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Introduction 

The vascular system 
The vascular system is essential for all vertebrate animals, supplying the 
entire body with blood vessels to deliver oxygen and nutrients to the tissues 
and organs. The vascular system is also essential for the elimination of toxic 
metabolites by detoxification in the liver and excretion via the kidneys. 
Other important assignments are to transport immune cells to sites of 
inflammation or infection and to mediate signals from the endocrine 
signalling system, where signalling molecules, hormones, are released from 
special hormone secreting cells and transported to responder cells via the 
blood.  

The vascular system is made up of a network of blood vessels composed 
of the endothelium; a monolayer of endothelial cells (ECs) lining the lumen 
of the vessel, vascular smooth muscle cells that surround the ECs and a 
basement membrane covering the vascular tube (Fig. 1). Larger vessels, 
arteries and veins, have a thick layer of vascular smooth muscle cells to 
stabilize the vessels and to enable vessel contraction, whereas the smallest 
vessels, denoted capillaries, are partially covered by solitary smooth muscle 
cells called pericytes that promote vessel stabilization [1].  

Arteries transport oxygenated blood from the lungs to the tissues. The 
exchange of oxygen, nutrients and waste products takes place in the capillary 
bed. The de-oxygenated blood is carried back to the heart via the veins and 
to the lungs where it becomes oxygenated.  
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Figure 1. Schematic overview of the vascular system. Arteries carry oxygenated 
blood to the organs of the body. Oxygen and nutrient exchange takes place in the 
smallest vessels, the capillaries. De-oxygenated blood is carried back to the heart via 
the veins to be re-circulated to the lungs where it becomes oxygenated. Modified 
from a Benjamin Cummings publication, Pearson Education, Inc.  

Vasculogenesis  
Vasculogenesis is defined as the de novo formation of blood vessels from 
precursor cells (for a review see [2]). During early embryonic development 
in mice, the vascular system develops from the mesodermal germ layer. At 
embryonic day (E) 7-7.5 in the extra embryonic tissue called the yolk sac, 
precursor cells (hemangioblasts) derived from the mesoderm, differentiate 
into structures called blood islands. The hemangioblasts develop into two 
types of precursor cells; an outer layer of endothelial precursor cells denoted 
angioblasts, surrounding an inner mass of hematopoietic precursor cells [3]. 
The angioblasts will differentiate into endothelial cells (ECs) and form a 
primary vascular plexus of blood vessels (Fig. 2), whereas the hematopoietic 
precursor cells differentiate to form the mature hematopoietic cells. In the 
embryo proper, angioblasts will form directly from mesodermal cells and 
differentiate into ECs forming a primitive vascular plexus at E8-8.5 (Fig. 2). 
The primitive vascular plexus will further expand and remodel through 
angiogenesis. 
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Figure 2. Schematic outline of the vasculogenesis process. 

Angiogenesis 
Angiogenesis may occur through two principal processes; sprouting and 
intussusception (Fig. 3) [4]. In sprouting angiogenesis, ECs in a pre-existing 
vessel become activated by stimulatory signals, for example vascular 
endothelial growth factor (VEGF)-A supplied by neighbouring cells. The 
ECs start to produce proteases that degrade the surrounding basement 
membrane, allowing ECs to migrate towards the stimulatory signal. The 
sprout consists of a growth-arrested leading tip cell and proliferating stalk 
cells [5]. The tip cells are migratory and extend long filopodia that guides 
the sprout towards the stimulus. Subsequently the angiogenic sprout 
anastomoses with other newly formed vessels to allow circulation. The 
basement membrane reassembles and pericytes become recruited to the 
newly formed vessel (Fig. 3).  

Intussusceptive angiogenesis denotes the process where a pre-existing 
vessel is split into two new vessels by formation of transcapillary pillars or 
posts of extracellular matrix (Fig. 3). Not much is known about the 
mechanisms regulating intussusceptive angiogenesis, but there are reports 
indicating the involvement of fibroblasts and pericytes in formation of the 
pillars, as well as hydrodynamic forces [6]. The relative contribution of 
sprouting and intussusception in the development of the vascular system is 
not yet clear. Significant differences between the two mechanisms include 
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that sprouting allows for vascularisation of previously unvascularized 
tissues, whereas intussusception allows formation of new vessels without 
interruption of flow. A recent paper demonstrated that sprouting 
angiogenesis dominates in the early development of the chicken embryo 
lung. Sprouting is subsequently replaced by intussusception which then 
contributes to rapid expansion of the capillary plexus [7]. 

 
 

Figure 3. Schematic outline of angiogenesis by two different mechanisms; sprouting 
angiogenesis and intussusception.  

Vessel formation in the adult has been thought to occur exclusively by the 
processes of sprouting or intussusceptive angiogenesis. However, recent 
evidence has indicated a role for endothelial progenitor cells (EPCs). It is 
believed that EPCs, originating from the bone marrow, circulate in the blood 
and may, when activated, incorporate into vessels at sites of angiogenesis 
[8]. This process has also been denoted “adult vasculogenesis”. 

Angiogenesis in healthy adults is rare and occurs e.g. during ovulation 
and growth of the endometrium during the menstrual cycle. Wound healing 
is accompanied by angiogenesis which ceases once the wound has healed. 
Thus, angiogenesis in such processes is regulated, i.e. it is turned off once 
the need for new blood vessels is met.  



 13

Angiogenesis in diseases 

A number of pathological conditions are propagated either by dysregulated, 
excess angiogenesis such as retinopathy, rheumatoid arthritis, psoriasis and 
tumour diseases, or insufficient vascularisation, such as in limb and 
myocardial ischemia [9], [10].  

In tumour diseases, angiogenesis is stimulated by signals, e.g. VEGF-A, 
that can be secreted by the tumour cells themselves or by tumour-infiltrating 
macrophages. In most tumour diseases, tumour angiogenesis is crucial for 
the progression of the disease, supplying tumour cells with nutrients and 
oxygen and enabling metastatic spreading [11]. Tumour vessels are 
unorganized and leaky, resulting in impaired vessel function and further 
stimulation of angiogenesis by hypoxia-driven expression of VEGF-A in the 
tumour tissue. Targeting of tumour vessels in development of novel cancer 
therapy has received paramount interest and research efforts. Treatment with 
a neutralizing antibody against VEGF-A (Avastin/Bevacizumab) in 
combination with chemotherapy significantly increases survival of patients 
with metastatic colorectal cancer [12]. The mechanism behind the action of 
Avastin involves inhibition of tumour vessel growth and apoptosis of tumour 
ECs. It has also been shown that Avastin treatment leads to morphological 
normalization of tumour vessels, implying stabilization of the vasculature 
and improved blood flow [13]. Thereby, delivery of the chemotherapeutic 
agent into the tumour may be facilitated. Normalization of vessels may also 
inhibit metastatic spread through the vasculature, as this would reduce the 
vessel leakiness and recreate vessel integrity.  

Other diseases such as limb and myocardial ischemia are characterized by 
lack of functional vessels. Several clinical trials have been conducted using 
growth factor infusions and gene therapy techniques to enhance angiogenesis 
in ischemic tissues. Although positive results have been obtained in animal 
studies, pro-angiogenesis treatments have not resulted in clinically relevant 
improvements of the patients [14]. Efficient delivery of the angiogenic 
stimulator has been a problem but current intense development of new 
generation vectors, such as adeno-associated viruses or lenti viruses, holds 
promise for future successful application of these treatment strategies.  

Endothelial cell interactions - role of the extracellular matrix and 
pericytes 

ECs are attached to a basal membrane (BM), which forms a continuous coat 
around the vessels. Some of the main components of the vascular BM are 
type IV collagen, laminins, fibronectin, heparan sulphate proteoglycans and 
nidogens. The BM provides structural support to the ECs [15] and 
interaction of ECs with components in the BM is important for maintaining 
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the vessel wall integrity [16]. When cells are in contact with an intact BM, 
the cells are normally quiescent. 

When ECs are exposed to angiogenic growth factors such as VEGF-A, 
the BM is degraded by several different matrix-degrading enzymes, such as 
matrix metalloproteinases. These can be produced by ECs or stromal cells, 
as well as by tumour and inflammatory cells [17]. Endothelial sprouting is 
activated not only by growth factors, but also via signals from the matrix 
proteins. When the BM is degraded, so called cryptic sites are revealed that 
can activate the angiogenic properties of ECs. In conjunction with BM 
degradation and increased vascular permeability, the blood clotting protein 
fibrinogen will leak out from the vessels and polymerize to a fibrin gel [18]. 
Constituents of the degraded BM, fibrin and EC-produced extracellular 
matrix (ECM) components will form a provisional matrix that the ECs will 
invade with guidance from both growth factors and the matrix proteins. 
Once through the provisional matrix, the endothelial sprout will further 
invade the interstitial matrix, composed of e.g. fibrillar collagens such as 
collagen I, and fibronectin. These proteins may also promote angiogenesis. 
Collagen I is for example known to have pro-angoigenic effects [19], [20], 
[21], [22]. The signals from the ECM are transmitted by cell surface 
expressed adhesion proteins called integrins, which bind to different ECM 
proteins in a specific manner [23]. In conjunction with fusion of newly 
formed vessel sprouts to allow perfusion, the BM reassembles and pericytes 
are recruited to the vessel. ECs recruit pericytes by secreting PDGF which 
bind to the PDGFß-receptor expressed by pericytes. Pericyte recruitment is 
crucial for vessel stabilization and lack of pericyte engagement causes 
remodelling defects and leaky vessels [24], [1]. 

Lumen formation 

During endothelial morphogenesis, the ECs need to form a lumen in order to 
carry the blood. Lumen formation has been suggested to occur through a 
process of coalescence and enlargement of intracellular vacuoles that later 
merge with vacuoles in neighbouring cells to create a multicellular lumen. 
This has been shown in both cultured ECs [25], [26] and recently Kamei et 
al showed that this process occurs in vivo in the intersegmental vessels 
(ISVs) in zebrafish embryos [27]. ECs form vacuoles by cellular pinocytosis, 
which is regulated by the ECM in an integrin-dependent process [25]. Two 
proteins shown to be involved in lumen formation are the Rho GTPases 
Cdc42 and Rac1. Both proteins appear in the vacuoles during lumen 
formation [28], [27] and inhibition of any of these proteins by expression of 
dominant-negative mutants or by using siRNA results in decreased lumen 
formation [28], [26]. Their exact roles in lumen formation are, however, not 
clear. Both Cdc42 and Rac1 are involved in various cellular functions, 
including regulation of the actin cytoskeleton, migration and phagocytosis 
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(for a review see [29]). One of the major functions of Cdc42 is to control cell 
polarity, and siRNA against the polarity-regulating genes PAR3 and PAR6 
downstream of Cdc42 also inhibits lumen formation [30]. This indicates that 
Cdc42-mediated polarity is important during lumen formation. Other 
functions of these proteins in lumen formation might involve regulation of 
pinocytosis, which resembles phagocytosis, where Cdc42 and Rac1 have 
known functions.  

VEGFs 
The VEGF family of ligands and their receptors have crucial roles in 
regulating both vasculo- and angiogenesis (for reviews see [31] and [32]). 
The VEGFs are secreted homo-dimeric glycoproteins and can be produced 
by various cell types, such as ECs, fibroblasts and different types of tumour 
cells. In mammals, the family consists of five members; VEGF-A – D and 
placenta growth factor (PlGF), which bind to three different, but structurally 
related transmembrane tyrosine kinase receptors, denoted VEGF receptor 
(VEGFR)-1 – 3. Figure 4A illustrates the binding pattern of the VEGFs to 
the receptors. VEGF-A is thought to be one of the main inducers of 
angiogenesis, regulating several functions in the EC, including proliferation, 
migration, survival, permeability and differentiation. The importance of 
VEGF-A has been demonstrated in knock-out studies in mice. Inactivation 
of even a single allele of vegf-a leads to abnormal vasculature and the mice 
die at E11-12 [33]; [34]. VEGF-A was originally denoted vascular 
permeability factor (VPF) due to its ability to induce vascular permeability. 
One of the main inducers of VEGF-A transcription is hypoxia, via the 
hypoxia inducible factor HIF-1.  

The VEGFs bind to their receptors in an overlapping pattern and can also 
bind to heparan sulphate proteoglycans (HSPGs) and co-receptors called 
neuropilins (Fig. 4B). VEGF-A, VEGF-B and PlGF exist in different 
isoforms, which differ in their ability to bind to HSPGs and neuropilins. Six 
different VEGF-A isoforms have been identified which differ in the number 
of amino acids from 121 to 206 residues [35]. The most abundant splice 
variant is VEGF-A165 which has the ability to bind both HSPGs and 
neuropilins. HSPGs are expressed by ECs and by the surrounding pericytes 
[36] and are also found in the ECM. Binding of VEGF-A165 to EC-bound 
HSPGs retains VEGF-A165 at the cell surface and increases the affinity to 
VEGFR-2, thereby promoting VEGFR-2 activation. HSPGs in the ECM are 
involved in creating a gradient of VEGF-A165, which is important in the 
guidance of the vascular sprouts during angiogenesis. In fact, proliferation of 
ECs is regulated by the overall concentration of VEGF-A, whereas 
endothelial sprouting requires a gradient of VEGF-A [5]. This is in 
accordance with data showing that VEGF-A120 (VEGF-A121 in human), 



 16 

which does not bind to HSPGs and therefore is freely diffusible and not 
presented as a gradient, is inefficient in EC tip cell guidance, but is sufficient 
in driving EC proliferation in the mouse retina [5]. Accordingly, mice 
expressing only the VEGF-A120 isoform have broad and unbranched vessels 
[37], [38]. On the other hand, the VEGF-A189 isoform binds strongly to 
HSPG in the ECM and is therefore restricted to the ECM adjacent to the 
VEGF-producing cell. Mice expressing only VEGF-A188 (VEGF-A189 in 
human) have instead thin, hyperbranched vessels [37], [39].  

VEGFs may also be modulated by proteolytic processing. Processing of 
VEGF-C and VEGF-D enables their binding to VEGFR-2. Splice variants of 
VEGF-A can be processed, which affect their ability to interact with HSPGs 
and neuropilins [40].  

Neuropilins are transmembrane glycoproteins that act as co-receptors for 
the VEGFs. Binding of VEGF-A165 to Neuropilin-1 has been shown to be 
critical for VEGF-A-induced sprouting and branching of ECs [41].  

VEGF-receptors 

VEGFR-2 

VEGFR-2 is generally accepted to be the main receptor responsible for 
transducing the angiogenic activities of VEGF-A. Binding of VEGF-A to 
VEGFR-2 results in a high affinity binding and receptor activation. VEGFR-
2 is abundantly expressed in vascular endothelial progenitors in early 
embryogenesis. Later in development, the expression declines to reach a 
relatively low level in quiescent ECs in adults. In conditions of pathological 
angiogenesis, such as tumour diseases, high expression of VEGFR-2 can be 
detected in ECs as well as in some tumour cells. VEGFR-2 is also expressed 
in hematopoietic stem cells and on EPCs [42]. Knockout of VEGFR-2 in 
mice leads to embryonic lethality at E8.5 due to deficient EC development 
and lack of vessels [43]. For reviews on VEGFR-2 biology, see [32] and 
[44]. 

VEGFR-1 

VEGFR-1 is expressed in ECs and hematopoietic cells and is a positive 
regulator of monocyte and macrophage migration. The binding of VEGF-A 
to VEGFR-1 results in a higher affinity binding compared to VEGFR-2 [45], 
but the activation of VEGFR-1 as well as the resulting cellular responses are 
weak.  The function of VEGFR-1 in ECs is not clear but has been described 
to both positively and negatively regulate VEGFR-2 signalling [32]. The 
most important contribution of VEGFR-1 in EC biology seems to be to 
negatively regulate VEGFR-2 signalling. This is at least in part conducted by 
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a soluble form of VEGFR-1 which act as a trap for VEGF-A, thereby 
limiting the availability of VEGF-A to activate VEGFR-2 [46]. This is in 
concordance with knockout studies in mice showing that depletion of 
VEGFR-1 leads to embryonic lethality at E8.5-9 with vascular 
disorganization due to an excessive overgrowth of ECs [47]. This is caused 
by an increase in the number of endothelial progenitors [48]. In addition to 
VEGF-A, VEGFR-1 binds VEGF-B and PlGF with high affinity.   

VEGFR-3 

VEGFR-3 is activated by VEGF-C and VEGF-D and is expressed in 
lymphatic endothelial cells where it regulates lymphatic development and 
function. VEGFR-3 is also expressed in fenestrated capillaries and veins in 
endocrine organs as well as on monocytes and macrophages. For reviews see 
[32, 49, 50]. In addition, VEGFR-3 is expressed in the developing blood 
endothelium in the embryo where it is involved in the regulation of blood 
vessel formation during embryogenesis. Knocking out VEGFR-3 results in 
embryos with defects in blood vessel remodelling, leading to cardiac failure 
at E9.5 [51].   
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Figure 4. The VEGFs bind to the VEGF-receptors in an overlapping pattern. 
Binding of ligands can lead to both homo and heterodimerization of the receptors. 
Reprinted by permission from Macmillan Publishers Ltd: Nat rev mol cell biol  [32], 
copyright 2006. 

VEGFR-2 signalling 

Binding of VEGFs to the extracellular part of their receptors leads to 
receptor dimerization. Both homo- and heterodimerization occurs, with 
following trans-phosphorylation of tyrosines in the intracellular domain of 
the receptors. The phosphorylation leads to activation of the kinase and 
allows for binding and activation of interacting proteins. This in turn leads to 
induction of signalling cascades which eventually become established as 
cellular responses, such as proliferation, migration, survival and 
differentiation (Fig. 5) (for a review see [32]). There are three major 
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phosphorylation sites involved in the downstream signalling of VEGFR-2, 
namely Tyr951, Tyr1175 and Tyr1214. The importance of Tyr1175 has been 
demonstrated by knock-in mutation of Tyr1173 (Tyr1175 in human) to 
phenylalanine in mouse. Mice lacking Tyr1173 die during early 
development with a phenotype very similar to vegfr-2-/- mice, including 
absence of blood vessels and blood islands, and reduced number of 
hematopoietic progenitors [52].  

Proliferation mediated by VEGFR-2 can be transduced via activation of 
the extracellular-signal-regulated kinase-1/2 (ERK1/2) pathway. This 
pathway is induced when phospholipase C-� (PLC-�) binds to activated 
Tyr1175 on VEGFR-2 [53]. Tyr1175 can also mediate migration of ECs via 
binding of the adaptor protein Shb [54]. Shb has also been shown to be 
involved in VEGFR-2 mediated activation of phosphatidylinositol 3-kinase 
(PI3K) [54]. The protein kinase B (AKT/PKB)/PI3K pathway is known to 
mediate survival signals [55] and a recent paper demonstrates a role for this 
pathway in regulation of EC permeability [56]. The AKT/PKB pathway also 
regulates nitric oxide (NO) production by activation of endothelial NO 
syntase (eNOS), which has been implicated in regulation of several aspects 
of VEGF-A-induced EC responses. Migration of ECs can be mediated by 
additional pathways. VEGFR-2 can activate both focal adhesion kinase 
(FAK) through Tyr1175, as well as the p38 mitogen-activated protein kinase 
(p38MAPK) pathway through Tyr1214 to regulate EC migration. The 
protein tyrosine kinase Src has also been shown to regulate migration, e.g. 
by binding to the VEGFR-2 interacting protein T cell specific adaptor 
(TSAd) which binds to Tyr951 [57]. Src seems to be involved in regulating 
many of the VEGFR-2 mediated cellular responses [58], including EC 
survival and permeability [59].   

After receptor activation, the signal needs to be inactivated. This is as 
crucial as the activation itself. There are data showing that upon VEGF-A 
stimulation, VEGFR-2 is internalized by ubiquitination-regulated 
endocytosis to endosomes and subsequently degraded in the lysosomes [60]. 
VEGFR-2 can also be inactivated by de-phosphorylation of the tyrosine 
residues by phosphatases.  
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Figure 5. Activation of VEGFR-2 leads to downstream signalling cascades resulting 
in cellular responses. Reprinted by permission from Macmillan Publishers Ltd: Nat 
rev mol cell biol [32], copyright 2006 

VEGF-A-regulated tubular morphogenesis  
The process whereby ECs form new vessels requires dramatic changes of the 
EC phenotype. Cells need to acquire an invasive migratory form, activate 
proteases and degrade the BM. Elongation of the sprout needs to be guided 
and highly coordinated between different cells in the angiogenic sprout (i.e. 
tip and stalk cells). Subsequently, cells need to form a lumen, anastomose 
with other vessels, and settle down to a resting state again. Regulation of this 
process requires the coordinated involvement of several components. VEGF-
A, as previously mentioned, is one of the main inducers of endothelial 
morphogenesis. Since VEGF-A can induce a broad array of functions in the 
EC, efforts have been put into understanding how the cells can respond to 
VEGF-A in these different ways. This could facilitate a more specific 
targeting of angiogenesis in diseases such as cancer, where it would be of 
interest to target e.g. EC migration or proliferation to affect tumour 
angiogenesis without affecting survival of ECs in the already existing 
vasculature. It is clear that a range of molecules, such as other types of 
receptors expressed in ECs, as well as pericytes and also ECM components 
in the EC environment, affect the outcome of the VEGF-A signal. As 
discussed above, the different VEGF-A isoforms, acting in concert with 
VEGF co-receptors such as neuropilin-1 and HSPGs, have great impact on 
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the EC behaviour. Other components shown to have important roles in 
VEGF-A- induced EC morphogenesis will be presented below. 

VEGFR-1 in endothelial morphogenesis 

VEGF-A exerts its main angiogenic effects through VEGFR-2, but in the 
context of endothelial morphogenesis, VEGFR-1 has important functions in 
modulating the response to VEGFR-2 by acting as a decoy receptor for 
VEGF-A. VEGFR-1 exists in two isoforms; a soluble isoform (sVEGFR-1) 
and a membrane bound isoform (mVEGFR-1). Recent data have shown that 
both sVEGFR-1 and mVEGFR-1 are involved in regulating endothelial 
proliferation. However, only the soluble form seems to be involved in the 
regulation of endothelial morphogenesis [61]. This was shown by expressing 
sVEGFR-1 or mVEGFR-1 in differentiating embryonic stem cell (ES) 
cultures lacking VEGFR-1. vegfr1-/- ES cultures are characterized by 
increased endothelial proliferation and reduced sprouting and branching 
[47], [62]. Expression of sVEGFR-1 or mVEGFR-1 in vegfr1-/- ES cultures 
led to decreased proliferation of ECs. However, only expression of 
sVEGFR-1 rescued the branching morphogenesis to the level seen in wild 
type cultures. The rescue by sVEGFR-1 probably involves creation of a 
gradient of VEGF-A which is necessary for vessel sprouting but not 
endothelial proliferation. sVEGFR-1, in contrast to mVEGFR-1, can diffuse 
away from the cell membrane to create a gradient, thereby affecting VEGF-
A availability to nearby cells.  

Delta/Notch in endothelial morphogenesis 

For a new sprout to form, certain cells have to become induced to form tip 
cells, whereas other cells will function as stalk cells. The Delta/Notch 
pathway has been shown to be involved in the division of ECs into tip or 
stalk cells. The Notch receptors are transmembrane proteins who bind 
ligands of the Delta-like- and Jagged family. The ligands are also membrane 
bound, which limits signalling to cells in close proximity. Upon ligand 
binding, the intracellular part of the receptor is cleaved off and translocated 
to the nucleus where it induces production of transcriptional repressors. 
Several studies imply a convergence between the VEGF-A and Notch 
pathways. In tip cells, VEGF-A has been shown to induce the expression of 
Dll4 [63], [63], [64], [65]. This is thought to activate the expression of 
Notch-1 in the adjacent stalk cells, which downregulate VEGFR-2 [66], 
leading to inhibition of the stalk cells from transforming into tip cells and a 
sprouting phenotype. Inactivation of Notch-1 or haploinsufficiency in Dll4 
leads to increased tip-cell formation and increased sprouting and branching 
[67], [68]. Although the result is increased vessel density, the vessels are 
non-functional, lacking lumen and smooth muscle cell coverage [69], [66]. 
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In two different tumour studies, this even led to decreased tumour growth 
due to failure of the vasculature to provide the tumour with oxygen and 
nutrients [70], [66]. Interestingly, haploinsufficiency in Dll4 also led to a 
decrease in VEGFR-1 expression [63], indicating that in normal condition, 
the Dll4/Notch pathway may induce VEGFR-1 to limit the VEGF-A 
availability in the stalk cells and thereby inhibit sprouting.  

Additional guidance factors 

Other factors known to be important for endothelial morphogenesis are 
members of the Semaphorin/Plexin, Netrin/Unc5, Angiopoietin/Tie, and the 
Slit/Robo families, although not necessarily downstream of VEGF-A (for a 
review see [71]). Several of these proteins are also important in controlling 
neuronal guidance. Semaphorin/Plexin signalling is important in guidance 
during vascular sprouting by delivering repulsing cues via somitically 
expressed semaphorin 3E to the endothelial expressed receptor Plexin D1 
[72], [73]. Netrin/Unc5B negatively regulate blood vessel growth. The 
receptor Unc5B is highly expressed in capillaries and tip cells and induces 
retraction of tip cell filopodia when activated by the ligand netrin-1 [74]. 
Angiopoietin-1 and -2 are antagonists who bind to the transmembrane 
receptor Tie-2. Ang-1 induces tight junctions between ECs and promotes EC 
integrity whereas Ang-2 acts as a destabilizing agent prior to vessel 
sprouting or regression. The action of Ang-2 towards sprouting or regression 
depends on the presence of VEGF-A [75]. The function of Slit/Robo 
signalling in EC biology remains elusive. Two of the Robo receptors have 
been reported to be expressed in ECs; Robo1 and Robo4. Robo4 is 
specifically expressed in ECs [76] but conflicting data exists on its role for 
EC biology as well as its interaction with the ligand Slit2 [77]. A general 
conclusion is however that both silencing and overexpression of Robo4 
results in decreased EC migration and in the zebrafish model, both 
conditions lead to impaired formation and guidance of the ISVs [78].  

Phosphatases-negative regulators of VEGFR-2 signalling 
Tyrosine kinases control many fundamental processes in the cell. This is 
demonstrated by the fact that severe diseases, such as cancer, are caused by 
dysregulated kinase activity. As a consequence, cells employ a plethora of 
mechanisms to keep tight control of the level of tyrosine kinase activity. 

Dephosphorylation of the tyrosine residues by protein tyrosine 
phosphatases (PTPs) is an extremely rapid mechanism for kinase 
inactivation, which as described below, is crucial for cellular function.  
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There are three subfamilies of PTPs; classical PTPs, dual specificity PTPs 
and low-molecular weight PTPs. In this thesis, only the classical PTPs will 
be discussed, hereafter referred to as PTPs.  
PTPs can be divided into two groups; receptor-like PTPs and cytosolic PTPs. 
The intracellular part of the receptor-like PTPs and the cytosolic PTPs 
contains a structurally conserved catalytic domain, responsible for the actual 
phosphatase activity. A second intracellular phosphatase domain is presumed 
to possess regulatory functions. Cytosolic PTPs may also contain conserved 
structural domains that regulate their subcellular location, such as Src 
Homology 2 (SH2) domains, that confer the ability to bind to 
phosphorylated tyrosine residues, e.g. on growth factor receptors. The 
extracellular part of the receptor-like PTPs, which display a great structural 
variability, may also have regulatory functions.  

There are several known mechanisms for regulation of the phosphatase 
activity of PTPs (for a review see [79]). Phosphorylation can both increase 
and decrease their activity. Reversible oxidation of the active site is a general 
regulatory mechanism. Reactive oxygen species (ROS) production occurs in 
a variety of cells [80] and can be induced under several conditions, such as 
hypoxia and after growth factor stimulation. Production of ROS leads to 
oxidation of the cysteine residue in the catalytic domain of phosphatases, 
resulting in PTP inhibition. Hypoxia is a well known inducer of angiogenesis 
by regulating transcription of a variety of genes, including VEGF-A. An 
additional mechanism in hypoxia-mediated angiogenesis may be induction 
of ROS production and consequent decreased PTP activity, allowing 
activation of tyrosine kinases, such as VEGFR-2. Regulation by ligand-
binding to the extracellular domain of receptor-like PTPs has attained great 
interest. It is now known that both ligand-induced activation and inactivation 
of the PTP activity occurs. The cytokine pleiotrophin for example, binds to 
and negatively regulates the phosphatase activity of PTPRZ1 (PTP-�/�) [81], 
whereas an unidentified component in Matrigel activates the Density-
enhanced phosphatase-1 (DEP-1) [82]. One of the mechanisms for ligand-
regulated inactivation may be by inducing dimerization of the receptor-like 
PTPs. Dimerization is a known inhibitory mechanism, leading to occlusion 
of the active phosphatase site [83, 84]. Several of the receptor PTPs also 
display homophilic interactions trough their extracellular domains which are 
important for cell adhesion. Proteolytic cleavage of PTPs may also regulate 
their activity. Cleavage has for example been shown to regulate the 
subcellular location and to enhance the phosphatase activity of the 
phosphotyrosine phosphatase 1B (PTP1B) [85]. Other reports have 
suggested proteolytic cleavage and degradation as a function to negatively 
regulate phopshatases [86].  

Phosphatases may display a high degree of target specificity. When 
dephosphorylating tyrosine kinases with multiple phosphorylation sites, 
certain PTPs show site-specific selectivity [87]. Importantly, since different 
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phosphorylation sites can induce distinct signalling pathways controlling 
particular cellular responses, the site specificity implies a function for 
phosphatases in modulating cellular responsiveness to e.g. growth factors. 

Originally, phosphatases were thought to function only as negative 
regulators of tyrosine kinases. We now know that they also can promote 
tyrosine kinase activity. The tyrosine kinase c-Src for example, is activated 
when it is dephosphorylated at the C-terminal negative regulatory site 
Tyr527 by PTP� [88]. 

In ECs, PTPs are involved in regulation of a variety of functions, 
including tyrosine kinase receptor signalling, signalling through adhesion-
molecules and NO and might also regulate signalling induced by shear stress 
and hypoxia (for reviews see [87], [89]). By now, VEGFR-2 has been shown 
to be dephosphorylated by a number of phosphatases; DEP-1, SH2-domain 
containing phosphatase (SHP) 1- and 2, Protein tyrosine phosphatase 1B 
(PTP1B) and Human cellular protein tyrosine phosphatase-A (HCPTP-A).  

DEP-1 or CD148 is a receptor type PTP expressed in the endothelium but 
also in other cells. DEP-1 is induced in contact-inhibited cells [90] and 
locates to intercellular junctions [91] where it acts together with VE-
cadherin to limit EC proliferation by dephosphorylating VEGFR-2 [92]. 
Interestingly, a bivalent antibody towards the ectodomains of DEP-1 
promotes its activation, leading to decreased proliferation of cultured ECs 
and inhibition of corneal angiogenesis [93]. Of note, the antibody had no 
effect on EC permeability. The reason for this apparent specificity was not 
further investigated but could involve site specific dephosphorylation of 
VEGFR-2 by DEP-1. The use of bivalent antibodies to activate phosphatases 
which specifically dephosphorylate certain sites of a kinase receptor could 
be interesting from a therapeutic point of view. In this way, a specific 
signalling pathway downstream of a phosphorylation site could be targeted 
and inactivated, resulting in more specific effects of the treatment. 

SHP-1 is a non-receptor PTP expressed in hematopoietic- and ECs that 
has been reported to be constitutively associated to VEGFR-2 [94]. Others 
have claimed that SHP-1 and VEGFR-2 instead associate after induction by 
VEGF-A [95]. Upon VEGF-A stimulation, SHP-1 is activated by Src [96], 
allowing SHP-1 to dephosphorylate specific tyrosine residues in VEGFR-2. 
Interestingly, Tyr951, which has been shown to regulate endothelial 
migration [57], appeared not to be affected by SHP-1 [94] whereas Tyr996, 
1059 and 1175 became dephosphorylated, indicating involvement of SHP-1 
in modulation of the cellular response to VEGFR-2 signalling. Accordingly, 
Bhattacharya et al showed that SHP-1 affected endothelial proliferation, but 
not migration.  

The cytosolic phosphatase SHP-2, which is more widely expressed than 
SHP-1, interacts with VEGFR-2 in a collagen I-dependent manner. Mitola et 
al showed that VEGF-A stimulation of ECs plated on collagen leads to 
binding of SHP-2 to the activated receptor, resulting in the 
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dephosphorylation and inactivation of VEGFR-2. The interaction was much 
reduced when cells were plated on vitronectin [97]. SHP-2 was also found to 
regulate VEGFR-2 internalization which was decreased when cells 
expressed a dominant negative SHP-2 mutant. 

PTP1B was recently found to interact with VEGFR-2, leading to reduced 
phosphorylation and EC proliferation, probably by inhibition of the ERK1/2 
pathway induced by Tyr1175 [98]. PTP1B had no effect on EC migration. It 
was also found that PTP1B stabilizes VE-cadherin-mediated cell-cell 
contacts by reducing the level of VE-cadherin tyrosine phosphorylation. 

HCPTP-A, an isoform of the gene commonly called ACP1, has also been 
shown to dephosphorylate VEGFR-2 [99]. 

VE-PTP- an endothelial specific phosphatase 

The vascular endothelial protein tyrosine phosphatase, VE-PTP, is the only 
known PTP specifically expressed in ECs [100, 101]. VE-PTP has several 
aliases; PTPRB, PTP-�, HPTP-� and RPTP-�. Care should be taken not 
confuse it with the protein tyrosine phosphatase receptor type-Z, PTPRZ1, 
sometimes also denoted RPTPB and RPTPbeta. VE-PTP has critical 
functions in vessel biology as mice lacking the protein or expressing a 
mutant form of VE-PTP, die between E8.5 to 10 with severe vascular defects 
[101], [102]. A primary vascular plexus is formed in mutant embryos, but 
the vasculature fails to further remodel into a hierarchical branched network 
and remains as a plexus with only minor pruning. In the yolk sac, the 
phenotype is even more pronounced, displaying complete lack of vessel 
remodelling and hyperfused vessels. This implies that VE-PTP is not 
necessary for early vascular development, but is crucial for the remodelling 
of the primary vascular plexus.  

VE-PTP has been shown to interact with and dephosphorylate the cell-
cell adhesion protein VE-cadherin [103] and the tyrosine kinase receptor 
Tie-2 [100]. In a paper presented in this thesis, we report that VE-PTP also 
interacts with and dephosphorylates VEGFR-2 (Mellberg et al, submitted 
manuscript).  

VE-cadherin is a transmembrane protein located at endothelial cell-cell 
contacts where it forms homophilic interactions bridging across 
neighbouring cells. It is the major constituent of adherens junctions and its 
adhesive function is regulated by the phosphorylation status, such that VE-
cadherin phosphorylation leads to disruption of cell-cell contacts whereas 
dephosphorylation strengthens the contacts. Loosening of cell-cell contacts 
is a prerequisite for the formation of the vascular sprout and for 
establishment of vascular permeability. VE-PTP and VE-cadherin interact 
via their extracellular domains, resulting in reduced phosphorylation of VE-
cadherin and decreased cell permeability [103]. Interestingly, the same 
authors reported that VE-PTP affected the cell surface expression of 
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VEGFR-2, although this was not investigated in detail. VE-cadherin has 
been shown to regulate VEGFR-2 internalization [104], which possibly may 
be mediated via VE-PTP. VE-PTP expression is induced in conjunction with 
increasing cell density, implying a role for VE-PTP in contact inhibition of 
cell growth [105]. Contact inhibition may involve regulation of VEGFR-2 
activity via VE-cadherin, as has been reported for DEP-1 as discussed above 
[92].  

Tie-2 is a receptor tyrosine kinase that is required for vessel remodelling 
and vessel integrity (for a review see [75]). In a recent paper, Tie-2 was 
shown to translocate to cell-cell contacts in confluent cells to engage in 
homophilic interactions across the cell membranes [106]. VE-PTP co-
localized with Tie-2 at the cell-cell contacts, resulting in increased stability 
of EC junctions and reduced permeability. In sparse, mobile cells, Tie-2 
expression was instead located to the basal cell surface, mediating cell-
matrix contacts whereas VE-PTP was mostly seen in vesicular structures. 
Tie-2 activation mediated induction of different signalling pathways 
dependent on its subcellular location, suggesting that VE-PTP de-
phosphorylation of particular tyrosine residues on Tie-2 modulates the 
downstream effects of Tie-2 signalling.  

Unpublished data by Vestweber’s group points to a role for VE-PTP in 
the regulation of transendothelial migration of neutrophils, probably by 
modulating the adhesive function of VE-cadherin (Gamp et al, manuscript in 
preparation, reviewed by [107]). Docking of neutrophils to the ECs induces 
dissociation of VE-cadherin from VE-PTP. Interestingly, suppression of VE-
PTP expression leads to increased transendothelial migration of neutrophils.  

The role of VE-PTP in tumour angiogenesis is not well explored, but 
Dominguez et al showed that VE-PTP is expressed in newly formed tumour 
vessels [102]. Intriguingly, expression was dramatically increased in resident 
vessels co-opted by the tumour. However, Gaits et al reported that VE-PTP 
expression was dramatically decreased in lung adenocarcinomas compared 
to normal lung tissue [108].  

Role of endocan in tumour vessels 
As described previously, tumour cells can promote angiogenesis which 
facilitate tumour progression. The endothelium may aggravate tumour 
diseases also by expressing proteins that affect tumour growth or 
inflammation. This is true for the proteoglycan endocan or ESM-1 
(endothelial cell specific molecule-1), which is the focus of paper I [109] in 
this thesis. High expression of endocan in the blood of patients or at sites of 
tumour growth has been associated with poor prognosis in several types of 
cancers (for a review see [110]). Endocan is expressed by ECs in response to 
growth factors such as VEGF-A and inflammatory cytokines [111], leading 
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to secretion of endocan into the bloodstream. Endocan has been shown to 
promote the mitogenic activity of hepatocyte growth factor (HGF/SF) on 
embryonic kidney cells [112] and to promote the mitogenic and pro-
migratory activity of VEGF-A and VEGF-C in lymphatic ECs [113]. HGF 
has been implicated in tumour progression by stimulating tumour cell 
proliferation [114] and by enhancing VEGF-A-mediated angiogenesis [115]. 
VEGF-C is expressed by many solid tumour cells, and can stimulate both 
lymphangiogenesis and angiogenesis via its receptor VEGFR-3, which is 
expressed in both lymphatic ECs and on tumour blood vessels (reviewed in 
[116]). In this way, the tumourigenic effect of endocan could result from 
induced tumour cell proliferation and angiogenesis through HGF and by 
promoting lymphangiogenesis by enhanced VEGF-C activity, thereby 
facilitating metastatic spreading via the lymphatic vessels.  

Another mechanism by which endocan could promote tumour growth is 
by inhibiting lymphocyte recruitment to the tumour. Endocan has been 
shown to regulate the recruitment of leukocytes (i.e. white blood cells) to 
sites of inflammation [117]. The exact mechanism is not known, but data 
suggests that endocan binds to the integrin CD11a/CD18, also denoted LFA-
1 (lymphocyte function-associated antigen-1) on the surface of lymphocytes. 
This prevents binding of the intercellular adhesion molecule-1 (ICAM-1) to 
the lymphocyte, which is a prerequisite for the attachment of lymphocytes to 
the ECs, thereby inhibiting lymphocyte transmigration through the 
endothelium and further migration to the locations of inflammation or 
tumour growth. Lymphocytes, such as cytotoxic T-cells and NK-cells, can 
directly target tumour cells and thereby promote tumour regression [118]. 
Importantly, endocan has a relatively restricted expression pattern in healthy 
adults but shows increased expression in tumour vessels. Therefore, endocan 
may be suitable as a marker for tumour endothelium as well as a target for 
cancer treatment.  
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Methods 

Modelling angiogenesis 
It has been important to develop relevant in vitro assays to study the 
mechanisms involved in blood vessel formation. In vitro studies are crucial 
in order to determine the molecular mechanisms regulating cellular 
responses such as differentiation. Systems can easily be manipulated and 
changes in e.g. gene and protein levels can be investigated in detail.  

Several different methods have been established to study the different 
processes during vasculo- and angiogenesis, for example, the embryoid body 
model, proliferation assays, migration assays and several differentiation 
assays. In this thesis, we have utilised three different in vitro assays; a fibrin 
invasion assay, the tube formation assay and an assay where cells proliferate 
on fibronectin. The assays represent different steps during differentiation of 
ECs into new vessels, which is characterized by degradation of the 
surrounding basement membrane, invasion of a provisional matrix of fibrin, 
proliferation, migration and subsequent assembly of cells into new vessel 
structures. 

Finally, we have utilized the zebrafish model to study vascular 
development in vivo.  

Fibrin invasion assay 

During the initial phase of sprouting angiogenesis as well as in wound 
healing, the blood clotting protein fibrinogen leaks out from the vessels and 
polymerizes to fibrin. This is a crucial event in wound healing where fibrin, 
together with thrombocytes, act as a barrier to prevent blood loss. This 
provisional matrix, which to a high extent is built up of fibrin, will also act 
as a scaffold for invading leukocytes and ECs during wound healing. In 
order to mimic this invasion process, ECs can be seeded on a matrix of fibrin 
and with the addition of angiogenic growth factors, ECs start to invade the 
gel. To study angiogenesis, the cultures can be manipulated by different 
means, for example by adding different growth factors or inhibitors, by using 
cells expressing mutant proteins or cells treated with siRNA. RNA or protein 
lysates can be isolated and the changes in RNA or protein expression can be 
monitored over time.  
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Figure 6. Fibrin invasion assay. Endothelial cells are seeded on top of a fibrin gel. 
Addition of VEGF-A promotes invasion of the gel.  

Tube formation assay 

In the 1980s, Montesano and Orci established a capillary morphogenesis 
assay, in which ECs would form tubular structures when placed in a gel of 
collagen I [22]. By electron microscopy it was demonstrated that the tubes 
had a fluid-filled lumen. Later, Pepper et al. showed that VEGF-A and 
fibroblast growth factor (FGF)-2 could stimulate capillary tube formation in 
these assays [119] and Merwin et al. identified formation of tight junctions 
between ECs in the tubular structures [120]. The importance of collagen I in 
angiogenesis have been demonstrated in several ways [20] and mice unable 
to produce collagen I die during embryogenesis due to rupture of major 
blood vessels [121]. An important contribution that provided evidence for 
the relevance of this assay was presented by Koike et al. [122]. They 
implanted a 3D collagen I gel containing HUVECs into mice and showed 
that the implanted HUVECs formed vessel structures that subsequently 
connected with the host circulatory system and became perfused. However, 
the perfusion and stability were dependent of the presence of smooth muscle 
cells.  

There are several variants of the tube formation assay. Cells can be 
seeded in the gel before the gel has polymerized and will then be scattered in 
the gel, or the cells can be seeded on an already polymerized gel and 
overlaid with a second layer. The composition of the gel can also vary. 
Collagen I alone can be used, but it is also common with a mix of collagen I 
and fibronectin. Matrigel, which is a mixture of different extracellular matrix 
proteins as well as several growth factors, is also commonly used. The 
advantage of using Matrigel instead of a collagen gel is that it better reflects 
the actual in vivo situation. However, the mixture of many growth factors 
and ECM proteins in Matrigel will complicate analyses investigating the role 
of certain growth factors and ECM proteins, responsible for tube formation. 
Cultured cells of non endothelial origin, such as fibroblasts, have also been 
shown to form cord-like structures when cultured on a Matrigel [123]. This 
does not seem to be case when using gels containing only collagen I [124]. 

This system can also be modulated in similar ways as the fibrin invasion 
assay, see above.  
 

Endothelial cells 
invading a fibrin gel 
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Figure 7. Tube formation assay. Endothelial cells are seeded between two layers of 
collagen. Addition of VEGF-A promotes formation of vessel-like structures within 
24 hours. 

The zebrafish model 

Imaging of developing blood vessels in vivo has been difficult due to the 
localization of vessels deep in the tissues. Visualization has required tissue 
sectioning which makes it hard to get a general view of the vessels and limits 
the analysis to steady state pictures at single time points. The zebrafish 
(Danio rerio), provides a valuable model to circumvent these difficulties. 
Zebrafishes show several features that make them ideal for blood vessel 
development research. Importantly, zebrafish unlike most simple genetic 
models, have a circulation. In contrast to mouse embryos that develop in the 
uterus making them relative inaccessible, zebrafish embryos develop 
externally to the mother, making them easily accessible both for genetic 
manipulation and microscopic analysis. Their reproduction time is short and 
the parents produce a large number of offspring with every mating. The 
embryos are optically clear and pigmentation is easily inhibited, enabling 
visualization of the vessels without invasive methods. They are very small 
and therefore give a means to use non-invasive high-resolution microscopic 
imaging of the entire body of the fish. Importantly, due to their small sizes 
they receive enough oxygen by passive diffusion to survive and develop for 
three to four days in the complete absence of blood vessels. This offers an 
advantage to mice when studying knockout of genes that cause early 
lethality in the mouse embryos due to vascular defects. In zebrafish, it is 
therefore possible to look at the effects of a loss of gene in later stages in 
development since embryonic development is sustained longer without 
blood vessels. 

The development of transgenic zebrafish lines expressing green 
fluorescent protein (GFP) or enhanced GFP (EGFP) under EC-specific 
promoters have provided important tools for the study of blood vessels. One 
of the most widely used transgenic zebrafish line for blood vessel research is 
the TG(fli1:EGFP) [125]. EGFP expression is driven by the zebrafish fli1 
promoter, resulting in high expression of EGFP in the vasculature. fli1 is 
expressed in the vascular endothelium, but also in the presumptive 
hemangioblast lineage, cranial neural crest derivates, and a small subsets of 
myeloid derivates. Since the EGFP is expressed in the ECs themselves, this 
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line enables the visualization of not only functional vessels, but also 
developing vessels as well as single ECs and angioblasts. These transgenic 
lines together with improved microscopic methods have enabled the 
visualization of developing vessels in living embryos, offering a method to 
study the highly dynamic development of vessels in real time. Techniques 
have been developed where zebrafish embryos are mounted for imaging, still 
allowing further growth and development. In this way, the development of 
vessels has been followed continuously for up to five days [126].  

A valuable method for screening of gene functions has been provided 
with the morpholino antisense technique [127], [128]. Morpholino 
phosphorodiamidate oligonucleotides (MPOs) are similar to RNA 
nucleotides but that they have a morpholine ring instead of a ribose ring. 
Importantly, they are extremely stable in biological systems due to their 
resistance to a wide range of nucleases and proteases [129]. MPOs can be 
designed to inhibit translation of the RNA strand by blocking the movement 
of the transcription initiation complex, or they could inhibit correct splicing 
of the RNA. Typically, MPOs are microinjected into the embryo at the one-
cell stage of development. The effect of the MPOs is highest during the first 
two or three days of development. Later on the MPOs will get diluted due to 
the ongoing cell divisions.  

 
Figure 8. Vascular system in a zebrafish embryo at approximately 4.5 days post 
fertilization. Adapted with permission from [130], Copyright 2001, with permission 
from Elsevier. 

Microarray technology 
In order to analyze the expression of thousands of genes at the same time, 
microarray technology has been of great use. There are different ways of 
producing microarrays, although in this thesis only spotted arrays will be 
discussed. Spotted arrays are either cDNA microarrays or oligonucleotide 
arrays. cDNA microarrays are usually produced by generating DNA 
fragments by polymerase chain reaction (PCR) from cDNA libraries or clone 
collections, whereas oligonucleotides are synthesised commercially. The 
cDNA fragments or oligomers are then printed onto glass slides or nylon 
membranes in spots, where each spot contains several copies of one identical 
DNA fragment [131]. The previously more commonly used cDNA 
microarrays have now been replaced by oligonucleotide arrays due to falling 
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prices for oligonucleotide synthesis. The samples to be analyzed are mRNA 
from cells or tissues that are converted to cDNA and labelled directly with 
fluorescent molecules, such as Cy5 or Cy3, or with a compound that can be 
converted to a fluorescent signal in secondary steps. cDNA from the test 
sample labelled with one fluorescent dye is mixed with cDNA from a control 
sample, labelled with another fluorescent dye, hybridized to the DNA 
fragments spotted on the array and reactions detected by fluorescence 
scanning. The cDNA fragments will compete for binding sites on the spots 
and the relative amount of test cDNA bound compared to control cDNA can 
be determined by analyzing the ratio of the fluorescent dyes.  Figure 9 shows 
an overview of the procedures of a microarray experiment. 

 

 

Figure 9. Schematic outline of the microarray procedure. Figure adapted from [132]. 
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Present investigations 

Aim 
Major diseases of considerable burden to society such as cancer and chronic 
inflammatory conditions are propagated by dysregulated, excess 
angiogenesis. Lack of functional vessels can also be a major problem in 
cardiac and peripheral ischemia. Understanding the detailed molecular 
mechanisms underlying angiogenesis and EC physiology is of paramount 
importance for the future development of drugs which can regulate 
angiogenesis. We therefore aimed to identify genes important for regulating 
different steps of angiogenesis. 
 
Paper I Endocan is a VEGF-A and PI3K regulated gene with 

increased expression in human renal cancer.  
 

In sprouting angiogenesis, ECs lining the capillary wall respond to 
angiogenic factors, e.g. VEGF-A, and start to invade and migrate into the 
surrounding tissue on a provisional matrix that to a large extent is composed 
of fibrin. 

In order to identify genes expressed during the invasive phase of ECs, we 
used an in vitro model mimicking the invasion process. Gene expression in 
telomerase-immortalized microvascular endothelial (TIME) cells was 
analyzed during their invasion into a fibrin matrix in response to VEGF-A. 
Gene expression was recorded over a 72 hours time period using 30k human 
cDNA microarrays.  

One identified gene of interest was the proteoglycan endothelial cell 
specific molecule-1 (ESM-1), also denoted endocan. Endocan showed robust 
and long lasting increase over time and this pattern could be validated by 
real-time PCR in both TIME cells and in primary human dermal 
microvascular endothelial cells (HDMECs).  
Endocan was specifically induced by VEGF-A, since FGF-2, PDGF-BB, 
HGF/SF or EGF did not induce endocan gene transcription. The increase in 
endocan mRNA levels was followed by an increase in production of both 
intracellular as well as secreted proteins. Inhibition of known VEGF-A 
induced signalling pathways revealed that the PI3-kinase inhibitor 
LY294002 caused a 12-fold increase in endocan transcription in the absence 
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of exogenous growth factors. Addition of VEGF-A caused an additional 
increase in the endocan expression, indicating that VEGF-A exerts both 
negative (through activation of PI3-kinase) and positive regulation of 
endocan transcription. In order to investigate the potential role of endocan in 
angiogenesis-related diseases, we performed immunofluorescent staining 
followed by confocal imaging of human renal clear cell carcinomas and 
normal kidney. Low expression of endocan was seen in normal kidney 
epithelial cells whereas no immunostaining was detected in the normal 
vasculature. In tumours however, increased expression of endocan was 
found both in renal tumour cells and in tumour vessels. The increased 
expression in vessels was variable and most pronounced in the inflammatory 
stroma. 
However, endocan was not able to modulate either basal or VEGF-A-
induced endothelial invasion. Thus, adding endocan to the fibrin invasion 
assay, or blocking the effect of endogenous endocan by a neutralizing 
antibody was without effect. Finally, endocan did not induce angiogenesis 
when applied to an in vivo model of angiogenesis based on the chick 
chorioallantoic membrane.  
 
Paper II Transcriptional profiling reveals a critical role for tyrosine 

phosphatase VE-PTP in regulation of VEGFR2 activity 
and endothelial cell morphogenesis.  

 

To define molecular events regulating endothelial morphogenesis, we 
characterized gene regulation during EC proliferation and differentiation into 
vessel-like structures (tubular morphogenesis) using TIME cells. To identify 
genes specifically expressed during endothelial differentiation, we 
performed microarray analysis on both differentiating and proliferating ECs 
during a 24 hours time period. Clusters of genes that were differentially 
expressed between the two time studies were further analyzed in order to 
identify endothelial-specific genes.  

The protein tyrosine phosphatase VE-PTP was found to be highly 
expressed in differentiating cells and expressed at much lower levels in 
proliferating cells. The VE-PTP array data was validated using real-time 
PCR on TIME cells as well as on primary HDMECs. VE-PTP was shown to 
be critical for tubular morphogenesis as silencing of VE-PTP by siRNA 
disrupted tube formation. This was accompanied by activation of VEGFR-2 
and induction of specific downstream pathways. Cell cycle analysis of VE-
PTP siRNA-treated cells undergoing tubular morphogenesis showed an 
increase in proliferation compared to control siRNA-treated cells. The 
increased cycling of VE-PTP-deficient cells is in accordance with the 
decrease in tubular morphogenesis as cells need to be growth-arrested in 
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order to differentiate into tubular structures. By using proximity ligation to 
detect endogenous molecular complexes we showed that VE-PTP is 
associated with VEGFR-2 in resting cells. Upon VEGF-A stimulation, VE-
PTP/VEGFR-2 complex formation decreased, while the phosphorylation 
level of VEGFR-2 increased, as measured by immunoblotting. Subsequently, 
the association level returned to levels seen in resting cells.  
 
Paper III A VE-PTP orthologue is required for angiogenic sprouting 

in the zebrafish.  
 

The function of the tyrosine protein phosphatase VE-PTP was studied using 
the zebrafish model. By BLAST-searching for sequences homologous to the 
murine VE-PTP protein sequence, we identified a partial gene sequence 
similar to murine VE-PTP. In situ hybridization with two different RNA 
probes showed that zVE-PTP was specifically expressed in the blood vessels 
of developing embryos. At 24 hours post fertilization (hpf), zVE-PTP 
expression was primarily seen in the dorsal aorta and the posterior cardinal 
vein. At 36 hpf, expression was also seen in the intersegmental vessels 
(ISVs). To study the role of VE-PTP in zebrafish vascular development, two 
different morpholino oligonucleotides targeting the zVE-PTP gene were 
injected into zebrafish embryos. The morpholino-treated embryos showed 
reduced ISV formation after 27 hours. At 39-72 hpf, angiogenic sprouting 
was still abnormal with short or irregularly branched sprouts. Injection of 
human VE-PTP cDNA into morpholino-treated embryos led to partial rescue 
of the phenotype. These data indicate an important role for zVE-PTP in 
angiogenic sprouting in the zebrafish. 
 



 36 

Concluding remarks and future perspectives 

Several diseases are accompanied by excess formation of blood vessels, such 
as in cancer and rheumatoid arthritis, or deficiency in blood vessels, such as 
in diabetic wounds and in heart and limb ischemia. These diseases may be 
life-threatening, cause severe pain and reduced quality of life for the affected 
individuals. For this reason, but also due to expensive and time consuming 
treatments as well as social security costs, these diseases are of considerable 
burden to society. It is therefore of great importance to improve and develop 
better treatments. Pro- or anti-angiogenesis therapy has received a lot of 
interest and research efforts. Today, a VEGF-A-antibody 
(Avastin/Bevacizumab) is used as an anti-angiogenesis treatment for certain 
cancers together with chemotherapy, and as single therapy for treatment of 
age-related macular degeneration (AMD). AMD is also currently treated 
with at least two other anti-angiogenic compounds that inhibit VEGF-A 
activity (Ranibizumab/Lucentis and Pegaptanib/Macugen). Although 
showing promising results, anti-angiogenic therapy is accompanied by side 
effects. Treatment of AMD, where the anti-angiogenic compounds are 
injected into the eye, may cause endophthalmitis, which is an inflammation 
of the eye. Treatments of cancer patients with Avastin/Bevacizumab, which 
is injected into the blood stream, have been reported with severe side effects, 
including bleeding in the lungs, reduced wound healing and cardiovascular 
thrombosis leading to high risks of cardiac infarction and stroke. This is 
likely due to off-target effects caused by inhibition of VEGF-A-stimulation 
of normal vessels in healthy tissues. Therefore, it is desirable to more 
specifically target only active angiogenesis in tumours and other tissues 
affected by pathologies characterized by excessive angiogenesis. To do this, 
we need a deeper understanding of the molecular mechanisms regulating 
angiogenesis. This thesis deals with the task to further our understanding of 
these mechanisms. We have analyzed the gene expression over time in ECs 
undergoing invasion of fibrin gels, proliferation on a matrix of fibronectin or 
differentiating into vessel-like structures in collagen gels, using microarrays. 
These assays represent different steps during angiogenesis.  

In paper I, we identified the soluble proteoglycan endocan as expressed at 
increased levels in ECs during VEGF-A-induced invasion of a fibrin matrix. 
Although endocan alone did not induce invasion, or enhance VEGF-A-
induced invasion, it emerged as a very interesting protein due to its elevated 
expression in tumour vessels. We noted endocan expression in the tumour 
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cells themselves as well as in a subset of vessels in the tumour and in the 
tumour stroma. Endocan expression in tumours could contribute to tumour 
progression by promoting tumour cell proliferation via the growth factor 
HGF. Expression of endocan in tumour and tumour stroma vessels is 
interesting from several perspectives. First, it could be employed as a marker 
of tumour endothelium. Second, endocan may promote tumour angiogenesis 
by enhancing VEGF-A-induced proliferation and migration of ECs, as has 
been reported for lymphatic ECs. Although, we did not see enhanced 
invasion with a combination treatment of VEGF-A and endocan, it is likely 
that endocan can promote certain activities of VEGF-A. As discussed earlier, 
endocan is also known to inhibit lymphocyte recruitment to tumours, which 
may constitute an important defence mechanism in tumour disease. In 
conclusion, endocan did not seem to be important for EC invasion, but might 
serve as a marker for tumour endothelium, thereby making it a possible 
target molecule in treatment of cancer diseases.   

In paper II, we found that the protein tyrosine phosphatase VE-PTP was 
induced in ECs undergoing VEGF-A-induced morphogenesis. Importantly, 
VE-PTP is to day the only known PTP specifically expressed in the 
endothelium. VE-PTP was found to be critical for endothelial 
morphogenesis and importantly, we showed for the first time that VE-PTP 
negatively regulates VEGFR-2 activity and inhibits endothelial proliferation. 
Interestingly, not all phosphorylation sites on VEGFR-2 were affected by 
VE-PTP, indicating that VE-PTP may modulate the effects of VEGFR-2 
activation. The relevance of this will be interesting to further investigate and 
may be important in a therapeutic perspective. If VE-PTP has the ability to 
inhibit certain functions of VEGFR-2 signalling, VE-PTP activation or 
inactivation could provide means to specifically target particular 
downstream pathways of VEGFR-2. Before VE-PTP can be applied as a 
therapeutic agent, a deeper understanding of its biological function is 
needed. This has been the objective of paper III.  

Our first step was to identify a VE-PTP orthologue in zebrafish and 
demonstrate its expression in the vasculature. Silencing of zVE-PTP in the 
zebrafish led to impaired formation of the ISVs in the developing embryo, 
indicating the need for zVE-PTP in blood vessel development in the 
zebrafish. These results are important as they demonstrate the existence of a 
VE-PTP orthologue in the zebrafish and moreover, that it has a role in 
vascular development. The possibility to use zebrafish in blood vessel 
research is important as this model opens up a wide range of experiments 
that cannot be done in mice (see the section “The zebrafish model”). 
Analysis of zebrafish strains expressing coloured tags such as red fluorescent 
protein in their hematopoietic cells will be employed to trace blood flow in 
the embryos. Thereby, we can test if embryos treated with morpholinos 
targeting zVE-PTP have lumenized ISVs or if lumen formation is impaired 
due to zVE-PTP knock-down. This would also reveal if the vessels in VE-
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PTP deficient embryos are leaky due to increased permeability. Endothelial 
proliferation due to suppression of zVE-PTP will also be investigated by 
using a zebrafish line that expresses nuclear GFP. 

The involvement of VE-PTP in regulation of permeability was implicated 
through its interaction with VE-cadherin and Tie-2. Interestingly, VEGFR-2 
is known to affect both VE-cadherin and Tie-2 functions. Presently available 
data suggest following scenario. In adherent cells, Ang-1 induction of Tie-2 
leads to translocation of Tie-2 to the cell-cell contacts. This promotes VE-
PTP translocation from vesicular compartments in the cell, to the cell-cell 
contacts. At the cell-cell contacts, VE-PTP has several interacting partners. 
Tie-2 is dephosphorylated at specific tyrosine residues, leading to inhibition 
of the Dok-R-PAK pathway with reduced migration as a result. In addition, 
VE-PTP dephosphorylates VEGFR-2, leading to inhibition of EC 
proliferation and inhibition of VEGFR-2 dependent phosphorylation of VE-
cadherin. VE-PTP will also dephosphorylate VE-cadherin, leading to 
strengthening of cell-cell contacts. In this way, VE-PTP has multiple 
functions in that it regulates both EC cell integrity and proliferation. This 
suggests that VE-PTP deficient cells or embryos may fail in the vessel 
development by two mechanisms. Either angiogenesis is disturbed due to 
increased EC proliferation, which is supported by our result in paper II. 
Alternatively, VE-PTP deficiency results in inability to create stable cell-cell 
contacts, with impaired angiogenesis as a result. Further investigations are 
needed to get a clear picture of the role of VE-PTP in vessel biology.  

Not much data exists on the role of VE-PTP in tumour angiogenesis. 
There are reports showing that VE-PTP is expressed in tumour vessels and 
in vessels co-opted by the tumour, although its role and function has not 
been studied further. Based on the properties of tumour vessels, including 
leakiness and loss of cell integrity, and the function of VE-PTP to promote 
vessel integrity, it would be intuitive to suggest that VE-PTP expression or 
activity is declined in tumour vessels. If this is the case, activation of VE-
PTP to normalize tumour vessels and thereby facilitating delivery of 
chemotherapy may be interesting as a therapeutical strategy. If this scenario 
would be true, it will be critical to understand how VE-PTP is regulated in 
order to promote its activation. This is also an area where not much is 
known. Inhibitors directed to VE-PTP exist today, but there is no knowledge 
on how VE-PTP activity could be promoted. An interesting assignment 
would be to investigate if a bivalent antibody towards the ectodomains of 
VE-PTP could induce its activity, as has been shown for DEP-1.   

In conclusion, many questions still remain and VE-PTP research is only 
in its infancy. It will be highly interesting to follow what future research will 
reveal on the function of VE-PTP and possible applications in treatments of 
angiogenic diseases.  
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