium, by cell-to-cell contacts and in sparse and ECM-bounded 

ECs, which mimic angiogenic endothelium, by integrin engagement. To confirm and validate 

integrin-dependent positive modulation of Ang-1 signalling, further in vitro and ex vivo 

angiogenic assays should be performed. For this aim it should be useful to counteract Ang-1 

dependent Angiogensis with specific integrin antagonists, such as low molecular weight 

inhibitors and function-blocking antibodies.   



41 

ACKNOWLEDGEMENTS 

First of all, I would like to thank my tutor and supervisor Prof. Federico Bussolino for giving 

me the chance to work in his lab. 

Then I would like to especially thank Dr. Luca Primo for his constant teachings and for his 

support. 

Many thanks to Lucia Napione and Simona Pavan for their teaching, help and contribute to 

this work. 

Many thanks also to Laurina, Giorgio, Roberto and Paolo 

and to all my colleagues, especially to Serena, Sabrina, Federica, Stefania, Alessio, Anna, 

Chiara and Francesca. 

 

I also would like to thank my Parents and all my friends who, although distant, stand by my 

side. 



42 

 

BIBLIOGRAPHY 

Adams RH, Wilkinson GA, Weiss C, Diella F, Gale NW, Deutsch U, Risau W, Klein R 

(1999) Roles of ephrinB ligands and EphB receptors in cardiovascular development: 

demarcation of arterial/venous domains, vascular morphogenesis, and sprouting angiogenesis. 

Genes & development 13: 295-306 

 

Anghelina M, Moldovan L, Moldovan NI (2005) Preferential activity of Tie2 promoter in 

arteriolar endothelium. Journal of cellular and molecular medicine 9: 113-121 

 

Arai F, Hirao A, Ohmura M, Sato H, Matsuoka S, Takubo K, Ito K, Koh GY, Suda T (2004) 

Tie2/angiopoietin-1 signaling regulates hematopoietic stem cell quiescence in the bone 

marrow niche. Cell 118: 149-161 

 

Attwell S, Roskelley C, Dedhar S (2000) The integrin-linked kinase (ILK) suppresses anoikis. 

Oncogene 19: 3811-3815 

 

Augustin HG, Koh GY, Thurston G, Alitalo K (2009) Control of vascular morphogenesis and 

homeostasis through the angiopoietin-Tie system. Nat Rev Mol Cell Biol 10: 165-177 

 

Baron W, Shattil SJ, ffrench-Constant C (2002) The oligodendrocyte precursor mitogen 

PDGF stimulates proliferation by activation of alpha(v)beta3 integrins. The EMBO journal 

21: 1957-1966 

 

Barton WA, Tzvetkova-Robev D, Miranda EP, Kolev MV, Rajashankar KR, Himanen JP, 

Nikolov DB (2006) Crystal structures of the Tie2 receptor ectodomain and the angiopoietin-2-

Tie2 complex. Nature structural & molecular biology 13: 524-532 

 

Beecken WD, Kramer W, Jonas D (2000) New molecular mediators in tumor angiogenesis. 

Journal of cellular and molecular medicine 4: 262-269 

 

Bergers G, Benjamin LE (2003) Tumorigenesis and the angiogenic switch. Nature reviews 3: 

401-410 

 

Adams RH, Wilkinson GA, Weiss C, Diella F, Gale NW, Deutsch U, Risau W, Klein R 

(1999) Roles of ephrinB ligands and EphB receptors in cardiovascular development: 

demarcation of arterial/venous domains, vascular morphogenesis, and sprouting angiogenesis. 

Genes & development 13: 295-306 

 

Anghelina M, Moldovan L, Moldovan NI (2005) Preferential activity of Tie2 promoter in 

arteriolar endothelium. Journal of cellular and molecular medicine 9: 113-121 

 

Arai F, Hirao A, Ohmura M, Sato H, Matsuoka S, Takubo K, Ito K, Koh GY, Suda T (2004) 

Tie2/angiopoietin-1 signaling regulates hematopoietic stem cell quiescence in the bone 

marrow niche. Cell 118: 149-161 

 

Attwell S, Roskelley C, Dedhar S (2000) The integrin-linked kinase (ILK) suppresses anoikis. 

Oncogene 19: 3811-3815 



43 

 

Augustin HG, Koh GY, Thurston G, Alitalo K (2009) Control of vascular morphogenesis and 

homeostasis through the angiopoietin-Tie system. Nat Rev Mol Cell Biol 10: 165-177 

 

Baron W, Shattil SJ, ffrench-Constant C (2002) The oligodendrocyte precursor mitogen 

PDGF stimulates proliferation by activation of alpha(v)beta3 integrins. The EMBO journal 

21: 1957-1966 

 

Barton WA, Tzvetkova-Robev D, Miranda EP, Kolev MV, Rajashankar KR, Himanen JP, 

Nikolov DB (2006) Crystal structures of the Tie2 receptor ectodomain and the angiopoietin-2-

Tie2 complex. Nature structural & molecular biology 13: 524-532 

 

Beecken WD, Kramer W, Jonas D (2000) New molecular mediators in tumor angiogenesis. 

Journal of cellular and molecular medicine 4: 262-269 

 

Bergers G, Benjamin LE (2003) Tumorigenesis and the angiogenic switch. Nature reviews 3: 

401-410 

 

Bussolino F, Di Renzo MF, Ziche M, Bocchietto E, Olivero M, Naldini L, Gaudino G, 

Tamagnone L, Coffer A, Comoglio PM (1992) Hepatocyte growth factor is a potent 

angiogenic factor which stimulates endothelial cell motility and growth. The Journal of cell 

biology 119: 629-641 

 

Byzova TV, Goldman CK, Pampori N, Thomas KA, Bett A, Shattil SJ, Plow EF (2000) A 

mechanism for modulation of cellular responses to VEGF: activation of the integrins. 

Molecular cell 6: 851-860 

 

Carlson TR, Feng Y, Maisonpierre PC, Mrksich M, Morla AO (2001) Direct cell adhesion to 

the angiopoietins mediated by integrins. The Journal of biological chemistry 276: 26516-

26525 

 

Carmeliet P (2000) Mechanisms of angiogenesis and arteriogenesis. Nature medicine 6: 389-

395 

 

Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L, Gertsenstein M, Fahrig M, 

Vandenhoeck A, Harpal K, Eberhardt C, Declercq C, Pawling J, Moons L, Collen D, Risau 

W, Nagy A (1996) Abnormal blood vessel development and lethality in embryos lacking a 

single VEGF allele. Nature 380: 435-439 

 

Cascone I, Napione L, Maniero F, Serini G, Bussolino F (2005) Stable interaction between 

alpha5beta1 integrin and Tie2 tyrosine kinase receptor regulates endothelial cell response to 

Ang-1. The Journal of cell biology 170: 993-1004 

 

Daly C, Pasnikowski E, Burova E, Wong V, Aldrich TH, Griffiths J, Ioffe E, Daly TJ, Fandl 

JP, Papadopoulos N, McDonald DM, Thurston G, Yancopoulos GD, Rudge JS (2006) 

Angiopoietin-2 functions as an autocrine protective factor in stressed endothelial cells. 

Proceedings of the National Academy of Sciences of the United States of America 103: 

15491-15496 

 



44 

Davis S, Aldrich TH, Jones PF, Acheson A, Compton DL, Jain V, Ryan TE, Bruno J, 

Radziejewski C, Maisonpierre PC, Yancopoulos GD (1996) Isolation of angiopoietin-1, a 

ligand for the TIE2 receptor, by secretion-trap expression cloning. Cell 87: 1161-1169 

 

De Palma M, Venneri MA, Galli R, Sergi Sergi L, Politi LS, Sampaolesi M, Naldini L (2005) 

Tie2 identifies a hematopoietic lineage of proangiogenic monocytes required for tumor vessel 

formation and a mesenchymal population of pericyte progenitors. Cancer cell 8: 211-226 

 

De Palma M, Venneri MA, Roca C, Naldini L (2003) Targeting exogenous genes to tumor 

angiogenesis by transplantation of genetically modified hematopoietic stem cells. Nature 

medicine 9: 789-795 

 

de Vries C, Escobedo JA, Ueno H, Houck K, Ferrara N, Williams LT (1992) The fms-like 

tyrosine kinase, a receptor for vascular endothelial growth factor. Science (New York, NY 255: 

989-991 

 

DeBusk LM, Hallahan DE, Lin PC (2004) Akt is a major angiogenic mediator downstream of 

the Ang1/Tie2 signaling pathway. Experimental cell research 298: 167-177 

 

Dumont DJ, Gradwohl G, Fong GH, Puri MC, Gertsenstein M, Auerbach A, Breitman ML 

(1994) Dominant-negative and targeted null mutations in the endothelial receptor tyrosine 

kinase, tek, reveal a critical role in vasculogenesis of the embryo. Genes & development 8: 

1897-1909 

 

Eliceiri BP, Klemke R, Stromblad S, Cheresh DA (1998) Integrin alphavbeta3 requirement 

for sustained mitogen-activated protein kinase activity during angiogenesis. The Journal of 

cell biology 140: 1255-1263 

 

Etoh T, Inoue H, Tanaka S, Barnard GF, Kitano S, Mori M (2001) Angiopoietin-2 is related 

to tumor angiogenesis in gastric carcinoma: possible in vivo regulation via induction of 

proteases. Cancer research 61: 2145-2153 

 

Fearon U, Griosios K, Fraser A, Reece R, Emery P, Jones PF, Veale DJ (2003) Angiopoietins, 

growth factors, and vascular morphology in early arthritis. The Journal of rheumatology 30: 

260-268 

 

Feistritzer C, Mosheimer BA, Sturn DH, Bijuklic K, Patsch JR, Wiedermann CJ (2004) 

Expression and function of the angiopoietin receptor Tie-2 in human eosinophils. The Journal 

of allergy and clinical immunology 114: 1077-1084 

 

Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O'Shea KS, Powell-Braxton L, Hillan 

KJ, Moore MW (1996) Heterozygous embryonic lethality induced by targeted inactivation of 

the VEGF gene. Nature 380: 439-442 

 

Fiedler U, Krissl T, Koidl S, Weiss C, Koblizek T, Deutsch U, Martiny-Baron G, Marme D, 

Augustin HG (2003) Angiopoietin-1 and angiopoietin-2 share the same binding domains in 

the Tie-2 receptor involving the first Ig-like loop and the epidermal growth factor-like repeats. 

The Journal of biological chemistry 278: 1721-1727 

 



45 

Fiedler U, Reiss Y, Scharpfenecker M, Grunow V, Koidl S, Thurston G, Gale NW, 

Witzenrath M, Rosseau S, Suttorp N, Sobke A, Herrmann M, Preissner KT, Vajkoczy P, 

Augustin HG (2006) Angiopoietin-2 sensitizes endothelial cells to TNF-alpha and has a 

crucial role in the induction of inflammation. Nature medicine 12: 235-239 

 

Fiedler U, Scharpfenecker M, Koidl S, Hegen A, Grunow V, Schmidt JM, Kriz W, Thurston 

G, Augustin HG (2004) The Tie-2 ligand angiopoietin-2 is stored in and rapidly released upon 

stimulation from endothelial cell Weibel-Palade bodies. Blood 103: 4150-4156 

 

Fong GH, Rossant J, Gertsenstein M, Breitman ML (1995) Role of the Flt-1 receptor tyrosine 

kinase in regulating the assembly of vascular endothelium. Nature 376: 66-70 

 

Francis SE, Goh KL, Hodivala-Dilke K, Bader BL, Stark M, Davidson D, Hynes RO (2002) 

Central roles of alpha5beta1 integrin and fibronectin in vascular development in mouse 

embryos and embryoid bodies. Arteriosclerosis, thrombosis, and vascular biology 22: 927-

933 

 

Fujikawa K, de Aos Scherpenseel I, Jain SK, Presman E, Christensen RA, Varticovski L 

(1999) Role of PI 3-kinase in angiopoietin-1-mediated migration and attachment-dependent 

survival of endothelial cells. Experimental cell research 253: 663-672 

 

Fujio Y, Walsh K (1999) Akt mediates cytoprotection of endothelial cells by vascular 

endothelial growth factor in an anchorage-dependent manner. The Journal of biological 

chemistry 274: 16349-16354 

 

Fukuhara S, Sako K, Minami T, Noda K, Kim HZ, Kodama T, Shibuya M, Takakura N, Koh 

GY, Mochizuki N (2008) Differential function of Tie2 at cell-cell contacts and cell-

substratum contacts regulated by angiopoietin-1. Nature cell biology 10: 513-526 

 

Gale NW, Thurston G, Hackett SF, Renard R, Wang Q, McClain J, Martin C, Witte C, Witte 

MH, Jackson D, Suri C, Campochiaro PA, Wiegand SJ, Yancopoulos GD (2002) 

Angiopoietin-2 is required for postnatal angiogenesis and lymphatic patterning, and only the 

latter role is rescued by Angiopoietin-1. Developmental cell 3: 411-423 

 

Giancotti FG, Ruoslahti E (1990) Elevated levels of the alpha 5 beta 1 fibronectin receptor 

suppress the transformed phenotype of Chinese hamster ovary cells. Cell 60: 849-859 

 

Giancotti FG, Ruoslahti E (1999) Integrin signaling. Science (New York, NY 285: 1028-1032 

 

Goede V, Schmidt T, Kimmina S, Kozian D, Augustin HG (1998) Analysis of blood vessel 

maturation processes during cyclic ovarian angiogenesis. Laboratory investigation; a journal 

of technical methods and pathology 78: 1385-1394 

 

Graupera M, Guillermet-Guibert J, Foukas LC, Phng LK, Cain RJ, Salpekar A, Pearce W, 

Meek S, Millan J, Cutillas PR, Smith AJ, Ridley AJ, Ruhrberg C, Gerhardt H, 

Vanhaesebroeck B (2008) Angiogenesis selectively requires the p110alpha isoform of PI3K 

to control endothelial cell migration. Nature 453: 662-666 

 

Hanahan D (1997) Signaling vascular morphogenesis and maintenance. Science (New York, 

NY 277: 48-50 



46 

 

Hanahan D, Folkman J (1996) Patterns and emerging mechanisms of the angiogenic switch 

during tumorigenesis. Cell 86: 353-364 

 

Hangai M, Murata T, Miyawaki N, Spee C, Lim JI, He S, Hinton DR, Ryan SJ (2001) 

Angiopoietin-1 upregulation by vascular endothelial growth factor in human retinal pigment 

epithelial cells. Investigative ophthalmology & visual science 42: 1617-1625 

 

Hashiramoto A, Sakai C, Yoshida K, Tsumiyama K, Miura Y, Shiozawa K, Nose M, Komai 

K, Shiozawa S (2007) Angiopoietin 1 directly induces destruction of the rheumatoid joint by 

cooperative, but independent, signaling via ERK/MAPK and phosphatidylinositol 3-

kinase/Akt. Arthritis and rheumatism 56: 2170-2179 

 

Hayes AJ, Huang WQ, Mallah J, Yang D, Lippman ME, Li LY (1999) Angiopoietin-1 and its 

receptor Tie-2 participate in the regulation of capillary-like tubule formation and survival of 

endothelial cells. Microvascular research 58: 224-237 

 

Hayes AJ, Huang WQ, Yu J, Maisonpierre PC, Liu A, Kern FG, Lippman ME, McLeskey 

SW, Li LY (2000) Expression and function of angiopoietin-1 in breast cancer. British journal 

of cancer 83: 1154-1160 

 

Hellstrom M, Kalen M, Lindahl P, Abramsson A, Betsholtz C (1999) Role of PDGF-B and 

PDGFR-beta in recruitment of vascular smooth muscle cells and pericytes during embryonic 

blood vessel formation in the mouse. Development (Cambridge, England) 126: 3047-3055 

 

Hoeben A, Landuyt B, Highley MS, Wildiers H, Van Oosterom AT, De Bruijn EA (2004) 

Vascular endothelial growth factor and angiogenesis. Pharmacological reviews 56: 549-580 

 

Holash J, Maisonpierre PC, Compton D, Boland P, Alexander CR, Zagzag D, Yancopoulos 

GD, Wiegand SJ (1999) Vessel cooption, regression, and growth in tumors mediated by 

angiopoietins and VEGF. Science (New York, NY 284: 1994-1998 

 

Hong YK, Lange-Asschenfeldt B, Velasco P, Hirakawa S, Kunstfeld R, Brown LF, Bohlen P, 

Senger DR, Detmar M (2004) VEGF-A promotes tissue repair-associated lymphatic vessel 

formation via VEGFR-2 and the alpha1beta1 and alpha2beta1 integrins. Faseb J 18: 1111-

1113 

 

Hughes DP, Marron MB, Brindle NP (2003) The antiinflammatory endothelial tyrosine 

kinase Tie2 interacts with a novel nuclear factor-kappaB inhibitor ABIN-2. Circulation 

research 92: 630-636 

 

Hynes RO (1992) Integrins: versatility, modulation, and signaling in cell adhesion. Cell 69: 

11-25 

 

Iivanainen E, Nelimarkka L, Elenius V, Heikkinen SM, Junttila TT, Sihombing L, Sundvall 

M, Maatta JA, Laine VJ, Yla-Herttuala S, Higashiyama S, Alitalo K, Elenius K (2003) 

Angiopoietin-regulated recruitment of vascular smooth muscle cells by endothelial-derived 

heparin binding EGF-like growth factor. Faseb J 17: 1609-1621 

 



47 

Jeon BH, Khanday F, Deshpande S, Haile A, Ozaki M, Irani K (2003) Tie-ing the 

antiinflammatory effect of angiopoietin-1 to inhibition of NF-kappaB. Circulation research 

92: 586-588 

 

Jones N, Dumont DJ (1998) The Tek/Tie2 receptor signals through a novel Dok-related 

docking protein, Dok-R. Oncogene 17: 1097-1108 

 

Jones N, Master Z, Jones J, Bouchard D, Gunji Y, Sasaki H, Daly R, Alitalo K, Dumont DJ 

(1999) Identification of Tek/Tie2 binding partners. Binding to a multifunctional docking site 

mediates cell survival and migration. The Journal of biological chemistry 274: 30896-30905 

 

Kaipainen A, Vlaykova T, Hatva E, Bohling T, Jekunen A, Pyrhonen S, Alitalo K (1994) 

Enhanced expression of the tie receptor tyrosine kinase mesenger RNA in the vascular 

endothelium of metastatic melanomas. Cancer research 54: 6571-6577 

 

Kanazawa H, Nomura S, Asai K (2007) Roles of angiopoietin-1 and angiopoietin-2 on airway 

microvascular permeability in asthmatic patients. Chest 131: 1035-1041 

 

Karaoz E, Ilgaz C, Erdogan D, Dagdeviren A (1996) The expression of VLA integrins in the 

human thymus. Ann Anat 178: 33-40 

 

Karin M, Cao Y, Greten FR, Li ZW (2002) NF-kappaB in cancer: from innocent bystander to 

major culprit. Nature reviews 2: 301-310 

 

Kim I, Kim HG, Moon SO, Chae SW, So JN, Koh KN, Ahn BC, Koh GY (2000a) 

Angiopoietin-1 induces endothelial cell sprouting through the activation of focal adhesion 

kinase and plasmin secretion. Circulation research 86: 952-959 

 

Kim I, Kim JH, Moon SO, Kwak HJ, Kim NG, Koh GY (2000b) Angiopoietin-2 at high 

concentration can enhance endothelial cell survival through the phosphatidylinositol 3'-

kinase/Akt signal transduction pathway. Oncogene 19: 4549-4552 

 

Kim I, Kwak HJ, Ahn JE, So JN, Liu M, Koh KN, Koh GY (1999) Molecular cloning and 

characterization of a novel angiopoietin family protein, angiopoietin-3. FEBS letters 443: 

353-356 

 

Kim I, Moon SO, Park SK, Chae SW, Koh GY (2001) Angiopoietin-1 reduces VEGF-

stimulated leukocyte adhesion to endothelial cells by reducing ICAM-1, VCAM-1, and E-

selectin expression. Circulation research 89: 477-479 

 

Kim KT, Choi HH, Steinmetz MO, Maco B, Kammerer RA, Ahn SY, Kim HZ, Lee GM, Koh 

GY (2005) Oligomerization and multimerization are critical for angiopoietin-1 to bind and 

phosphorylate Tie2. The Journal of biological chemistry 280: 20126-20131 

 

Kiosses WB, Daniels RH, Otey C, Bokoch GM, Schwartz MA (1999) A role for p21-

activated kinase in endothelial cell migration. The Journal of cell biology 147: 831-844 

 

Kiosses WB, Shattil SJ, Pampori N, Schwartz MA (2001) Rac recruits high-affinity integrin 

alphavbeta3 to lamellipodia in endothelial cell migration. Nature cell biology 3: 316-320 

 



48 

Kobayashi H, DeBusk LM, Babichev YO, Dumont DJ, Lin PC (2006) Hepatocyte growth 

factor mediates angiopoietin-induced smooth muscle cell recruitment. Blood 108: 1260-1266 

 

Koblizek TI, Weiss C, Yancopoulos GD, Deutsch U, Risau W (1998) Angiopoietin-1 induces 

sprouting angiogenesis in vitro. Curr Biol 8: 529-532 

 

Kontos CD, Stauffer TP, Yang WP, York JD, Huang L, Blanar MA, Meyer T, Peters KG 

(1998) Tyrosine 1101 of Tie2 is the major site of association of p85 and is required for 

activation of phosphatidylinositol 3-kinase and Akt. Molecular and cellular biology 18: 4131-

4140 

 

Korhonen M, Ylanne J, Laitinen L, Virtanen I (1990) The alpha 1-alpha 6 subunits of 

integrins are characteristically expressed in distinct segments of developing and adult human 

nephron. The Journal of cell biology 111: 1245-1254 

 

Kosacka J, Figiel M, Engele J, Hilbig H, Majewski M, Spanel-Borowski K (2005) 

Angiopoietin-1 promotes neurite outgrowth from dorsal root ganglion cells positive for Tie-2 

receptor. Cell and tissue research 320: 11-19 

 

Kukk E, Lymboussaki A, Taira S, Kaipainen A, Jeltsch M, Joukov V, Alitalo K (1996) 

VEGF-C receptor binding and pattern of expression with VEGFR-3 suggests a role in 

lymphatic vascular development. Development (Cambridge, England) 122: 3829-3837 

 

Kundra V, Escobedo JA, Kazlauskas A, Kim HK, Rhee SG, Williams LT, Zetter BR (1994) 

Regulation of chemotaxis by the platelet-derived growth factor receptor-beta. Nature 367: 

474-476 

 

Kuroda K, Sapadin A, Shoji T, Fleischmajer R, Lebwohl M (2001) Altered expression of 

angiopoietins and Tie2 endothelium receptor in psoriasis. The Journal of investigative 

dermatology 116: 713-720 

 

Lampugnani MG, Dejana E (2007) Adherens junctions in endothelial cells regulate vessel 

maintenance and angiogenesis. Thrombosis research 120 Suppl 2: S1-6 

 

Lampugnani MG, Orsenigo F, Gagliani MC, Tacchetti C, Dejana E (2006) Vascular 

endothelial cadherin controls VEGFR-2 internalization and signaling from intracellular 

compartments. The Journal of cell biology 174: 593-604 

 

Leavesley DI, Schwartz MA, Rosenfeld M, Cheresh DA (1993) Integrin beta 1- and beta 3-

mediated endothelial cell migration is triggered through distinct signaling mechanisms. The 

Journal of cell biology 121: 163-170 

 

Lee HJ, Cho CH, Hwang SJ, Choi HH, Kim KT, Ahn SY, Kim JH, Oh JL, Lee GM, Koh GY 

(2004) Biological characterization of angiopoietin-3 and angiopoietin-4. Faseb J 18: 1200-

1208 

 

Lewis CE, De Palma M, Naldini L (2007) Tie2-expressing monocytes and tumor 

angiogenesis: regulation by hypoxia and angiopoietin-2. Cancer research 67: 8429-8432 

 



49 

Liddington RC, Ginsberg MH (2002) Integrin activation takes shape. The Journal of cell 

biology 158: 833-839 

 

Lymboussaki A, Partanen TA, Olofsson B, Thomas-Crusells J, Fletcher CD, de Waal RM, 

Kaipainen A, Alitalo K (1998) Expression of the vascular endothelial growth factor C 

receptor VEGFR-3 in lymphatic endothelium of the skin and in vascular tumors. The 

American journal of pathology 153: 395-403 

 

Mahabeleshwar GH, Feng W, Phillips DR, Byzova TV (2006) Integrin signaling is critical for 

pathological angiogenesis. The Journal of experimental medicine 203: 2495-2507 

 

Mahabeleshwar GH, Feng W, Reddy K, Plow EF, Byzova TV (2007) Mechanisms of 

integrin-vascular endothelial growth factor receptor cross-activation in angiogenesis. 

Circulation research 101: 570-580 

 

Maisonpierre PC, Suri C, Jones PF, Bartunkova S, Wiegand SJ, Radziejewski C, Compton D, 

McClain J, Aldrich TH, Papadopoulos N, Daly TJ, Davis S, Sato TN, Yancopoulos GD 

(1997) Angiopoietin-2, a natural antagonist for Tie2 that disrupts in vivo angiogenesis. 

Science (New York, NY 277: 55-60 

 

Makinde T, Agrawal DK (2008) Intra and extravascular transmembrane signalling of 

angiopoietin-1-Tie2 receptor in health and disease. Journal of cellular and molecular 

medicine 12: 810-828 

 

Makinde T, Murphy RF, Agrawal DK (2006) Immunomodulatory role of vascular endothelial 

growth factor and angiopoietin-1 in airway remodeling. Current molecular medicine 6: 831-

841 

 

Master Z, Jones N, Tran J, Jones J, Kerbel RS, Dumont DJ (2001) Dok-R plays a pivotal role 

in angiopoietin-1-dependent cell migration through recruitment and activation of Pak. The 

EMBO journal 20: 5919-5928 

 

Matthews W, Jordan CT, Wiegand GW, Pardoll D, Lemischka IR (1991) A receptor tyrosine 

kinase specific to hematopoietic stem and progenitor cell-enriched populations. Cell 65: 

1143-1152 

 

McCleverty CJ, Liddington RC (2003) Engineered allosteric mutants of the integrin 

alphaMbeta2 I domain: structural and functional studies. The Biochemical journal 372: 121-

127 

 

McDonald DM (2001) Angiogenesis and remodeling of airway vasculature in chronic 

inflammation. American journal of respiratory and critical care medicine 164: S39-45 

 

McEver RP (2001) Adhesive interactions of leukocytes, platelets, and the vessel wall during 

hemostasis and inflammation. Thrombosis and haemostasis 86: 746-756 

 

Metheny-Barlow LJ, Tian S, Hayes AJ, Li LY (2004) Direct chemotactic action of 

angiopoietin-1 on mesenchymal cells in the presence of VEGF. Microvascular research 68: 

221-230 

 



50 

Mettouchi A, Klein S, Guo W, Lopez-Lago M, Lemichez E, Westwick JK, Giancotti FG 

(2001) Integrin-specific activation of Rac controls progression through the G(1) phase of the 

cell cycle. Molecular cell 8: 115-127 

 

Miranti CK, Brugge JS (2002) Sensing the environment: a historical perspective on integrin 

signal transduction. Nature cell biology 4: E83-90 

 

Nakayama T, Hatachi G, Wen CY, Yoshizaki A, Yamazumi K, Niino D, Sekine I (2005) 

Expression and significance of Tie-1 and Tie-2 receptors, and angiopoietins-1, 2 and 4 in 

colorectal adenocarcinoma: Immunohistochemical analysis and correlation with 

clinicopathological factors. World J Gastroenterol 11: 964-969 

 

Niu Q, Perruzzi C, Voskas D, Lawler J, Dumont DJ, Benjamin LE (2004) Inhibition of Tie-2 

signaling induces endothelial cell apoptosis, decreases Akt signaling, and induces endothelial 

cell expression of the endogenous anti-angiogenic molecule, thrombospondin-1. Cancer 

biology & therapy 3: 402-405 

 

Oh H, Takagi H, Suzuma K, Otani A, Matsumura M, Honda Y (1999) Hypoxia and vascular 

endothelial growth factor selectively up-regulate angiopoietin-2 in bovine microvascular 

endothelial cells. The Journal of biological chemistry 274: 15732-15739 

 

Palmer A, Klein R (2003) Multiple roles of ephrins in morphogenesis, neuronal networking, 

and brain function. Genes & development 17: 1429-1450 

 

Papapetropoulos A, Fulton D, Mahboubi K, Kalb RG, O'Connor DS, Li F, Altieri DC, Sessa 

WC (2000) Angiopoietin-1 inhibits endothelial cell apoptosis via the Akt/survivin pathway. 

The Journal of biological chemistry 275: 9102-9105 

 

Parikh SM, Mammoto T, Schultz A, Yuan HT, Christiani D, Karumanchi SA, Sukhatme VP 

(2006) Excess circulating angiopoietin-2 may contribute to pulmonary vascular leak in sepsis 

in humans. PLoS medicine 3: e46 

 

Park YS, Kim NH, Jo I (2003) Hypoxia and vascular endothelial growth factor acutely up-

regulate angiopoietin-1 and Tie2 mRNA in bovine retinal pericytes. Microvascular research 

65: 125-131 

 

Patan S (1998) TIE1 and TIE2 receptor tyrosine kinases inversely regulate embryonic 

angiogenesis by the mechanism of intussusceptive microvascular growth. Microvascular 

research 56: 1-21 

 

Pepper MS (1997) Transforming growth factor-beta: vasculogenesis, angiogenesis, and vessel 

wall integrity. Cytokine & growth factor reviews 8: 21-43 

 

Pfaff D, Fiedler U, Augustin HG (2006) Emerging roles of the Angiopoietin-Tie and the 

ephrin-Eph systems as regulators of cell trafficking. Journal of leukocyte biology 80: 719-726 

 

Pichiule P, Chavez JC, LaManna JC (2004) Hypoxic regulation of angiopoietin-2 expression 

in endothelial cells. The Journal of biological chemistry 279: 12171-12180 

 



51 

Porat RM, Grunewald M, Globerman A, Itin A, Barshtein G, Alhonen L, Alitalo K, Keshet E 

(2004) Specific induction of tie1 promoter by disturbed flow in atherosclerosis-prone vascular 

niches and flow-obstructing pathologies. Circulation research 94: 394-401 

 

Prasad KS, Andre P, He M, Bao M, Manganello J, Phillips DR (2003) Soluble CD40 ligand 

induces beta3 integrin tyrosine phosphorylation and triggers platelet activation by outside-in 

signaling. Proceedings of the National Academy of Sciences of the United States of America 

100: 12367-12371 

 

Procopio WN, Pelavin PI, Lee WM, Yeilding NM (1999) Angiopoietin-1 and -2 coiled coil 

domains mediate distinct homo-oligomerization patterns, but fibrinogen-like domains mediate 

ligand activity. The Journal of biological chemistry 274: 30196-30201 

 

Puri MC, Bernstein A (2003) Requirement for the TIE family of receptor tyrosine kinases in 

adult but not fetal hematopoiesis. Proceedings of the National Academy of Sciences of the 

United States of America 100: 12753-12758 

 

Rees KA, Singh H, Brindle NP (2007) The receptor tyrosine kinase Tie1 is expressed and 

activated in epithelial tumour cell lines. International journal of oncology 31: 893-897 

 

Ruegg C, Mariotti A (2003) Vascular integrins: pleiotropic adhesion and signaling molecules 

in vascular homeostasis and angiogenesis. Cell Mol Life Sci 60: 1135-1157 

 

Runting AS, Stacker SA, Wilks AF (1993) tie2, a putative protein tyrosine kinase from a new 

class of cell surface receptor. Growth factors (Chur, Switzerland) 9: 99-105 

 

Saharinen P, Eklund L, Miettinen J, Wirkkala R, Anisimov A, Winderlich M, Nottebaum A, 

Vestweber D, Deutsch U, Koh GY, Olsen BR, Alitalo K (2008) Angiopoietins assemble 

distinct Tie2 signalling complexes in endothelial cell-cell and cell-matrix contacts. Nature cell 

biology 10: 527-537 

 

Saharinen P, Kerkela K, Ekman N, Marron M, Brindle N, Lee GM, Augustin H, Koh GY, 

Alitalo K (2005) Multiple angiopoietin recombinant proteins activate the Tie1 receptor 

tyrosine kinase and promote its interaction with Tie2. The Journal of cell biology 169: 239-

243 

 

Sastry SK, Burridge K (2000) Focal adhesions: a nexus for intracellular signaling and 

cytoskeletal dynamics. Experimental cell research 261: 25-36 

 

Sato TN, Tozawa Y, Deutsch U, Wolburg-Buchholz K, Fujiwara Y, Gendron-Maguire M, 

Gridley T, Wolburg H, Risau W, Qin Y (1995) Distinct roles of the receptor tyrosine kinases 

Tie-1 and Tie-2 in blood vessel formation. Nature 376: 70-74 

 

Scatena M, Almeida M, Chaisson ML, Fausto N, Nicosia RF, Giachelli CM (1998) NF-

kappaB mediates alphavbeta3 integrin-induced endothelial cell survival. The Journal of cell 

biology 141: 1083-1093 

 

Schaller MD, Hildebrand JD, Shannon JD, Fox JW, Vines RR, Parsons JT (1994) 

Autophosphorylation of the focal adhesion kinase, pp125FAK, directs SH2-dependent 

binding of pp60src. Molecular and cellular biology 14: 1680-1688 



52 

 

Schlaepfer DD, Hanks SK, Hunter T, van der Geer P (1994) Integrin-mediated signal 

transduction linked to Ras pathway by GRB2 binding to focal adhesion kinase. Nature 372: 

786-791 

 

Schnurch H, Risau W (1993) Expression of tie-2, a member of a novel family of receptor 

tyrosine kinases, in the endothelial cell lineage. Development (Cambridge, England) 119: 

957-968 

 

Scott BB, Zaratin PF, Colombo A, Hansbury MJ, Winkler JD, Jackson JR (2002) Constitutive 

expression of angiopoietin-1 and -2 and modulation of their expression by inflammatory 

cytokines in rheumatoid arthritis synovial fibroblasts. The Journal of rheumatology 29: 230-

239 

 

Senger DR, Claffey KP, Benes JE, Perruzzi CA, Sergiou AP, Detmar M (1997) Angiogenesis 

promoted by vascular endothelial growth factor: regulation through alpha1beta1 and 

alpha2beta1 integrins. Proceedings of the National Academy of Sciences of the United States 

of America 94: 13612-13617 

 

Senger DR, Perruzzi CA, Streit M, Koteliansky VE, de Fougerolles AR, Detmar M (2002) 

The alpha(1)beta(1) and alpha(2)beta(1) integrins provide critical support for vascular 

endothelial growth factor signaling, endothelial cell migration, and tumor angiogenesis. The 

American journal of pathology 160: 195-204 

 

Serini G, Napione L, Arese M, Bussolino F (2008a) Besides adhesion: new perspectives of 

integrin functions in angiogenesis. Cardiovascular research 78: 213-222 

 

Serini G, Napione L, Bussolino F (2008b) Integrins team up with tyrosine kinase receptors 

and plexins to control angiogenesis. Current opinion in hematology 15: 235-242 

 

Shahrara S, Volin MV, Connors MA, Haines GK, Koch AE (2002) Differential expression of 

the angiogenic Tie receptor family in arthritic and normal synovial tissue. Arthritis research 

4: 201-208 

 

Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF, Breitman ML, Schuh AC 

(1995) Failure of blood-island formation and vasculogenesis in Flk-1-deficient mice. Nature 

376: 62-66 

 

Shibuya M, Yamaguchi S, Yamane A, Ikeda T, Tojo A, Matsushime H, Sato M (1990) 

Nucleotide sequence and expression of a novel human receptor-type tyrosine kinase gene (flt) 

closely related to the fms family. Oncogene 5: 519-524 

 

Shim WS, Ho IA, Wong PE (2007) Angiopoietin: a TIE(d) balance in tumor angiogenesis. 

Mol Cancer Res 5: 655-665 

 

Shimoda H, Bernas MJ, Witte MH, Gale NW, Yancopoulos GD, Kato S (2007) Abnormal 

recruitment of periendothelial cells to lymphatic capillaries in digestive organs of 

angiopoietin-2-deficient mice. Cell and tissue research 328: 329-337 

 



53 

Sobel RA, Hinojoza JR, Maeda A, Chen M (1998) Endothelial cell integrin laminin receptor 

expression in multiple sclerosis lesions. The American journal of pathology 153: 405-415 

 

Soker S, Miao HQ, Nomi M, Takashima S, Klagsbrun M (2002) VEGF165 mediates 

formation of complexes containing VEGFR-2 and neuropilin-1 that enhance VEGF165-

receptor binding. Journal of cellular biochemistry 85: 357-368 

 

Somanath PR, Kandel ES, Hay N, Byzova TV (2007) Akt1 signaling regulates integrin 

activation, matrix recognition, and fibronectin assembly. The Journal of biological chemistry 

282: 22964-22976 

 

Sonoda Y, Matsumoto Y, Funakoshi M, Yamamoto D, Hanks SK, Kasahara T (2000) Anti-

apoptotic role of focal adhesion kinase (FAK). Induction of inhibitor-of-apoptosis proteins 

and apoptosis suppression by the overexpression of FAK in a human leukemic cell line, HL-

60. The Journal of biological chemistry 275: 16309-16315 

 

Stoeltzing O, Ahmad SA, Liu W, McCarty MF, Wey JS, Parikh AA, Fan F, Reinmuth N, 

Kawaguchi M, Bucana CD, Ellis LM (2003) Angiopoietin-1 inhibits vascular permeability, 

angiogenesis, and growth of hepatic colon cancer tumors. Cancer research 63: 3370-3377 

 

Stratmann A, Risau W, Plate KH (1998) Cell type-specific expression of angiopoietin-1 and 

angiopoietin-2 suggests a role in glioblastoma angiogenesis. The American journal of 

pathology 153: 1459-1466 

 

Sullivan CC, Du L, Chu D, Cho AJ, Kido M, Wolf PL, Jamieson SW, Thistlethwaite PA 

(2003) Induction of pulmonary hypertension by an angiopoietin 1/TIE2/serotonin pathway. 

Proceedings of the National Academy of Sciences of the United States of America 100: 

12331-12336 

 

Suri C, Jones PF, Patan S, Bartunkova S, Maisonpierre PC, Davis S, Sato TN, Yancopoulos 

GD (1996) Requisite role of angiopoietin-1, a ligand for the TIE2 receptor, during embryonic 

angiogenesis. Cell 87: 1171-1180 

 

Tadokoro S, Shattil SJ, Eto K, Tai V, Liddington RC, de Pereda JM, Ginsberg MH, 

Calderwood DA (2003) Talin binding to integrin beta tails: a final common step in integrin 

activation. Science (New York, NY 302: 103-106 

 

Takagi J, Springer TA (2002) Integrin activation and structural rearrangement. Immunological 

reviews 186: 141-163 

 

Takahara K, Iioka T, Furukawa K, Uchida T, Nakashima M, Tsukazaki T, Shindo H (2004) 

Autocrine/paracrine role of the angiopoietin-1 and -2/Tie2 system in cell proliferation and 

chemotaxis of cultured fibroblastic synoviocytes in rheumatoid arthritis. Human pathology 

35: 150-158 

 

Takakura N, Huang XL, Naruse T, Hamaguchi I, Dumont DJ, Yancopoulos GD, Suda T 

(1998) Critical role of the TIE2 endothelial cell receptor in the development of definitive 

hematopoiesis. Immunity 9: 677-686 

 



54 

Terman BI, Dougher-Vermazen M, Carrion ME, Dimitrov D, Armellino DC, Gospodarowicz 

D, Bohlen P (1992) Identification of the KDR tyrosine kinase as a receptor for vascular 

endothelial cell growth factor. Biochemical and biophysical research communications 187: 

1579-1586 

 

Thomas GJ, Lewis MP, Hart IR, Marshall JF, Speight PM (2001) AlphaVbeta6 integrin 

promotes invasion of squamous carcinoma cells through up-regulation of matrix 

metalloproteinase-9. International journal of cancer 92: 641-650 

 

Thomas M, Augustin HG (2009) The role of the Angiopoietins in vascular morphogenesis. 

Angiogenesis 12: 125-137 

 

Tian S, Hayes AJ, Metheny-Barlow LJ, Li LY (2002) Stabilization of breast cancer xenograft 

tumour neovasculature by angiopoietin-1. British journal of cancer 86: 645-651 

 

Torimura T, Ueno T, Kin M, Harada R, Taniguchi E, Nakamura T, Sakata R, Hashimoto O, 

Sakamoto M, Kumashiro R, Sata M, Nakashima O, Yano H, Kojiro M (2004) Overexpression 

of angiopoietin-1 and angiopoietin-2 in hepatocellular carcinoma. Journal of hepatology 40: 

799-807 

 

Tsigkos S, Zhou Z, Kotanidou A, Fulton D, Zakynthinos S, Roussos C, Papapetropoulos A 

(2006) Regulation of Ang2 release by PTEN/PI3-kinase/Akt in lung microvascular 

endothelial cells. Journal of cellular physiology 207: 506-511 

 

Uemura A, Ogawa M, Hirashima M, Fujiwara T, Koyama S, Takagi H, Honda Y, Wiegand 

SJ, Yancopoulos GD, Nishikawa S (2002) Recombinant angiopoietin-1 restores higher-order 

architecture of growing blood vessels in mice in the absence of mural cells. The Journal of 

clinical investigation 110: 1619-1628 

 

Valable S, Bellail A, Lesne S, Liot G, Mackenzie ET, Vivien D, Bernaudin M, Petit E (2003) 

Angiopoietin-1-induced PI3-kinase activation prevents neuronal apoptosis. Faseb J 17: 443-

445 

 

Valenzuela DM, Griffiths JA, Rojas J, Aldrich TH, Jones PF, Zhou H, McClain J, Copeland 

NG, Gilbert DJ, Jenkins NA, Huang T, Papadopoulos N, Maisonpierre PC, Davis S, 

Yancopoulos GD (1999) Angiopoietins 3 and 4: diverging gene counterparts in mice and 

humans. Proceedings of the National Academy of Sciences of the United States of America 

96: 1904-1909 

 

Venneri MA, De Palma M, Ponzoni M, Pucci F, Scielzo C, Zonari E, Mazzieri R, Doglioni C, 

Naldini L (2007) Identification of proangiogenic TIE2-expressing monocytes (TEMs) in 

human peripheral blood and cancer. Blood 109: 5276-5285 

 

Wang HU, Chen ZF, Anderson DJ (1998) Molecular distinction and angiogenic interaction 

between embryonic arteries and veins revealed by ephrin-B2 and its receptor Eph-B4. Cell 

93: 741-753 

 

Wary KK, Mainiero F, Isakoff SJ, Marcantonio EE, Giancotti FG (1996) The adaptor protein 

Shc couples a class of integrins to the control of cell cycle progression. Cell 87: 733-743 

 



55 

Wary KK, Mariotti A, Zurzolo C, Giancotti FG (1998) A requirement for caveolin-1 and 

associated kinase Fyn in integrin signaling and anchorage-dependent cell growth. Cell 94: 

625-634 

 

Weber CC, Cai H, Ehrbar M, Kubota H, Martiny-Baron G, Weber W, Djonov V, Weber E, 

Mallik AS, Fussenegger M, Frei K, Hubbell JA, Zisch AH (2005) Effects of protein and gene 

transfer of the angiopoietin-1 fibrinogen-like receptor-binding domain on endothelial and 

vessel organization. The Journal of biological chemistry 280: 22445-22453 

 

Witzenbichler B, Maisonpierre PC, Jones P, Yancopoulos GD, Isner JM (1998) Chemotactic 

properties of angiopoietin-1 and -2, ligands for the endothelial-specific receptor tyrosine 

kinase Tie2. The Journal of biological chemistry 273: 18514-18521 

 

Witzenbichler B, Westermann D, Knueppel S, Schultheiss HP, Tschope C (2005) Protective 

role of angiopoietin-1 in endotoxic shock. Circulation 111: 97-105 

 

Wong AL, Haroon ZA, Werner S, Dewhirst MW, Greenberg CS, Peters KG (1997) Tie2 

expression and phosphorylation in angiogenic and quiescent adult tissues. Circulation 

research 81: 567-574 

 

Woodside DG, Liu S, Ginsberg MH (2001) Integrin activation. Thrombosis and haemostasis 

86: 316-323 

 

Xu Y, Yu Q (2001) Angiopoietin-1, unlike angiopoietin-2, is incorporated into the 

extracellular matrix via its linker peptide region. The Journal of biological chemistry 276: 

34990-34998 

 

Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J (2000) Vascular-

specific growth factors and blood vessel formation. Nature 407: 242-248 

 

Zagzag D, Hooper A, Friedlander DR, Chan W, Holash J, Wiegand SJ, Yancopoulos GD, 

Grumet M (1999) In situ expression of angiopoietins in astrocytomas identifies angiopoietin-2 

as an early marker of tumor angiogenesis. Experimental neurology 159: 391-400 

 

Zeng H, Dvorak HF, Mukhopadhyay D (2001) Vascular permeability factor (VPF)/vascular 

endothelial growth factor (VEGF) peceptor-1 down-modulates VPF/VEGF receptor-2-

mediated endothelial cell proliferation, but not migration, through phosphatidylinositol 3-

kinase-dependent pathways. The Journal of biological chemistry 276: 26969-26979 

 

Zhu WH, MacIntyre A, Nicosia RF (2002) Regulation of angiogenesis by vascular endothelial 

growth factor and angiopoietin-1 in the rat aorta model: distinct temporal patterns of 

intracellular signaling correlate with induction of angiogenic sprouting. The American journal 

of pathology 161: 823-830 

 

 

Byzova TV, Goldman CK, Pampori N, Thomas KA, Bett A, Shattil SJ, Plow EF (2000) A 

mechanism for modulation of cellular responses to VEGF: activation of the integrins. 

Molecular cell 6: 851-860 

 



56 

Carmeliet P (2000) Mechanisms of angiogenesis and arteriogenesis. Nature medicine 6: 389-

395 

 

Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L, Gertsenstein M, Fahrig M, 

Vandenhoeck A, Harpal K, Eberhardt C, Declercq C, Pawling J, Moons L, Collen D, Risau 

W, Nagy A (1996) Abnormal blood vessel development and lethality in embryos lacking a 

single VEGF allele. Nature 380: 435-439 

 

Cascone I, Napione L, Maniero F, Serini G, Bussolino F (2005) Stable interaction between 

alpha5beta1 integrin and Tie2 tyrosine kinase receptor regulates endothelial cell response to 

Ang-1. The Journal of cell biology 170: 993-1004 

 

Daly C, Pasnikowski E, Burova E, Wong V, Aldrich TH, Griffiths J, Ioffe E, Daly TJ, Fandl 

JP, Papadopoulos N, McDonald DM, Thurston G, Yancopoulos GD, Rudge JS (2006) 

Angiopoietin-2 functions as an autocrine protective factor in stressed endothelial cells. 

Proceedings of the National Academy of Sciences of the United States of America 103: 

15491-15496 

 

Davis S, Aldrich TH, Jones PF, Acheson A, Compton DL, Jain V, Ryan TE, Bruno J, 

Radziejewski C, Maisonpierre PC, Yancopoulos GD (1996) Isolation of angiopoietin-1, a 

ligand for the TIE2 receptor, by secretion-trap expression cloning. Cell 87: 1161-1169 

 

De Palma M, Venneri MA, Galli R, Sergi Sergi L, Politi LS, Sampaolesi M, Naldini L (2005) 

Tie2 identifies a hematopoietic lineage of proangiogenic monocytes required for tumor vessel 

formation and a mesenchymal population of pericyte progenitors. Cancer cell 8: 211-226 

 

De Palma M, Venneri MA, Roca C, Naldini L (2003) Targeting exogenous genes to tumor 

angiogenesis by transplantation of genetically modified hematopoietic stem cells. Nature 

medicine 9: 789-795 

 

de Vries C, Escobedo JA, Ueno H, Houck K, Ferrara N, Williams LT (1992) The fms-like 

tyrosine kinase, a receptor for vascular endothelial growth factor. Science (New York, NY 255: 

989-991 

 

DeBusk LM, Hallahan DE, Lin PC (2004) Akt is a major angiogenic mediator downstream of 

the Ang1/Tie2 signaling pathway. Experimental cell research 298: 167-177 

 

Dumont DJ, Gradwohl G, Fong GH, Puri MC, Gertsenstein M, Auerbach A, Breitman ML 

(1994) Dominant-negative and targeted null mutations in the endothelial receptor tyrosine 

kinase, tek, reveal a critical role in vasculogenesis of the embryo. Genes & development 8: 

1897-1909 

 

Eliceiri BP, Klemke R, Stromblad S, Cheresh DA (1998) Integrin alphavbeta3 requirement 

for sustained mitogen-activated protein kinase activity during angiogenesis. The Journal of 

cell biology 140: 1255-1263 

 

Etoh T, Inoue H, Tanaka S, Barnard GF, Kitano S, Mori M (2001) Angiopoietin-2 is related 

to tumor angiogenesis in gastric carcinoma: possible in vivo regulation via induction of 

proteases. Cancer research 61: 2145-2153 

 



57 

Fearon U, Griosios K, Fraser A, Reece R, Emery P, Jones PF, Veale DJ (2003) Angiopoietins, 

growth factors, and vascular morphology in early arthritis. The Journal of rheumatology 30: 

260-268 

 

Feistritzer C, Mosheimer BA, Sturn DH, Bijuklic K, Patsch JR, Wiedermann CJ (2004) 

Expression and function of the angiopoietin receptor Tie-2 in human eosinophils. The Journal 

of allergy and clinical immunology 114: 1077-1084 

 

Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O'Shea KS, Powell-Braxton L, Hillan 

KJ, Moore MW (1996) Heterozygous embryonic lethality induced by targeted inactivation of 

the VEGF gene. Nature 380: 439-442 

 

Fiedler U, Krissl T, Koidl S, Weiss C, Koblizek T, Deutsch U, Martiny-Baron G, Marme D, 

Augustin HG (2003) Angiopoietin-1 and angiopoietin-2 share the same binding domains in 

the Tie-2 receptor involving the first Ig-like loop and the epidermal growth factor-like repeats. 

The Journal of biological chemistry 278: 1721-1727 

 

Fiedler U, Reiss Y, Scharpfenecker M, Grunow V, Koidl S, Thurston G, Gale NW, 

Witzenrath M, Rosseau S, Suttorp N, Sobke A, Herrmann M, Preissner KT, Vajkoczy P, 

Augustin HG (2006) Angiopoietin-2 sensitizes endothelial cells to TNF-alpha and has a 

crucial role in the induction of inflammation. Nature medicine 12: 235-239 

 

Fiedler U, Scharpfenecker M, Koidl S, Hegen A, Grunow V, Schmidt JM, Kriz W, Thurston 

G, Augustin HG (2004) The Tie-2 ligand angiopoietin-2 is stored in and rapidly released upon 

stimulation from endothelial cell Weibel-Palade bodies. Blood 103: 4150-4156 

 

Fong GH, Rossant J, Gertsenstein M, Breitman ML (1995) Role of the Flt-1 receptor tyrosine 

kinase in regulating the assembly of vascular endothelium. Nature 376: 66-70 

 

Francis SE, Goh KL, Hodivala-Dilke K, Bader BL, Stark M, Davidson D, Hynes RO (2002) 

Central roles of alpha5beta1 integrin and fibronectin in vascular development in mouse 

embryos and embryoid bodies. Arteriosclerosis, thrombosis, and vascular biology 22: 927-

933 

 

Fujikawa K, de Aos Scherpenseel I, Jain SK, Presman E, Christensen RA, Varticovski L 

(1999) Role of PI 3-kinase in angiopoietin-1-mediated migration and attachment-dependent 

survival of endothelial cells. Experimental cell research 253: 663-672 

 

Fujio Y, Walsh K (1999) Akt mediates cytoprotection of endothelial cells by vascular 

endothelial growth factor in an anchorage-dependent manner. The Journal of biological 

chemistry 274: 16349-16354 

 

Fukuhara S, Sako K, Minami T, Noda K, Kim HZ, Kodama T, Shibuya M, Takakura N, Koh 

GY, Mochizuki N (2008) Differential function of Tie2 at cell-cell contacts and cell-

substratum contacts regulated by angiopoietin-1. Nature cell biology 10: 513-526 

 

Gale NW, Thurston G, Hackett SF, Renard R, Wang Q, McClain J, Martin C, Witte C, Witte 

MH, Jackson D, Suri C, Campochiaro PA, Wiegand SJ, Yancopoulos GD (2002) 

Angiopoietin-2 is required for postnatal angiogenesis and lymphatic patterning, and only the 

latter role is rescued by Angiopoietin-1. Developmental cell 3: 411-423 



58 

 

Giancotti FG, Ruoslahti E (1990) Elevated levels of the alpha 5 beta 1 fibronectin receptor 

suppress the transformed phenotype of Chinese hamster ovary cells. Cell 60: 849-859 

 

Giancotti FG, Ruoslahti E (1999) Integrin signaling. Science (New York, NY 285: 1028-1032 

 

Goede V, Schmidt T, Kimmina S, Kozian D, Augustin HG (1998) Analysis of blood vessel 

maturation processes during cyclic ovarian angiogenesis. Laboratory investigation; a journal 

of technical methods and pathology 78: 1385-1394 

 

Graupera M, Guillermet-Guibert J, Foukas LC, Phng LK, Cain RJ, Salpekar A, Pearce W, 

Meek S, Millan J, Cutillas PR, Smith AJ, Ridley AJ, Ruhrberg C, Gerhardt H, 

Vanhaesebroeck B (2008) Angiogenesis selectively requires the p110alpha isoform of PI3K 

to control endothelial cell migration. Nature 453: 662-666 

 

Hanahan D (1997) Signaling vascular morphogenesis and maintenance. Science (New York, 

NY 277: 48-50 

 

Hanahan D, Folkman J (1996) Patterns and emerging mechanisms of the angiogenic switch 

during tumorigenesis. Cell 86: 353-364 

 

Hangai M, Murata T, Miyawaki N, Spee C, Lim JI, He S, Hinton DR, Ryan SJ (2001) 

Angiopoietin-1 upregulation by vascular endothelial growth factor in human retinal pigment 

epithelial cells. Investigative ophthalmology & visual science 42: 1617-1625 

 

Hashiramoto A, Sakai C, Yoshida K, Tsumiyama K, Miura Y, Shiozawa K, Nose M, Komai 

K, Shiozawa S (2007) Angiopoietin 1 directly induces destruction of the rheumatoid joint by 

cooperative, but independent, signaling via ERK/MAPK and phosphatidylinositol 3-

kinase/Akt. Arthritis and rheumatism 56: 2170-2179 

 

Hayes AJ, Huang WQ, Mallah J, Yang D, Lippman ME, Li LY (1999) Angiopoietin-1 and its 

receptor Tie-2 participate in the regulation of capillary-like tubule formation and survival of 

endothelial cells. Microvascular research 58: 224-237 

 

Hellstrom M, Kalen M, Lindahl P, Abramsson A, Betsholtz C (1999) Role of PDGF-B and 

PDGFR-beta in recruitment of vascular smooth muscle cells and pericytes during embryonic 

blood vessel formation in the mouse. Development (Cambridge, England) 126: 3047-3055 

 

Hoeben A, Landuyt B, Highley MS, Wildiers H, Van Oosterom AT, De Bruijn EA (2004) 

Vascular endothelial growth factor and angiogenesis. Pharmacological reviews 56: 549-580 

 

Holash J, Maisonpierre PC, Compton D, Boland P, Alexander CR, Zagzag D, Yancopoulos 

GD, Wiegand SJ (1999) Vessel cooption, regression, and growth in tumors mediated by 

angiopoietins and VEGF. Science (New York, NY 284: 1994-1998 

 

Hong YK, Lange-Asschenfeldt B, Velasco P, Hirakawa S, Kunstfeld R, Brown LF, Bohlen P, 

Senger DR, Detmar M (2004) VEGF-A promotes tissue repair-associated lymphatic vessel 

formation via VEGFR-2 and the alpha1beta1 and alpha2beta1 integrins. Faseb J 18: 1111-

1113 

 



59 

Hughes DP, Marron MB, Brindle NP (2003) The antiinflammatory endothelial tyrosine 

kinase Tie2 interacts with a novel nuclear factor-kappaB inhibitor ABIN-2. Circulation 

research 92: 630-636 

 

Hynes RO (1992) Integrins: versatility, modulation, and signaling in cell adhesion. Cell 69: 

11-25 

 

Iivanainen E, Nelimarkka L, Elenius V, Heikkinen SM, Junttila TT, Sihombing L, Sundvall 

M, Maatta JA, Laine VJ, Yla-Herttuala S, Higashiyama S, Alitalo K, Elenius K (2003) 

Angiopoietin-regulated recruitment of vascular smooth muscle cells by endothelial-derived 

heparin binding EGF-like growth factor. Faseb J 17: 1609-1621 

 

Jeon BH, Khanday F, Deshpande S, Haile A, Ozaki M, Irani K (2003) Tie-ing the 

antiinflammatory effect of angiopoietin-1 to inhibition of NF-kappaB. Circulation research 

92: 586-588 

 

Jones N, Dumont DJ (1998) The Tek/Tie2 receptor signals through a novel Dok-related 

docking protein, Dok-R. Oncogene 17: 1097-1108 

 

Jones N, Master Z, Jones J, Bouchard D, Gunji Y, Sasaki H, Daly R, Alitalo K, Dumont DJ 

(1999) Identification of Tek/Tie2 binding partners. Binding to a multifunctional docking site 

mediates cell survival and migration. The Journal of biological chemistry 274: 30896-30905 

 

Kaipainen A, Vlaykova T, Hatva E, Bohling T, Jekunen A, Pyrhonen S, Alitalo K (1994) 

Enhanced expression of the tie receptor tyrosine kinase mesenger RNA in the vascular 

endothelium of metastatic melanomas. Cancer research 54: 6571-6577 

 

Kanazawa H, Nomura S, Asai K (2007) Roles of angiopoietin-1 and angiopoietin-2 on airway 

microvascular permeability in asthmatic patients. Chest 131: 1035-1041 

 

Karaoz E, Ilgaz C, Erdogan D, Dagdeviren A (1996) The expression of VLA integrins in the 

human thymus. Ann Anat 178: 33-40 

 

Karin M, Cao Y, Greten FR, Li ZW (2002) NF-kappaB in cancer: from innocent bystander to 

major culprit. Nature reviews 2: 301-310 

 

Kim I, Kim HG, Moon SO, Chae SW, So JN, Koh KN, Ahn BC, Koh GY (2000a) 

Angiopoietin-1 induces endothelial cell sprouting through the activation of focal adhesion 

kinase and plasmin secretion. Circulation research 86: 952-959 

 

Kim I, Kim JH, Moon SO, Kwak HJ, Kim NG, Koh GY (2000b) Angiopoietin-2 at high 

concentration can enhance endothelial cell survival through the phosphatidylinositol 3'-

kinase/Akt signal transduction pathway. Oncogene 19: 4549-4552 

 

Kim I, Kwak HJ, Ahn JE, So JN, Liu M, Koh KN, Koh GY (1999) Molecular cloning and 

characterization of a novel angiopoietin family protein, angiopoietin-3. FEBS letters 443: 

353-356 

 



60 

Kim I, Moon SO, Park SK, Chae SW, Koh GY (2001) Angiopoietin-1 reduces VEGF-

stimulated leukocyte adhesion to endothelial cells by reducing ICAM-1, VCAM-1, and E-

selectin expression. Circulation research 89: 477-479 

 

Kim KT, Choi HH, Steinmetz MO, Maco B, Kammerer RA, Ahn SY, Kim HZ, Lee GM, Koh 

GY (2005) Oligomerization and multimerization are critical for angiopoietin-1 to bind and 

phosphorylate Tie2. The Journal of biological chemistry 280: 20126-20131 

 

Kiosses WB, Daniels RH, Otey C, Bokoch GM, Schwartz MA (1999) A role for p21-

activated kinase in endothelial cell migration. The Journal of cell biology 147: 831-844 

 

Kiosses WB, Shattil SJ, Pampori N, Schwartz MA (2001) Rac recruits high-affinity integrin 

alphavbeta3 to lamellipodia in endothelial cell migration. Nature cell biology 3: 316-320 

 

Kobayashi H, DeBusk LM, Babichev YO, Dumont DJ, Lin PC (2006) Hepatocyte growth 

factor mediates angiopoietin-induced smooth muscle cell recruitment. Blood 108: 1260-1266 

 

Koblizek TI, Weiss C, Yancopoulos GD, Deutsch U, Risau W (1998) Angiopoietin-1 induces 

sprouting angiogenesis in vitro. Curr Biol 8: 529-532 

 

Kontos CD, Stauffer TP, Yang WP, York JD, Huang L, Blanar MA, Meyer T, Peters KG 

(1998) Tyrosine 1101 of Tie2 is the major site of association of p85 and is required for 

activation of phosphatidylinositol 3-kinase and Akt. Molecular and cellular biology 18: 4131-

4140 

 

Korhonen M, Ylanne J, Laitinen L, Virtanen I (1990) The alpha 1-alpha 6 subunits of 

integrins are characteristically expressed in distinct segments of developing and adult human 

nephron. The Journal of cell biology 111: 1245-1254 

 

Kosacka J, Figiel M, Engele J, Hilbig H, Majewski M, Spanel-Borowski K (2005) 

Angiopoietin-1 promotes neurite outgrowth from dorsal root ganglion cells positive for Tie-2 

receptor. Cell and tissue research 320: 11-19 

 

Kukk E, Lymboussaki A, Taira S, Kaipainen A, Jeltsch M, Joukov V, Alitalo K (1996) 

VEGF-C receptor binding and pattern of expression with VEGFR-3 suggests a role in 

lymphatic vascular development. Development (Cambridge, England) 122: 3829-3837 

 

Kundra V, Escobedo JA, Kazlauskas A, Kim HK, Rhee SG, Williams LT, Zetter BR (1994) 

Regulation of chemotaxis by the platelet-derived growth factor receptor-beta. Nature 367: 

474-476 

 

Kuroda K, Sapadin A, Shoji T, Fleischmajer R, Lebwohl M (2001) Altered expression of 

angiopoietins and Tie2 endothelium receptor in psoriasis. The Journal of investigative 

dermatology 116: 713-720 

 

Lampugnani MG, Orsenigo F, Gagliani MC, Tacchetti C, Dejana E (2006) Vascular 

endothelial cadherin controls VEGFR-2 internalization and signaling from intracellular 

compartments. The Journal of cell biology 174: 593-604 

 



61 

Leavesley DI, Schwartz MA, Rosenfeld M, Cheresh DA (1993) Integrin beta 1- and beta 3-

mediated endothelial cell migration is triggered through distinct signaling mechanisms. The 

Journal of cell biology 121: 163-170 

 

Lee HJ, Cho CH, Hwang SJ, Choi HH, Kim KT, Ahn SY, Kim JH, Oh JL, Lee GM, Koh GY 

(2004) Biological characterization of angiopoietin-3 and angiopoietin-4. Faseb J 18: 1200-

1208 

 

Lewis CE, De Palma M, Naldini L (2007) Tie2-expressing monocytes and tumor 

angiogenesis: regulation by hypoxia and angiopoietin-2. Cancer research 67: 8429-8432 

 

Liddington RC, Ginsberg MH (2002) Integrin activation takes shape. The Journal of cell 

biology 158: 833-839 

 

Lymboussaki A, Partanen TA, Olofsson B, Thomas-Crusells J, Fletcher CD, de Waal RM, 

Kaipainen A, Alitalo K (1998) Expression of the vascular endothelial growth factor C 

receptor VEGFR-3 in lymphatic endothelium of the skin and in vascular tumors. The 

American journal of pathology 153: 395-403 

 

Mahabeleshwar GH, Feng W, Phillips DR, Byzova TV (2006) Integrin signaling is critical for 

pathological angiogenesis. The Journal of experimental medicine 203: 2495-2507 

 

Mahabeleshwar GH, Feng W, Reddy K, Plow EF, Byzova TV (2007) Mechanisms of 

integrin-vascular endothelial growth factor receptor cross-activation in angiogenesis. 

Circulation research 101: 570-580 

 

Maisonpierre PC, Suri C, Jones PF, Bartunkova S, Wiegand SJ, Radziejewski C, Compton D, 

McClain J, Aldrich TH, Papadopoulos N, Daly TJ, Davis S, Sato TN, Yancopoulos GD 

(1997) Angiopoietin-2, a natural antagonist for Tie2 that disrupts in vivo angiogenesis. 

Science (New York, NY 277: 55-60 

 

Makinde T, Agrawal DK (2008) Intra and extravascular transmembrane signalling of 

angiopoietin-1-Tie2 receptor in health and disease. Journal of cellular and molecular 

medicine 12: 810-828 

 

Makinde T, Murphy RF, Agrawal DK (2006) Immunomodulatory role of vascular endothelial 

growth factor and angiopoietin-1 in airway remodeling. Current molecular medicine 6: 831-

841 

 

Master Z, Jones N, Tran J, Jones J, Kerbel RS, Dumont DJ (2001) Dok-R plays a pivotal role 

in angiopoietin-1-dependent cell migration through recruitment and activation of Pak. The 

EMBO journal 20: 5919-5928 

 

Matthews W, Jordan CT, Wiegand GW, Pardoll D, Lemischka IR (1991) A receptor tyrosine 

kinase specific to hematopoietic stem and progenitor cell-enriched populations. Cell 65: 

1143-1152 

 

McCleverty CJ, Liddington RC (2003) Engineered allosteric mutants of the integrin 

alphaMbeta2 I domain: structural and functional studies. The Biochemical journal 372: 121-

127 



62 

 

McDonald DM (2001) Angiogenesis and remodeling of airway vasculature in chronic 

inflammation. American journal of respiratory and critical care medicine 164: S39-45 

 

McEver RP (2001) Adhesive interactions of leukocytes, platelets, and the vessel wall during 

hemostasis and inflammation. Thrombosis and haemostasis 86: 746-756 

 

Metheny-Barlow LJ, Tian S, Hayes AJ, Li LY (2004) Direct chemotactic action of 

angiopoietin-1 on mesenchymal cells in the presence of VEGF. Microvascular research 68: 

221-230 

 

Mettouchi A, Klein S, Guo W, Lopez-Lago M, Lemichez E, Westwick JK, Giancotti FG 

(2001) Integrin-specific activation of Rac controls progression through the G(1) phase of the 

cell cycle. Molecular cell 8: 115-127 

 

Miranti CK, Brugge JS (2002) Sensing the environment: a historical perspective on integrin 

signal transduction. Nature cell biology 4: E83-90 

 

Nakayama T, Hatachi G, Wen CY, Yoshizaki A, Yamazumi K, Niino D, Sekine I (2005) 

Expression and significance of Tie-1 and Tie-2 receptors, and angiopoietins-1, 2 and 4 in 

colorectal adenocarcinoma: Immunohistochemical analysis and correlation with 

clinicopathological factors. World J Gastroenterol 11: 964-969 

 

Niu Q, Perruzzi C, Voskas D, Lawler J, Dumont DJ, Benjamin LE (2004) Inhibition of Tie-2 

signaling induces endothelial cell apoptosis, decreases Akt signaling, and induces endothelial 

cell expression of the endogenous anti-angiogenic molecule, thrombospondin-1. Cancer 

biology & therapy 3: 402-405 

 

Oh H, Takagi H, Suzuma K, Otani A, Matsumura M, Honda Y (1999) Hypoxia and vascular 

endothelial growth factor selectively up-regulate angiopoietin-2 in bovine microvascular 

endothelial cells. The Journal of biological chemistry 274: 15732-15739 

 

Palmer A, Klein R (2003) Multiple roles of ephrins in morphogenesis, neuronal networking, 

and brain function. Genes & development 17: 1429-1450 

 

Papapetropoulos A, Fulton D, Mahboubi K, Kalb RG, O'Connor DS, Li F, Altieri DC, Sessa 

WC (2000) Angiopoietin-1 inhibits endothelial cell apoptosis via the Akt/survivin pathway. 

The Journal of biological chemistry 275: 9102-9105 

 

Parikh SM, Mammoto T, Schultz A, Yuan HT, Christiani D, Karumanchi SA, Sukhatme VP 

(2006) Excess circulating angiopoietin-2 may contribute to pulmonary vascular leak in sepsis 

in humans. PLoS medicine 3: e46 

 

Park YS, Kim NH, Jo I (2003) Hypoxia and vascular endothelial growth factor acutely up-

regulate angiopoietin-1 and Tie2 mRNA in bovine retinal pericytes. Microvascular research 

65: 125-131 

 

Patan S (1998) TIE1 and TIE2 receptor tyrosine kinases inversely regulate embryonic 

angiogenesis by the mechanism of intussusceptive microvascular growth. Microvascular 

research 56: 1-21 



63 

 

Pepper MS (1997) Transforming growth factor-beta: vasculogenesis, angiogenesis, and vessel 

wall integrity. Cytokine & growth factor reviews 8: 21-43 

 

Pfaff D, Fiedler U, Augustin HG (2006) Emerging roles of the Angiopoietin-Tie and the 

ephrin-Eph systems as regulators of cell trafficking. Journal of leukocyte biology 80: 719-726 

 

Pichiule P, Chavez JC, LaManna JC (2004) Hypoxic regulation of angiopoietin-2 expression 

in endothelial cells. The Journal of biological chemistry 279: 12171-12180 

 

Porat RM, Grunewald M, Globerman A, Itin A, Barshtein G, Alhonen L, Alitalo K, Keshet E 

(2004) Specific induction of tie1 promoter by disturbed flow in atherosclerosis-prone vascular 

niches and flow-obstructing pathologies. Circulation research 94: 394-401 

 

Prasad KS, Andre P, He M, Bao M, Manganello J, Phillips DR (2003) Soluble CD40 ligand 

induces beta3 integrin tyrosine phosphorylation and triggers platelet activation by outside-in 

signaling. Proceedings of the National Academy of Sciences of the United States of America 

100: 12367-12371 

 

Procopio WN, Pelavin PI, Lee WM, Yeilding NM (1999) Angiopoietin-1 and -2 coiled coil 

domains mediate distinct homo-oligomerization patterns, but fibrinogen-like domains mediate 

ligand activity. The Journal of biological chemistry 274: 30196-30201 

 

Puri MC, Bernstein A (2003) Requirement for the TIE family of receptor tyrosine kinases in 

adult but not fetal hematopoiesis. Proceedings of the National Academy of Sciences of the 

United States of America 100: 12753-12758 

 

Rees KA, Singh H, Brindle NP (2007) The receptor tyrosine kinase Tie1 is expressed and 

activated in epithelial tumour cell lines. International journal of oncology 31: 893-897 

 

Ruegg C, Mariotti A (2003) Vascular integrins: pleiotropic adhesion and signaling molecules 

in vascular homeostasis and angiogenesis. Cell Mol Life Sci 60: 1135-1157 

 

Runting AS, Stacker SA, Wilks AF (1993) tie2, a putative protein tyrosine kinase from a new 

class of cell surface receptor. Growth factors (Chur, Switzerland) 9: 99-105 

 

Saharinen P, Eklund L, Miettinen J, Wirkkala R, Anisimov A, Winderlich M, Nottebaum A, 

Vestweber D, Deutsch U, Koh GY, Olsen BR, Alitalo K (2008) Angiopoietins assemble 

distinct Tie2 signalling complexes in endothelial cell-cell and cell-matrix contacts. Nature cell 

biology 10: 527-537 

 

Saharinen P, Kerkela K, Ekman N, Marron M, Brindle N, Lee GM, Augustin H, Koh GY, 

Alitalo K (2005) Multiple angiopoietin recombinant proteins activate the Tie1 receptor 

tyrosine kinase and promote its interaction with Tie2. The Journal of cell biology 169: 239-

243 

 

Sastry SK, Burridge K (2000) Focal adhesions: a nexus for intracellular signaling and 

cytoskeletal dynamics. Experimental cell research 261: 25-36 

 



64 

Sato TN, Tozawa Y, Deutsch U, Wolburg-Buchholz K, Fujiwara Y, Gendron-Maguire M, 

Gridley T, Wolburg H, Risau W, Qin Y (1995) Distinct roles of the receptor tyrosine kinases 

Tie-1 and Tie-2 in blood vessel formation. Nature 376: 70-74 

 

Scatena M, Almeida M, Chaisson ML, Fausto N, Nicosia RF, Giachelli CM (1998) NF-

kappaB mediates alphavbeta3 integrin-induced endothelial cell survival. The Journal of cell 

biology 141: 1083-1093 

 

Schaller MD, Hildebrand JD, Shannon JD, Fox JW, Vines RR, Parsons JT (1994) 

Autophosphorylation of the focal adhesion kinase, pp125FAK, directs SH2-dependent 

binding of pp60src. Molecular and cellular biology 14: 1680-1688 

 

Schlaepfer DD, Hanks SK, Hunter T, van der Geer P (1994) Integrin-mediated signal 

transduction linked to Ras pathway by GRB2 binding to focal adhesion kinase. Nature 372: 

786-791 

 

Schnurch H, Risau W (1993) Expression of tie-2, a member of a novel family of receptor 

tyrosine kinases, in the endothelial cell lineage. Development (Cambridge, England) 119: 

957-968 

 

Scott BB, Zaratin PF, Colombo A, Hansbury MJ, Winkler JD, Jackson JR (2002) Constitutive 

expression of angiopoietin-1 and -2 and modulation of their expression by inflammatory 

cytokines in rheumatoid arthritis synovial fibroblasts. The Journal of rheumatology 29: 230-

239 

 

Senger DR, Claffey KP, Benes JE, Perruzzi CA, Sergiou AP, Detmar M (1997) Angiogenesis 

promoted by vascular endothelial growth factor: regulation through alpha1beta1 and 

alpha2beta1 integrins. Proceedings of the National Academy of Sciences of the United States 

of America 94: 13612-13617 

 

Senger DR, Perruzzi CA, Streit M, Koteliansky VE, de Fougerolles AR, Detmar M (2002) 

The alpha(1)beta(1) and alpha(2)beta(1) integrins provide critical support for vascular 

endothelial growth factor signaling, endothelial cell migration, and tumor angiogenesis. The 

American journal of pathology 160: 195-204 

 

Serini G, Napione L, Arese M, Bussolino F (2008a) Besides adhesion: new perspectives of 

integrin functions in angiogenesis. Cardiovascular research 78: 213-222 

 

Serini G, Napione L, Bussolino F (2008b) Integrins team up with tyrosine kinase receptors 

and plexins to control angiogenesis. Current opinion in hematology 15: 235-242 

 

Shahrara S, Volin MV, Connors MA, Haines GK, Koch AE (2002) Differential expression of 

the angiogenic Tie receptor family in arthritic and normal synovial tissue. Arthritis research 

4: 201-208 

 

Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF, Breitman ML, Schuh AC 

(1995) Failure of blood-island formation and vasculogenesis in Flk-1-deficient mice. Nature 

376: 62-66 

 



65 

Shibuya M, Yamaguchi S, Yamane A, Ikeda T, Tojo A, Matsushime H, Sato M (1990) 

Nucleotide sequence and expression of a novel human receptor-type tyrosine kinase gene (flt) 

closely related to the fms family. Oncogene 5: 519-524 

 

Shim WS, Ho IA, Wong PE (2007) Angiopoietin: a TIE(d) balance in tumor angiogenesis. 

Mol Cancer Res 5: 655-665 

 

Shimoda H, Bernas MJ, Witte MH, Gale NW, Yancopoulos GD, Kato S (2007) Abnormal 

recruitment of periendothelial cells to lymphatic capillaries in digestive organs of 

angiopoietin-2-deficient mice. Cell and tissue research 328: 329-337 

 

Sobel RA, Hinojoza JR, Maeda A, Chen M (1998) Endothelial cell integrin laminin receptor 

expression in multiple sclerosis lesions. The American journal of pathology 153: 405-415 

 

Soker S, Miao HQ, Nomi M, Takashima S, Klagsbrun M (2002) VEGF165 mediates 

formation of complexes containing VEGFR-2 and neuropilin-1 that enhance VEGF165-

receptor binding. Journal of cellular biochemistry 85: 357-368 

 

Somanath PR, Kandel ES, Hay N, Byzova TV (2007) Akt1 signaling regulates integrin 

activation, matrix recognition, and fibronectin assembly. The Journal of biological chemistry 

282: 22964-22976 

 

Sonoda Y, Matsumoto Y, Funakoshi M, Yamamoto D, Hanks SK, Kasahara T (2000) Anti-

apoptotic role of focal adhesion kinase (FAK). Induction of inhibitor-of-apoptosis proteins 

and apoptosis suppression by the overexpression of FAK in a human leukemic cell line, HL-

60. The Journal of biological chemistry 275: 16309-16315 

 

Stoeltzing O, Ahmad SA, Liu W, McCarty MF, Wey JS, Parikh AA, Fan F, Reinmuth N, 

Kawaguchi M, Bucana CD, Ellis LM (2003) Angiopoietin-1 inhibits vascular permeability, 

angiogenesis, and growth of hepatic colon cancer tumors. Cancer research 63: 3370-3377 

 

Stratmann A, Risau W, Plate KH (1998) Cell type-specific expression of angiopoietin-1 and 

angiopoietin-2 suggests a role in glioblastoma angiogenesis. The American journal of 

pathology 153: 1459-1466 

 

Sullivan CC, Du L, Chu D, Cho AJ, Kido M, Wolf PL, Jamieson SW, Thistlethwaite PA 

(2003) Induction of pulmonary hypertension by an angiopoietin 1/TIE2/serotonin pathway. 

Proceedings of the National Academy of Sciences of the United States of America 100: 

12331-12336 

 

Suri C, Jones PF, Patan S, Bartunkova S, Maisonpierre PC, Davis S, Sato TN, Yancopoulos 

GD (1996) Requisite role of angiopoietin-1, a ligand for the TIE2 receptor, during embryonic 

angiogenesis. Cell 87: 1171-1180 

 

Tadokoro S, Shattil SJ, Eto K, Tai V, Liddington RC, de Pereda JM, Ginsberg MH, 

Calderwood DA (2003) Talin binding to integrin beta tails: a final common step in integrin 

activation. Science (New York, NY 302: 103-106 

 

Takagi J, Springer TA (2002) Integrin activation and structural rearrangement. Immunological 

reviews 186: 141-163 



66 

 

Takahara K, Iioka T, Furukawa K, Uchida T, Nakashima M, Tsukazaki T, Shindo H (2004) 

Autocrine/paracrine role of the angiopoietin-1 and -2/Tie2 system in cell proliferation and 

chemotaxis of cultured fibroblastic synoviocytes in rheumatoid arthritis. Human pathology 

35: 150-158 

 

Takakura N, Huang XL, Naruse T, Hamaguchi I, Dumont DJ, Yancopoulos GD, Suda T 

(1998) Critical role of the TIE2 endothelial cell receptor in the development of definitive 

hematopoiesis. Immunity 9: 677-686 

 

Terman BI, Dougher-Vermazen M, Carrion ME, Dimitrov D, Armellino DC, Gospodarowicz 

D, Bohlen P (1992) Identification of the KDR tyrosine kinase as a receptor for vascular 

endothelial cell growth factor. Biochemical and biophysical research communications 187: 

1579-1586 

 

Thomas GJ, Lewis MP, Hart IR, Marshall JF, Speight PM (2001) AlphaVbeta6 integrin 

promotes invasion of squamous carcinoma cells through up-regulation of matrix 

metalloproteinase-9. International journal of cancer 92: 641-650 

 

Tian S, Hayes AJ, Metheny-Barlow LJ, Li LY (2002) Stabilization of breast cancer xenograft 

tumour neovasculature by angiopoietin-1. British journal of cancer 86: 645-651 

 

Torimura T, Ueno T, Kin M, Harada R, Taniguchi E, Nakamura T, Sakata R, Hashimoto O, 

Sakamoto M, Kumashiro R, Sata M, Nakashima O, Yano H, Kojiro M (2004) Overexpression 

of angiopoietin-1 and angiopoietin-2 in hepatocellular carcinoma. Journal of hepatology 40: 

799-807 

 

Tsigkos S, Zhou Z, Kotanidou A, Fulton D, Zakynthinos S, Roussos C, Papapetropoulos A 

(2006) Regulation of Ang2 release by PTEN/PI3-kinase/Akt in lung microvascular 

endothelial cells. Journal of cellular physiology 207: 506-511 

 

Uemura A, Ogawa M, Hirashima M, Fujiwara T, Koyama S, Takagi H, Honda Y, Wiegand 

SJ, Yancopoulos GD, Nishikawa S (2002) Recombinant angiopoietin-1 restores higher-order 

architecture of growing blood vessels in mice in the absence of mural cells. The Journal of 

clinical investigation 110: 1619-1628 

 

Valable S, Bellail A, Lesne S, Liot G, Mackenzie ET, Vivien D, Bernaudin M, Petit E (2003) 

Angiopoietin-1-induced PI3-kinase activation prevents neuronal apoptosis. Faseb J 17: 443-

445 

 

Valenzuela DM, Griffiths JA, Rojas J, Aldrich TH, Jones PF, Zhou H, McClain J, Copeland 

NG, Gilbert DJ, Jenkins NA, Huang T, Papadopoulos N, Maisonpierre PC, Davis S, 

Yancopoulos GD (1999) Angiopoietins 3 and 4: diverging gene counterparts in mice and 

humans. Proceedings of the National Academy of Sciences of the United States of America 

96: 1904-1909 

 

Venneri MA, De Palma M, Ponzoni M, Pucci F, Scielzo C, Zonari E, Mazzieri R, Doglioni C, 

Naldini L (2007) Identification of proangiogenic TIE2-expressing monocytes (TEMs) in 

human peripheral blood and cancer. Blood 109: 5276-5285 

 



67 

Wang HU, Chen ZF, Anderson DJ (1998) Molecular distinction and angiogenic interaction 

between embryonic arteries and veins revealed by ephrin-B2 and its receptor Eph-B4. Cell 

93: 741-753 

 

Wary KK, Mainiero F, Isakoff SJ, Marcantonio EE, Giancotti FG (1996) The adaptor protein 

Shc couples a class of integrins to the control of cell cycle progression. Cell 87: 733-743 

 

Wary KK, Mariotti A, Zurzolo C, Giancotti FG (1998) A requirement for caveolin-1 and 

associated kinase Fyn in integrin signaling and anchorage-dependent cell growth. Cell 94: 

625-634 

 

Weber CC, Cai H, Ehrbar M, Kubota H, Martiny-Baron G, Weber W, Djonov V, Weber E, 

Mallik AS, Fussenegger M, Frei K, Hubbell JA, Zisch AH (2005) Effects of protein and gene 

transfer of the angiopoietin-1 fibrinogen-like receptor-binding domain on endothelial and 

vessel organization. The Journal of biological chemistry 280: 22445-22453 

 

Witzenbichler B, Maisonpierre PC, Jones P, Yancopoulos GD, Isner JM (1998) Chemotactic 

properties of angiopoietin-1 and -2, ligands for the endothelial-specific receptor tyrosine 

kinase Tie2. The Journal of biological chemistry 273: 18514-18521 

 

Witzenbichler B, Westermann D, Knueppel S, Schultheiss HP, Tschope C (2005) Protective 

role of angiopoietin-1 in endotoxic shock. Circulation 111: 97-105 

 

Wong AL, Haroon ZA, Werner S, Dewhirst MW, Greenberg CS, Peters KG (1997) Tie2 

expression and phosphorylation in angiogenic and quiescent adult tissues. Circulation 

research 81: 567-574 

 

Woodside DG, Liu S, Ginsberg MH (2001) Integrin activation. Thrombosis and haemostasis 

86: 316-323 

 

Xu Y, Yu Q (2001) Angiopoietin-1, unlike angiopoietin-2, is incorporated into the 

extracellular matrix via its linker peptide region. The Journal of biological chemistry 276: 

34990-34998 

 

Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J (2000) Vascular-

specific growth factors and blood vessel formation. Nature 407: 242-248 

 

Zagzag D, Hooper A, Friedlander DR, Chan W, Holash J, Wiegand SJ, Yancopoulos GD, 

Grumet M (1999) In situ expression of angiopoietins in astrocytomas identifies angiopoietin-2 

as an early marker of tumor angiogenesis. Experimental neurology 159: 391-400 

 

Zeng H, Dvorak HF, Mukhopadhyay D (2001) Vascular permeability factor (VPF)/vascular 

endothelial growth factor (VEGF) peceptor-1 down-modulates VPF/VEGF receptor-2-

mediated endothelial cell proliferation, but not migration, through phosphatidylinositol 3-

kinase-dependent pathways. The Journal of biological chemistry 276: 26969-26979 

 

Zhu WH, MacIntyre A, Nicosia RF (2002) Regulation of angiogenesis by vascular endothelial 

growth factor and angiopoietin-1 in the rat aorta model: distinct temporal patterns of 

intracellular signaling correlate with induction of angiogenic sprouting. The American journal 

of pathology 161: 823-830 



68 

 


