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Angiogenesis and vascular permeability occur in physiological and pathological conditions.
Angiogenesis denotes the process of blood vessel formation from preexisting quiescent
vessels. Angiogenesis is initiated by proangiogenic factors, inducing endothelial cell sprouting,
migration and anastomosis, followed by regression of the new vessels or maturation into a
quiescent status. Vascular permeability is the process where blood vessels exchange nutrients,
solutes and inflammatory cells with the surrounding tissue. Small molecules freely cross the
endothelial wall, however macromolecules and cells leak out from the vasculature only after
stimulation by certain factors, including VEGF. Angiogenesis and vascular permeability are
tightly regulated physiological processes, but uncontrolled angiogenesis and excessive leakage
lead to pathological conditions and the progression of several diseases.

VEGF and its receptor VEGFR2 are critical players in angiogenesis and in vascular
permeability. The binding of the ligand to the receptor is not the only event involved in the
activation and regulation of the signaling cascade. Coreceptors, kinases, phosphatases, and other
proteins involved in the trafficking of the complex modulate the signal amplitude and duration.

VEGF/VEGFR2 complex combined with the coreceptor NRP1 has a strong pro-angiogenic
action and a critical role in angiogenesis. Both VEGFR2 and NRP1 bind VEGF and can present
VEGF in cis, when both VEGFR2 and NRP1 are expressed on the same endothelial cell or in
trans, when NRP1 is expressed on an adjacent endothelial cell or another type of cell.

Y949 and Y1212 are two of the main phosphorylation sites of VEGFR2 induced by
VEGFA. The binding of phosphorylated Y949 to the SH2 domain of TSAd regulates vascular
permeability leading to Src activation and adherens junction opening in vitro. Phospho-Y1212 is
implicated in actin stress fiber remodeling via the adapter Nck, affecting the actin cytoskeleton
and endothelial cell migration in vitro.

Paladin is a vascular-enriched phosphatase-domain containing protein without reported
phosphatase activity and is a negative regulator of insulin receptor and Toll-like receptor 9
signaling.

In this thesis work, I have investigated the spatial dynamics of NRP1/VEGFR2 complex
formation (in cis and in trans) for coordinating VEGF-mediated angiogenesis in physiological
and in pathological conditions (Paper I). I have studied, in vivo, the role of VEGFR2 Y949
in vascular permeability and metastatic spread (Paper II) and the role of VEGFR2 Y1212 in
angiogenic remodeling and vessel stability (Paper III). Furthermore, I have examined paladin’s
role in regulating VEGF/VEGFR2 signaling and VE-cadherin junction stability, in angiogenic
sprouting and vascular permeability (Paper IV).

In conclusion, VEGF/VEGFR2 signaling is regulated by a multifactor system and each
individual regulatory mechanism leads to a specific outcome in angiogenesis, vascular
permeability and vessel stability.
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Angiopoietin Ang 
Carboxy-terminal C-terminal 
Cell division cycle 42 Cdc42 
complementary DNA (Deoxyribonucleic acid) cDNA 
Delta Like Ligand 4 DLL4 
Density-Enhanced Phosphatase  DEP 
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Fms-like tyrosine kinase 1 Flt1 
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G alpha Interacting Protein, C terminus GIPC 
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Hypoxia-Inducible Factor-1α HIF-1α 
Intercellular Adhesion Molecule  ICAM 
Interleukin IL 
kilo Dalton kDa 
Kinase insert Domain Receptor KDR 
Low-Density Lipoproteins  LDLs 
Matrix Metalloproteinases MMPs 
Mitogen-Activated Protein Kinase MAPK 
Neuropilins NRPs 
Nitric Oxide NO 
NRP1-Expressing Monocytes  NEMs 
Oxygen-Induced Retinopathy  OIR 
P21-Activated protein Kinase PAK 
Phospho- p- 



 

Phosphoinositide 3 Kinase  PI3K 
Phosphoinositide Phosphates  PIPs 
Phospholipase C γ PLCγ 
Placental Growth Factor PlGF 
Platelet Endothelial Cell Adhesion Molecule PECAM 
Postnatal day P(number) 
Protein Kinase C PKC 
Protein Tyrosine Phosphatase PTP 
RAS-related GTP-binding protein Rab 
Roundabout  Robo 
Serine S 
SHC-related adaptor protein Sck 
Signal Transducing Adaptor Molecule STAM 
small hairpin RNA (Ribonucleic Acid) shRNA 
Smooth Muscle Cells SMCs 
Soluble Flt1 sFlt1 
Soluble VEGFR1 sVEGFR1 
Soluble VEGFR2 sVEGFR2 
Src Homology 2  SH2 
Src Homology 2 domain containing adaptor protein B SHB 
Src Homology and Collagen homology SHC 
T cell Specific Adapter protein TSAd 
Thrombospondin TSP 
Transforming Growth Factor β TGF-β 
Tyrosine Y 
Vascular Cell Adhesion Molecule VCAM 
Vascular Endothelial VE- 
Vascular Endothelial Growth Factor VEGF 
Vascular Endothelial Growth Factor Receptor VEGFR 
Vascular Endothelial-PTP VE-PTP 
Vascular Permeability Factor VPF 
Zona Occuldens protein-1  ZO-1 
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Introduction 

Angiogenesis 
Blood vessel formation occurs through two main mechanisms: vasculogene-
sis and angiogenesis. The first process involves differentiation of stem cells 
to endothelial cells (ECs), which subsequently assemble into functional ves-
sels; the second process involves the growth of newly formed vessels by 
sprouting from a pre-existing vessel. Both vasculogenesis and angiogenesis 
are present in embryonic development and in the adult. Recent studies have 
shown that endothelial progenitors/stem cells can be involved in wound 
healing and in tumor vascularization (Kopp et al., 2006), while angiogenesis 
is the predominant mechanism in adult neovascularization (Carmeliet and 
Collen, 2000). 

Angiogenesis entails a sequence of steps: vessel branching defined by the 
activation of quiescent endothelial cells, sprouting, anastomosis, regression 
and finally maturation to a new stable quiescent status (Figure 1). 

In the quiescent state, endothelial cells form monolayers where cells are 
interconnected by junctional molecules such as vascular endothelial (VE)-
cadherin (adherens junctions) and claudins (tight junctions). Alone, endothe-
lial cells are unable to establish a mature and functional vasculature. Perien-
dothelial mural cells, such as smooth muscle cells (SMCs) for large vessels 
and pericytes for small vessels, surround and support endothelial cells, sup-
pressing their proliferation and transducing cell-survival signals (Armulik et 
al., 2011; Hungerford and Little, 1999). Indeed, endothelial cells preserve 
their quiescence thanks to maintenance signals such as vascular endothelial 
growth factors (VEGF), Notch, angiopoietin-1 (Ang-1) and fibroblast 
growth factors (FGFs) (Carmeliet and Jain, 2011). At rest, both endothelial 
cells and pericytes produce a common basement membrane, assembled pri-
marily from type IV collagen, laminin, heparan-sulphate proteoglycans 
(HSPGs) and nidogen/entactin (Bou-Gharios et al., 2004; Califano and 
Reinhart-King, 2010). ECs bind basement membrane proteins through spe-
cific cell surface receptors called integrins (Hood and Cheresh, 2002; Hynes, 
2002). 
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Figure 1. Overview of the angiogenesis process. a; Vessel homeostasis with EC 
quiescence and wide pericyte coverage. b; Perturbation of homeostasis due to injury 
or hypoxia, inducing EC activation. c; Proangiogenic factors stimulate EC prolifera-
tion, sprouting and formation of new vessels characterized by high leakage. d; Ves-
sels that are not viable and/or correctly perfused undergo regression and remodeling 
processes. e; Maturation and renewed homeostasis of the vascular network (adapted 
from Wietecha et al., 2013). 

Quiescent vessels become activated and start the branching process as a re-
sult of stimulation by angiogenic factors, such as VEGFA, VEGFC, Ang-2, 
FGFs or chemokines. These factors are released from inflammatory cells and 
tumor cells, e.g. through hypoxia-inducible factor-1α (HIF-1α) dependent 
regulation (Murakami, 2012). At first, pericytes detach from the vessel wall 
and from the basement membrane via matrix metalloproteinase (MMP)-
mediated proteolytic degradation (Jackson, 2002; Pepper, 2001). VEGF in-
duces activation of cell junctions and increases permeability of the vessel 
wall, allowing the deposition of a temporary extracellular matrix (ECM) 
(Ferrara, 2009). Certain endothelial cells, known as tip cells, become select-
ed to lead the angiogenic front, regulated by the spatially restricted activa-
tion of VEGF receptors, neuropilins (NRPs) and the Notch ligands DLL4 
and Jagged1. The tip cell assumes its phenotype, characterized by the pres-
ence of extensive filopodia protrusions to sense positive and negative envi-
ronmental guidance signals such as VEGF on the one hand and ephrins and 
semaphorins on the other (Carmeliet et al., 2009), and to steer its migration 
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in the direction of the growth factor gradient. Cytoplasmic organelles, in-
cluding the Golgi apparatus in migrating tip cells, are located in front of the 
nucleus, facing the direction of cell migration (Etienne-Manneville and Hall, 
2001; Tzima et al., 2003). While the tip cells polarize towards the migration 
front, the neighboring cells assume the secondary position of stalk cells, 
designated to proliferate, elongate (stimulated by Notch, Wnts, placental 
growth factor (PlGF) and FGFs) and establish the lumen, mediated by VE-
cadherin, CD34, sialomucins, VEGF and Hedgehog (Carmeliet and Jain, 
2011). Lumen formation depends on the establishment of apical basal polari-
ty and cell-cell contacts (Wacker and Gerhardt, 2011). Adhesion receptors 
such as E-caderin in adherens cell-cell junctions (Nejsum and Nelson, 2007; 
Wang et al., 1990a; Wang et al., 1990b), and integrins at cell-ECM attach-
ment sites, are responsible for apical-basal polarity of endothelial cells and 
for lumen formation (Bryant et al., 2010; Yu et al., 2005). In addition, tight 
junctions are, as a rule, localized to the apical-lateral membrane (Wang et 
al., 1990a; Wang et al., 1990b). 

The anastomosis with another vessel branch, re-establishing the junctions 
at the point of cell-cell contact (Montero-Balaguer et al., 2009), allows for 
blood flow, while pericytes and SMCs stabilize the newly formed vessel. 
Mural cells and ECs deposit new basement membrane to ensure an optimal 
flow distribution and a functional vessel network (Jain, 2003). Now the new 
vessel is mature and endothelial cells re-attain a quiescent status. 

Vessel regression 
Through sprouting and branching, the newly formed vessels create an exten-
sive network that does not always match the metabolic demand. It is unlikely 
that angiogenic sprouting is a well-controlled rapid process that slows down 
after the metabolic demand is met. It is a common belief that angiogenic 
factors induce a strong sprouting reaction leading to the formation of a hy-
perdense vascular primitive plexus (Korn and Augustin, 2015). Subsequent-
ly, nonessential vessels physiologically resolve by pruning, a mechanism 
also known as vessel regression in the vascular remodeling process. While 
the mechanisms involved in the angiogenesis steps of vessel growth have 
been amply studied and well understood, factors that induce vessel matura-
tion and quiescence by preventing further sprouting and branching as well as 
factors that control vessel regression, are still largely unknown.  

After the angiogenic steps of sprouting and branching, only a minority of 
the newly formed vessels successfully integrate into the pre-existing network 
and mature to form part of the stable vasculature (Chen et al., 2007). Rather, 
the majority of the newly formed vessels are not integrated during the re-
modeling process and undergo vessel regression process (Ando and Yama-
moto, 2009). The most accepted theory for how dysfunctional vessels retract 
and resolve by pruning, suggest that the pruning process is like the angiogen-



 14 

ic sprouting process in a reverse order. Thus, first, the vessel lumen occludes 
and blood flow ceases, then ECs rearrange and undergo apoptosis (Kochhan 
et al., 2013; Korn et al., 2014) and/or migrate out of the branch to be recy-
cled into another vessel (Franco et al., 2015; Korn and Augustin, 2015; Le-
nard et al., 2015) (Figure 2).  

 
Figure 2. Overview of the vessel regression process. a; Branch selection with EC 
quiescence and normal blood flow. b; Vessel constriction and/or flow alteration. c; 
Vessel occlusion and flow stasis. d; EC retraction with EC apoptosis or EC reinte-
gration. e; Resolution of the vessel leaving collagen IV empty sleeves (Col IV+ 
empty basal membrane sleeves (ebms)) (Korn and Augustin, 2015). 
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Different studies have shown that multiple factors and mechanisms influ-
ence vascular regression. For example, reduced shear stress in ECs, due to 
insufficient perfusion and poor cell survival signaling, is involved in vessel 
pruning (Ando and Yamamoto, 2009). Furthermore, blood flow affects en-
dothelial lumen formation and lumen wall stability, and it is responsible for 
vascular pruning in zebrafish embryos and retina (Franco et al., 2015; 
Kochhan et al., 2013; Lenard et al., 2015; Lobov et al., 2011). Cytokines and 
cytokine receptors expressed in endothelial cells are involved in vessel re-
gression in wound models (Bodnar et al., 2009). Matricellular proteins that 
bind the endothelial cell membrane to the extracellular environment, such as 
thrombospondin-1 (TSP-1) and TSP-2, are implicated in the ECM remodel-
ing associated with vessel pruning (Kyriakides and Maclauchlan, 2009). In 
addition, cleavage of different components of the ECM, e.g. MMP-generated 
proteolytic products from collagens, may induce vessel collapse and regres-
sion (D'Amore and Ng, 2002; Davis and Saunders, 2006). Vessel pruning 
and maturation occur simultaneously during angiogenesis; therefore, 
perycites, smooth muscle cells, EC-EC and EC-ECM interactions, and other 
mechanisms involved in vessel stability may all affect the susceptibility of 
vessels to regress (Bodnar et al., 2013; Wietecha et al., 2013). Vessel stabil-
ity is moreover maintained by delivery of different growth factor signals (see 
above). When the level of these compounds is low, pruning can occur and 
other factors such as Ang-2 may then initiate vessel regression (Gale et al., 
2002; Holash et al., 1999; Oshima et al., 2004). Furthermore, DLL4/Notch 
signaling promotes vessel pruning, inducing vessel occlusion and flow alter-
ation, and reducing EC proliferation (Ehling et al., 2013; Lobov et al., 2011; 
Phng et al., 2009). Macrophages are also involved in vessel pruning, by in-
ducing EC apoptosis, vessel constriction and flow stasis, releasing trans-
forming growth factor beta (TGF-β)1, and phagocytosing EC membrane 
particles (Lang et al., 1994; Meeson et al., 1996; Poche et al., 2015; Schon-
feld, 1996). 

Angiogenesis in health and diseases 
It is important to understand the natural mechanisms used in vessel branch-
ing and remodeling in a healthy setting, as these mechanisms may be en-
gaged to resolve pathological conditions characterized by an excess of blood 
vessel growth.  

In adulthood, angiogenesis is present in physiological conditions in the 
buildup of the endometrium during the menstrual cycle or in pathological 
conditions where dysregulation of vessel growth contributes to disease pro-
gression. Many diseases are associated with an uncontrolled sprouting angi-
ogenesis process; among the best known are cancer, psoriasis, arthritis and 
retinopathies. On the other hand, conditions such as stroke, myocardial in-
farction, ischemia, neurodegenerative disorders and hypertension, are instead 
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associated with insufficient vessel branching, abnormal pruning and poor 
circulation (Carmeliet, 2003). The involvement of dysfunctional angiogene-
sis in so many disorders has promoted the development of a multitude of 
anti-angiogenic drugs. Many patients have benefited from these anti-
angiogenic compounds, but the limited efficacy and the pre-existing or ac-
quired resistance to the compounds in the majority of patient cohorts, show 
the need for better understanding of the details of angiogenic mechanisms 
(Carmeliet and Jain, 2011). 

In vivo angiogenesis models 
To better understand and target the different angiogenic steps, researchers 
have investigated vascular network formation in several in vivo model sys-
tems. Common features of these systems are the temporally and spatially 
conserved order observed in the vascular development and the planar devel-
opment of the primitive plexus that make these models easily accessible for 
visualizing the angiogenic steps. On the other hand, the kinetics of vessel 
formation and remodeling vary from tissue to tissue reflecting the organ 
specific differences in the development process. 

Mouse hindbrain vasculature develops during embryogenesis, starting 
from embryonic day (E)9.75 (Fantin et al., 2013). Vessels sprout from the 
perineural vascular plexus and grow radially towards the inner side of the 
hindbrain following a VEGF gradient (Ruhrberg et al., 2002). At E10.0, the 
vessels have reached the hindbrain ventricular surface and grow parallel to 
it, giving form to the subventricular vascular plexus, easily visible between 
E10.5 and E12.5 (Fantin et al., 2013) (Figure 3). The development of the 
hindbrain vasculature during embryogenesis allows for the study of angio-
genic sprouting in mutants where a vascular defect is lethal at later stages 
during development or postnatally. 

 
Figure 3. Schematic representation of hindbrain vascularization. Around E9.75, 
vessels sprout from the perineural vascular plexus and grow radially towards the 
ventricular zone. From E10.0 onwards, radial vessels begin to sprout laterally below 
the ventricular surface. At E10.5, sprouts begin to anastomose (Fantin et al., 2013). 

The mouse retina has been one of the main models for studying angiogen-
ic sprouting mechanisms both in physiological and in pathological condi-
tions. Vascularization of the retina occurs postnatally when the superficial 
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vascular plexus develops from the center of the retina at postnatal day 0 (P0) 
and radially expands following the VEGF gradient until it reaches the retina 
margin at P7 (Gerhardt et al., 2003; Stahl et al., 2010) (Figure 4). Subse-
quently, the vascular sprouts develop vertically to create the intermediate 
and the deep vascular plexus until the retinal vascular network is fully ma-
tured around the third week after birth.  

 
Figure 4. Schematic representation of retinal vascularization. Schematic top view 
representation of the primary plexus (on the left) corresponding to whole-mount 
isolectin-B4 labeled retina (on the right). Sprouting of the primary plexus (P1 and 
P5, arrows) occurs from the center of the retina toward the periphery and subse-
quently into deeper layers (P8, arrows) (Gerhardt et al., 2003). 

In parallel to the formation of the primitive plexus, poor perfusion and/or 
compromised cell migration and cell orientation induce destabilization of the 
endothelial cell wall leading to vessel pruning in selected vessels (Franco et 
al., 2015). The vessel remodeling starts at P3 with the vessels near the optic 
nerve, giving rise to a pattern where arteries and veins are alternated and 
connected by the capillary network (Connolly et al., 1988). Therefore, the 
different steps of the angiogenic process, including vessel pruning, are pre-
sent at the same temporal stage. In addition, the postnatal development of the 
retina vasculature make it easily accessible for experimental manipulation 
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such as local injection of growth factor or oxygen-induced retinopathy 
(OIR), a model where oxygen-induced vaso-obliteration is followed by an 
unbalanced vascular development with complications including vascular 
leakage (Stahl et al., 2010). 

The mouse trachea vessel network develops during embryogenesis into a 
dense primitive plexus which is still present at birth (P0). From P1 to P3, the 
primitive plexus undergoes several pruning events that leave the cartilage 
rings without vasculature. Subsequently, VEGF-induced sprouts from the 
mucosa vessels cross the cartilage rings and form new capillaries, a process 
that leads, by P7, to the typical tracheal vascular segmentation of adult mice 
(Ni et al., 2010) (Figure 5).  

 
Figure 5. Trachea vessel development and remodeling. Tracheal whole mount with 
vessels stained for PECAM-1 (green) at E16.5 (A), at E17.5 (B), P2 (C) and P5 (D). 
The primitive vascular plexus is highly undifferentiated at E16.5 (A) and E17.5 (B). 
Vascular pruning induces segmentation of the vasculature at P2(C). The adult vascu-
lar pattern is already evident at P5 (D) (Ni et al., 2010). 

Angiogenesis is an important constituent of tumor growth. Tumor cell trans-
plantation in mice and spontaneous tumor transgenic mouse models offer 
important insights into the features of pathological angiogenesis (Eklund et 
al., 2013). A wide range of transformed cell lines, when transplanted, give 
rise to a tumor within a few weeks. Cells can be implanted in different tissue 
environments to study the formation of primary tumors or can be intrave-
nously injected to study so-called experimental metastatic spread. Transgen-
ic mice with spontaneous tumor growth better mimic the development of the 
tumor and the role of angiogenesis. To study early steps of tumor and vascu-
lar development, the subcutaneous matrigel plug assay is commonly used. 
Matrigel is a laminin-rich matrix composed of basement membrane proteins 
produced by the Engelbreth-Holm-Swarm tumor (Kleinman et al., 1986). 
This matrix is injected subcutaneously, combined with an angiogenic stimu-
lus, such as tumor cells or growth factors, allowing the recruitment of newly 
formed vessel through angiogensesis (Auerbach et al., 2003). Assessment of 
the angiogenic response is done by histological/immunohistochemical stain-
ing of sectioned tumors and matrigel plugs and by analysis of the vascular 
density.  
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Vascular permeability 
Vascular permeability is the process by which the endothelial wall becomes 
permissive to the exchange of micromolecules, macromolecules and cells 
between the vessel lumen and the surrounding tissues. Transport of nutrients 
and small solutes is constant in physiological conditions and it is essential 
for both the homeostasis of the vascular system and the organs (Mehta and 
Malik, 2006). Leucocyte extravasation is also constitutive at specific sites 
such as secondary lymphatic organs (Picker and Butcher, 1992). In certain 
circumstances, a transient increase in permeability allows the transport of 
macromolecules and inflammatory cells, which has a beneficial effect on the 
repair of damaged tissue and on the resolution of pathological conditions. 
However, with the deterioration of these conditions, e.g. in chronic hyper-
permeability or in diseases characterized by massive edema, such as cancer, 
the leakage of macromolecules and inflammatory cells promotes progression 
of the pathology itself. The following section describes mechanisms and 
events involved in permeability and leakage that are relevant to this thesis 
work, while the features of permeability in pathological conditions are dis-
cussed in the next section. 

Molecules smaller than approximately 40 kDa spontaneously cross the 
endothelial barrier, while larger molecules need active disruption of the ves-
sel wall (Egawa et al., 2013). Active transport occurs through transcellular or 
paracellular pathways, both for macromolecules and inflammatory cells. 
Transcellular permeability requires the formation of vesicles-vacuolar orga-
nelles or of fenestrae while paracellular pathways involve the temporary 
disruption of tight and adherens junctions between ECs (Dvorak and Feng, 
2001; Giannotta et al., 2013). Multiple inflammatory mediators such as his-
tamine (Andriopoulou et al., 1999), bradykinin (Orsenigo et al., 2012) and 
VEGF (Esser et al., 1998), induce increased vascular permeability through 
destabilization of the adherens junctions and induction of actomyosin cyto-
skeleton contraction (Vandenbroucke et al., 2008). The main component of 
the adherens junctions is VE-cadherin, an endothelial specific transmem-
brane protein with five immunoglobulin-like domains in the extracellular 
region, a single transmembrane domain and a short intracellular region. The 
extracellular regions interact with VE-cadherin proteins on the adjacent ECs 
(homophilic interaction) while the transmembrane domain mediates interac-
tion with proteins in the same cell. The cytoplasmic tail forms complexes 
with β-catenin, p120 and plakoglobin, which also serve critical roles in the 
regulation of vascular permeability (Dejana and Vestweber, 2013).  

It is clear that phosphorylation of VE-cadherin is an essential event in 
vascular permeability and leukocytes extravasation, even though there is 
conflicting data and it is not yet exactly clear how the molecular events trig-
ger vascular permeability. C-Src and Src-family kinase are required for 
VEGF-, histamine- and bradykinin-induced VE-cadherin phosphorylation 
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and for vascular permeability (Esser et al., 1998; Hox et al., 2016; Orsenigo 
et al., 2012; Wallez et al., 2007; Weis et al., 2004b). Furthermore, focal ad-
hesion kinase (FAK) phosphorylates VE-cadherin downstream of VEGF in a 
Src independent-manner, inducing vascular permeability (Abedi and Zacha-
ry, 1997; Chen et al., 2012). In addition to the role of kinases in the phos-
phorylation of VE-cadherin, several protein tyrosine phosphatases (PTP) act 
as regulators of junctional stability. PTP1b overexpression reduces VEGF-
induced VE-cadherin phosphorylation, leading to destabilization of the junc-
tion (Nakamura et al., 2008). Density-enhanced phosphatase (DEP)-1 inhibi-
tion reduces Src activity and VEGF-induced permeability (Spring et al., 
2012). VE-PTP (vascular endothelial-PTP) dissociation from VE-cadherin is 
required for vascular permeability in vivo (Broermann et al., 2011) and VE-
PTP inhibition induces Y685 VE-cadherin phosphorylation (Wessel et al., 
2014). 

Phosphorylation of distinct serine and tyrosine residues on VE-cadherin 
induce molecular and leukocyte extravasation. In vitro, VEGF induces phos-
phorylation of serine (S)665, thereby modulating VE-cadherin endocytosis 
by recruitment of β-arrestin to the phosphorylated serine (Gavard and 
Gutkind, 2006). Phosphorylation of tyrosines (Y)658 and Y731 causes the 
dissociation of β-catenin and p120 (Monaghan-Benson and Burridge, 2009). 
Phosphorylation of Y658 and Y731 in vitro is trigged by binding of leuko-
cytes to ICAM-1 and VCAM-1 in ECs (Allingham et al., 2007). In vivo, 
basal VE-cadherin phosphorylation of Y658 and Y685 is present in capillar-
ies and venules of certain tissues (Orsenigo et al., 2012). However, a differ-
ent study shows basal phosphorylation of Y731 and phosphorylation of 
Y685 in capillaries and venules only after induction with peroxyvanadate 
(Wessel et al., 2014). These differences may be dependent on the tissue stud-
ied and the specificity of the phosphoantibodies. VE-cadherin phosphoryla-
tion in capillaries and venules, but not in arterioles and arteries, correlates 
with the sites of vascular permeability. Indeed leakage takes place in post-
capillary venules, occasionally in capillaries and larger venules, but not in 
arteries (Kohn et al., 1992; Roberts and Palade, 1995). Bradykinin and his-
tamine induce the loss of Y658 and Y685 phosphorylation in the sites of 
vascular permeability, inducing VE-cadherin endocytosis (Orsenigo et al., 
2012). Still, in another study, histamine and VEGF were shown to induce 
vascular permeability through the phosphorylation of Y685. In the same 
study, IL-1β and TNF-α led to leukocyte extravasation accompanied by a 
decrease in the phosphorylation of Y731 (Wessel et al., 2014) (Figure 6). 
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Figure 6. Overview of VE-cadherin Y685-induced vascular permeability and Y731-
induced leukocyte extravasation. Under basal conditions, Y685 is not phosphory-
lated but it is strongly phosphorylated by VEGF and histamine, inducing vascular 
permeability (upper panel). Y731 is highly phosphorylated at baseline and its 
dephosphorlylation induces leukocytes extravasation (lower panel) (Wessel et al., 
2014). 

Vascular permeability in health and disease 
Regulated vascular permeability occurs in physiological conditions in a well-
controlled manner; however, a clear role for physiological vessel permeabil-
ity is not yet established. In pathologies, excess leakage leads to tissue dete-
rioration and to the progression in severity of diseases. An understanding of 
vascular permeability mechanisms may be exploited to develop strategies to 
resolve pathological conditions characterized by abundant edema. 

Exaggerated and uncontrolled vascular permeability is associated with 
many diseases, among them cancer, myocardial infarction, ischemic stroke 
and retinopathies. In tumors, the increased interstitial pressure due to exces-
sive vascular leakage impairs drug delivery and reduces the therapeutic ef-
fect (Azzi et al., 2013; Jain, 2005). Furthermore, leukocyte infiltration into 
the tumor and tumor cell escape into the blood to establish metastasis may be 
facilitated by leaky tumor vessels (Miles et al., 2008; Weis et al., 2004a). 
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Development of excess edema after ischemic diseases as in myocardial in-
farction, stroke and retinopathies is damaging to the recovery. Thus, limiting 
the extent of edema in the heart or the brain improves tissue function and 
prolongs survival. Indeed, inhibition of VEGF-induced Src activation in 
these ischemic diseases reduces infarct area and vascular leakage (Paul et al., 
2001; Weis et al., 2004b). VEGF-regulated permeability has a critical role 
also in several retinopathies such as age-related macular degeneration, dia-
betic retinopathy and retinal vein occlusions, and anti-VEGF treatment stabi-
lizes and reverses vision loss (Stewart, 2012). Although some drugs are used 
in clinical treatments, further therapy needs to be established to reduce ede-
ma and allow more efficient delivery of conventional drugs, perhaps at lower 
and less toxic doses. 

Permeability models 
Current approaches to assess vascular permeability in vivo involve intra-
venous injection of fluorescent microspheres or fluorescently labeled dex-
trans and small colloidal dyes. Fluorescent microspheres are polymer parti-
cles of various sizes that lack immunological reactivity, and which are 
tagged to be detected when illuminated by light of shorter wavelengths. 
When vessels are hyperpermeable, the microspheres leak out from the endo-
thelial wall and invade the tissue surrounding the extravasation site. The 
tracheal microspheres extravasation assay is an established model to study 
vascular microsphere extravasation (Baffert et al., 2006). Indeed, the tracheal 
vascular network is rich in postcapillary venules, which are the target vessel 
of leakage, and the network is easy to examine (McDonald et al., 1999). In 
addition, hyperpermeability is almost instantaneously induced by intravascu-
lar injection of substances such as VEGF, histamine and bradykinin (Figure 
7). Fluorescent microspheres are used also to assess vascular permeability in 
tumors where the vasculature is characterized by morphological and func-
tional defects including increased vascular leakage. 

 
Figure 7. Bradykinin-induced extravasation of fluorescent microspheres from tra-
cheal venules. Vascular leakage after 5 minutes of bradykinin and 4 minutes of cir-
culation with 100 nm fluorescent microspheres is marked by extravasated micro-
spheres (yellow-green) on vessels stained for CD31 (red) (Baffert et al., 2006).  
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VEGFs and VEGFRs 
Vascular endothelial growth factor (VEGF) is the strongest pro-angiogenesis 
factor, but it also has an important role in vessel maintenance (Murakami, 
2012) and vascular permeability (Senger et al., 1983). 

In mammals, the VEGF family is composed of five related growth fac-
tors: VEGFA (originally named vascular permeability factor, VPF) (Senger 
et al., 1983), VEGFB, VEGFC, VEGFD and PlGF. VEGFs are homodimeric 
polypeptides, susceptible to alternative splicing that regulates their ability to 
bind to their receptors, as well as to the coreceptors HS and NRPs 
(Grunewald et al., 2010). VEGFs exert their action by binding to VEGFRs, a 
family of three tyrosine kinase receptors: VEGFR1, VEGFR2 and VEGFR3. 
VEGFRs share a similar structure characterized by immunoglobulin-like 
loops in the extracellular domain, a transmembrane domain, a juxtamem-
brane domain, a tyrosine kinase domain and a C-terminal tail (Koch et al., 
2011). VEGFs can be presented in cis to the VEGFRs, when the coreceptor 
is expressed together with the VEGFR in the endothelial cell, or in trans, 
when the coreceptor is expressed in a different endothelial cell or another 
cell type (Jakobsson et al., 2006; Koch et al., 2011). The binding of VEGFs 
to VEGFRs induces dimerization of the receptors, creating homo- or hetero-
dimers (Lemmon and Schlessinger, 2010; Nilsson et al., 2010). Dimerization 
is followed by conformational changes that allow the subsequent activation 
and autophosphorylation of the tyrosine kinase.  

The three receptors have different expression patterns and functions; what 
follows is a brief description of VEGFR1 and VEGFR3 signaling pathways, 
while VEGFR2 is discussed more in-depth in the next section. 

VEGFR1 (Fms-like tyrosine kinase 1 (Flt1) in the mouse) is expressed in 
vascular endothelial cells, monocytes and macrophages, and in a wide range 
of other cell types. Furthermore, alternative splicing of this receptor results 
in the production of a soluble form, sVEGFR1 or sFlt1. The binding of its 
ligands, VEGFA, VEGFB or PlGF, activates a weak tyrosine kinase activity. 
In endothelial cells, VEGFR1 transduces signals governing proliferation and 
migration through regulation of the actin cytoskeleton (Kanno et al., 2000; 
Rahimi et al., 2000). Flt1 -/- embryos die at E9 due to increased proliferation 
of endothelial cells with subsequent disorganization and dysfunction of the 
vascular network (Fong et al., 1995). VEGFR1-VEGFR2 heterodimers have 
been identified and investigated in vitro and in vivo implying a concerted 
action of the two receptors. In addition, VEGFA binding to sFlt1, to full 
length VEGFR1 homodimers and VEGFR1-VEGFR2 heterodimers has been 
suggested to result in a decrease in VEGFA available to bind to VEGFR2, 
implicating VEGFR1 in negative regulation of VEGFR2 signaling and func-
tion (Cudmore et al., 2012; Kappas et al., 2008). Moreover, VEGFR1 ex-
pression in monocytes regulates their chemotaxis (Tchaikovski et al., 2008), 
and mice expressing a Flt1 mutant lacking the intracellular tyrosine kinase 
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domain show suppressed inflammatory cell-mediated angiogenesis (Fischer 
et al., 2008). 

VEGFR3 (Flt4) is preferentially expressed in lymphatic endothelial cells 
but its expression is induced in endothelial cells in the developing retina and 
in tumor vessels (Benedito et al., 2012; Tammela et al., 2008). VEGFR3 is 
activated as a result of binding of VEGFC and VEGFD, which promote 
lymphendothelial cell migration (Makinen et al., 2001) and lumen formation 
during lymphangiogenesis (Goldman et al., 2007). VEGFR3-VEGFR2 het-
erodimers are involved in sprouting angiogenesis in vitro (Nilsson et al., 
2010) and in vivo (Tvorogov et al., 2010), implying an important role of 
VEGFR3 also in blood vessel formation in physiological development and in 
pathological conditions (Benedito et al., 2012; Yao et al., 2014). Indeed, 
VEGFR3 gene targeting results in embryonic death at E10.5 due to cardio-
vascular failure and impaired vascular organization (Dumont et al., 1998). 

VEGFR2 
VEGFR2, alternatively denoted as KDR (Kinase insert domain receptor) or 
Flk1 (Fetal liver kinase 1), is preferentially expressed in endothelial cells and 
their precursors but it is also found elsewhere, e.g. in neuronal cells and tu-
mor cells. Its activation is induced by binding of VEGFA, VEGFC and 
VEGFD (McColl et al., 2003). Alternative splicing of VEGFR2 produces a 
soluble form, sVEGFR2 that competes with VEGFR3 for the binding of 
VEGFC (Albuquerque et al., 2009). VEGFR2 serves a critical function in 
angiogenesis and neovascularization in pathological conditions such as can-
cer (Plate et al., 1993). Furthermore, VEGFR2 and its major ligand, VEGFA, 
are implicated in vascular network homeostasis, maintaining endothelial 
survival through anti-apoptotic signaling (Ando and Yamamoto, 2009; Po-
tente et al., 2011).  

Ligand binding to VEGFR2 induces conformational changes in the recep-
tor that allows the phosphorylation of its intracellular tyrosine residues and 
the transduction of signals in the cell cytoplasm. There are five major tyro-
sine (Y) phosphorylation sites in VEGFR2; Y949 (Y951 in the human), 
Y1052 (Y1154), Y1057 (Y1159), Y1173 (1175) and Y1212 (Y1214), and 
each of these activates different signaling pathways with consequent induc-
tion of a specialized function of the receptor (Figure 8). 
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Figure 8. Overview of VEGFR2 signaling pathway in human. Human and mouse 
VEGFR2 are identical in structure and function, but mouse VEGFR2 lacks two 
residues in the intracellular domain resulting in different numbering of the phos-
photyrosine residues (Koch et al., 2011).  

The Y949 (Y951 in figure 8) phosphorylation site has an important role in 
VEGF-induced permeability. The Src Homology 2 (SH2) domain of T cell 
specific adapter protein (TSAd) binds phosphorylated Y949, thereby regulat-
ing the activation of Src and Yes protein kinases (Gordon et al., 2016; 
Matsumoto et al., 2005). Src and Yes phosphorylate VE-cadherin and β-
catenin, inducing junctional rearrangement with subsequent increased vascu-
lar permeability (Gordon et al., 2016; Sun et al., 2012).VEGFR2-dependent 
Src phosphorylation mediates increased EC permeability through the activa-
tion of the small GTPase Rac and the subsequent endocytosis of VE-
cadherin (Gavard and Gutkind, 2006). Furthermore, VEGF-induced permea-
bility involves endothelial nitric oxide synthase (eNOS)-mediated generation 
of nitric oxide (NO) (Fukumura et al., 2001). Activation of eNOS occurs in a 
phospholipase Cγ (PLCγ)-Ca2+ dependent manner or by serine phosphoryla-
tion mediated by the serine/threonine kinase Akt (Dimmeler et al., 1999; 
Fulton et al., 1999). 

Y1052 and Y1057 (Y1054 and Y1059 in figure 8) are located in the ki-
nase domain activation loop and they have a critical role in regulation of the 
kinase activity of the receptor by stabilizing the kinase activation loop 
(Kendall et al., 1999). 
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Activation of the Y1173 (Y1175 in figure 8) phosphorylation site regu-
lates hematopoietic and endothelial cell differentiation during development 
(Sakurai et al., 2005), as well as endothelial cell survival during adulthood. 
Phosphorylated Y1173 binds several secondary mediators and adaptors: 
PLCγ, and the adapters SHB (Src homology 2 domain containing adaptor 
protein B), Sck (SHC-related adaptor protein) and SHC (Src homology and 
collagen homology). PLCγ-pY1173 binding mediates the activation of pro-
tein kinase C (PKC), and the downstream activation of the extracellular reg-
ulated kinase (Erk) 1/2 pathway, which is crucial for endothelial cell prolif-
eration (Takahashi et al., 2001). Binding to pY1173 by the adapter protein 
SHB, which in turn binds FAK, contributes to focal adhesion turnover and 
endothelial cell migration (Holmqvist et al., 2003). Sck and SHC binding 
may control activation of the Erk1/2 signaling pathway via Ras activation 
(Meadows et al., 2001; Warner et al., 2000). The importance of the Y1173 
phosphorylation site is highlighted by knock-in mice where the tyrosine has 
been replaced with a phenylalanine. These mice are characterized by embry-
onic death at E8.5 caused by suppressed endothelial proliferation and surviv-
al, similar to the phenotype of the global flk1 knockout mouse (Fong et al., 
1995; Sakurai et al., 2005). 

Phosphorylation of Y1212 (Y1214 in figure 8) is implicated in EC migra-
tion through its effect on actin remodeling and stress fiber formation 
(Lamalice et al., 2004). Phosphorylated Y1212 binds the SH2 domain adap-
tor Nck, which, at least in vitro, mediates the recruitment of the tyrosine 
kinase Fyn. Fyn activation induces phosphorylation of p21-activated protein 
kinase (PAK) and activation of the Rho GTPase Cell division cycle 42 
(Cdc42), resulting finally in the activation of the p38 mitogen-activated pro-
tein kinase (p38MAPK) pathway (for a review, see Koch et al., 2011; La-
malice et al., 2006). Cdc42 is required for cytoskeletal and junctional reor-
ganization and its loss compromises VEGF-induce lumen formation and EC 
polarity (Abraham et al., 2015; Barry et al., 2015). Furthermore, activation 
of the Roundabout (Robo) receptor by its ligand Slit induces Nck binding to 
VEGFR2 modulating the downstream Cdc42 signaling (Dubrac et al., 2016). 

Induction of the phosphoinositide 3 kinase (PI3K)/Akt pathway down-
stream of VEGFR2 has not yet been fully elucidated. VEGF induces p85 
regulatory protein of PI3K (PI3Kp85) binding to VEGFR2 in primary bo-
vine retinal endothelial cells (Suzuma et al., 2000). Inactivation of the PI3K 
p110α catalytic subunit leads to embryonic lethality of mice, which show 
defects in EC migration, vascular sprouting and remodeling (Graupera et al., 
2008). Postnatal deletion of Akt1, one of the two isoforms expressed in ECs, 
and mutation of its substrate FOXO1 in its Akt binding site, decreases endo-
thelial proliferation and reduces vascular density (Lee et al., 2014; Wilhelm 
et al., 2016), affecting vascular development and metabolism. 

Activation of VEGFR2 also occurs through non-canonical pathways 
where VEGF-ligand binding is not required. Shear stress forces induce 
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phosphorylation of VEGFR2, mediating the formation of a mechanosensory 
complex within VEGFR2, VEGFR3, PECAM-1 and VE-cadherin (Coon et 
al., 2015; Jin et al., 2003; Tzima et al., 2005). Y1212 VEGFR2 phosphoryla-
tion and the downstream Cdc42 and p38MAPK signaling activation are in-
creased by shear stress (Collins and Tzima, 2014; Gee et al., 2010). In addi-
tion, shear stress induces MMP-dependent release of VEGFA from the ECM 
enhancing the direct activation of VEGFR2 (dela Paz et al., 2013). VEGFR2 
activation is also induced by other ligands such as gremlin, galectins, lactate 
and low-density lipoproteins (LDLs), which are involved in VEGFR2-
dependent cell sprouting and migration and in VEGFR2 endocytosis (Jin et 
al., 2013; Markowska et al., 2011; Mitola et al., 2010; Ruan and Kazlauskas, 
2013). 

VEGFR2 Coreceptors 
VEGFR2 signaling is influenced in different ways by binding of the ligand 
to coreceptors. There are different coreceptors for VEGF/VEGFR2: HS, 
NRPs and integrins. 

HS is a polysaccharide member of the glycosaminoglycan family of car-
bohydrates and it is structurally similar to heparin. In general, binding to HS 
increases the stability of protein-protein interactions (Stringer, 2006). HS 
binds all VEGF isoforms and family members except for one isoform of 
VEGFA, VEGF121 (Kawamura et al., 2008b). Furthermore, HS directly 
binds both VEGFR1 and VEGFR2 (Park and Lee, 1999; Xu et al., 2011); HS 
also binds to NRP1 but not to NRP2 (Vander Kooi et al., 2007). In particu-
lar, the binding of HS to VEGFR2 increases the magnitude and duration of 
the VEGF-induced signal (Jakobsson et al., 2006). Furthermore, HS is cru-
cial in the spatial localization of VEGF isoforms, influencing tip cell filopo-
dia and branching formation (Ruhrberg et al., 2002). 

NRP1 and NRP2 are structurally conserved transmembrane proteins. 
Their extracellular domains are equipped with VEGF and semaphorin bind-
ing motifs. Both NRPs have a short cytoplasmic domain that ends with a 
PDZ-domain binding motif (SEA) that interacts with G alpha interacting 
protein, C terminus (GIPC)/synectin. Binding of synectin directs internaliza-
tion and intracellular trafficking of NRPs and VEGFR2 (Lanahan et al., 
2010; Wang et al., 2003). During development, NRP1 is expressed in arter-
ies while NRP2 is expressed in veins and lymphatic vessels (Herzog et al., 
2001). In addition, a soluble form of NRP1 has been proposed to sequester 
VEGF and prevent it from binding its primary receptors (Cackowski et al., 
2004). The NRPs were discovered as receptors for the class 3 semaphorins, 
which are axon guidance proteins; furthermore NRPs bind VEGF isoforms 
as well as a range of other growth factors or growth modulatory factors 
(Koch, 2012). Notably, VEGFA165 binds both NRPs, while VEGFB and 
PlGF bind only to NRP1. On the other hand, VEGFA145, VEGFC and 
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VEGFD bind only to NRP2 (Soker et al., 1998). The concurrent binding of 
VEGFA to VEGFR2, NRP1 and HS allows the formation of a complex that 
is crucial in EC migration and survival, vessel sprouting, and permeability 
(Becker et al., 2005; Kawamura et al., 2008a; Wang et al., 2003) (Figure 9), 
while the VEGFC-induced complex of NRP2/VEGFR3 is important in lym-
phatic vessel sprouting (Xu et al., 2010).  

 
Figure 9. Overview of NRP1 interactions with HS, VEGFA and VEGFR2 in ECs. 
VEGFA stimulation induces VEGFR2 complex formation with its coreceptors, 
NRP1 and HS. The signaling resulting from the activation of this complex enhances 
endothelial cell proliferation, survival, migration, and permeability (adapted from 
Koch, 2012). 

In vivo studies have shown that the neutralizing action of antibodies against 
NRP1 in combination with anti-VEGFA efficiently reduces tumor angiogen-
esis and vascular remodeling (Pan et al., 2007). Furthermore, anti-NRP2 
therapy suppresses lymphangiogenesis, and metastatic spread via the lym-
phatics in tumor-challenged mice (Caunt et al., 2008). In addition to the vas-
cular expression, NRP1 is expressed on bone marrow-derived myeloid cells 
where it acts as a receptor for VEGFA. VEGFA recruits the NRP1-
expressing monocytes (NEMs) to angiogenic sites, promoting arterial for-
mation in healthy tissue (Zacchigna et al., 2008; Zentilin et al., 2006). In 
tumors, NEMs induce tumor vessel normalization and decreased vascular 
leakage (Carrer et al., 2012). C-terminus of NRP1 is dispensable since mice 
lacking this domain survive to adulthood, with normal vasculogenesis and 
angiogenesis (Fantin et al., 2011). Hypomorphic NRP1mutant mice lacking 
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the VEGF binding site display defects in myocardial development and post-
natal angiogenesis in the retina, indicating that the VEGFA binding site of 
NRP1 is essential for regulation of postnatal vascular development (Fantin et 
al., 2014). 

A third class of VEGFR2 coreceptors, integrins, are transmembrane het-
erodimers composed of one alpha (α) and one beta (β) subunit that connect 
the cell membrane to ECM proteins. VEGF induces αVβ3 integrins to bind 
the extracellular domain of VEGFR2, forming a receptor complex required 
for the full activation of the receptor and of the β3 integrin (Borges et al., 
2000; Byzova et al., 2000). The reciprocal activation of VEGFR2 and β3 
integrins regulates several angiogenic steps such as EC migration and anas-
tomosis (West et al., 2012). Furthermore, the binding of αVβ3 integrin to 
NRP1 prevents the interaction between NRP1 and VEGFR2 (Robinson et 
al., 2009). Another important coreceptor of VEGFR2 is β1 integrin; indeed 
the complex-formation between VEGFR2 and β1 integrin leads to extended 
phosphorylation of VEGFR2 (Chen et al., 2010) in a manner involving the 
tetraspanin CD63 (Tugues et al., 2013). 

Regulation of VEGFR2 signaling pathways 
The final outcome of VEGF-induced signaling depends on a range of regula-
tory mechanisms acting both at the level of the ligand/receptor interaction 
and on the downstream signaling pathways. 

Internalization of VEGFR2 plays a crucial role in the regulation of its ac-
tivity. Once activated, VEGFR2 dissociates from caveolin-1 (Labrecque et 
al., 2003) and becomes internalized through endocytosis (Salikhova et al., 
2008) in a clathrin/dynamin-mediated process (Pasula et al., 2012). NRP1, 
GIPC/synectin and myosin VI interactions are required for the VEGFR2 
endocytotic process (Lanahan et al., 2013; Lanahan et al., 2010). Ephrin B2 
is also involved in VEGFR2 movement from the plasma membrane to the 
endocytic compartment (Sawamiphak et al., 2010; Wang et al., 2010). 
VEGFR2 endocytosis is controlled by its interaction with VE-cadherin that 
maintains the receptor in an inactive state, preventing its internalization 
(Lampugnani et al., 2006). Once internalized, VEGFR2 moves into early 
endosome antigen 1 (EEA1) positive endosomes in a Rab5-dependent man-
ner (Ballmer-Hofer et al., 2011). 

The activation of signaling pathways downstream of VEGFR2 continues 
during internalization (Figure 10); indeed, activation of some of the path-
ways requires internalization of VEGFR2 (Labrecque et al., 2003). While the 
PLCγ pathway is activated by VEGFR2 localized on the cell surface, activa-
tion of the Erk1/2 and Akt signaling pathways requires internalization 
(Lampugnani et al., 2006; Lanahan et al., 2013; Lanahan et al., 2010). Phos-
phorylated Erk1/2 is present in Rab5 early endosomes and delayed traffick-
ing of VEGFR2 into EEA1-positive endosomes impairs Erk1/2 phosphoryla-
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tion (Delcroix et al., 2003; Lanahan et al., 2013; Lanahan et al., 2010). Early 
endosomes also contain PI3K and pAkt (Kuruvilla et al., 2000) suggesting 
that induction of the PI3K/Akt pathway is regulated in a similar fashion to 
the activation of the Erk1/2 signaling pathway (Wang et al., 2010). In con-
trast, Src signaling is differently regulated. Indeed, inactive Src is located in 
Rab7-positive perinuclear late endosomes (Kasahara et al., 2007) and once 
phosphorylated/activated, Src rapidly translocates to the membrane in 
Rab11-positive endosomes (Sandilands et al., 2004). 

 
Figure 10. Overview of plasma membrane and endocytic VEGFR2 signaling activa-
tion. VEGFR2 signaling pathways are activated both at the plasma membrane and in 
endosomal compartments. VEGFR2 segregation at the plasma membrane induces 
activation of certain pathways, while internalization in Rab5- and EEA-1 positive 
endosomes leads to the activations of other downstream signaling pathways (Simons 
et al., 2016). 

After having exerted its function, the internalized VEGFR2 may undergo 
degradation or be recycled back to the plasma membrane. Degradation of 
VEGFR2 occurs within 30 minutes of VEGF stimulation through ubiquitina-
tion by the ubiquitin ligase CBL and trafficking in Rab7-positive vesicle to 
lysosomes (Duval et al., 2003; Ewan et al., 2006; Gampel et al., 2006). Ser-
ine phosphorylation in the VEGFR2 C-terminal has been implicated as a 
signal for down-regulation of VEGFR2 (Singh et al., 2005). Inactive 
VEGFR2 undergoes constitutive endocytosis and recycling in Rab4-positive 
vesicles, while VEGF induces VEGFR2 recycling in a Rab11-dependent 
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pathway where NRP1 is proposed to have a critical role (Ballmer-Hofer et 
al., 2011).  

The VEGFR2 signaling pathway is regulated by at least two PTPs: VE-
PTP and PTP1b. After VEGFR2 is activated, it can translocate to endothelial 
cell junctions, where VE-PTP dephosphorylates VEGFR2 and consequently 
limits VEGFR2-dependent tyrosine phosphorylation of VE-cadherin 
(Hayashi et al., 2013). PTP1b is localized in the endoplasmic reticulum (ER) 
and dephosphorylates VEGFR2 when the ER segment comes close to the 
plasma membrane and when VEGFR2-containing endosomes come close to 
the ER (Anderie et al., 2007; Stuible and Tremblay, 2010). Endothelial cell-
specific gene inactivation of PTP1b leads to enhanced Erk1/2 signaling, and 
increased angiogenesis and arteriogenesis downstream of VEGFR2 pY1173 
(Lanahan et al., 2014). PTP1b may be involved also in VEGFR2 degrada-
tion, affecting the phosphorylation of signal transducing adaptor molecule 2 
(STAM2) and the co-localization of HRS/STAM2 complexes with VEGFR2 
(Ewan et al., 2006; Zhang and Simons, 2014). 

VEGFR2 acts in tight interplay with several receptor signaling pathways 
in a complex and intricate regulation of positive and negative feedbacks. 
FGF induces transcription of VEGFR2 through Erk1/2 signaling and en-
hances VEGF-induced angiogenesis in a synergistic manner (Murakami et 
al., 2011; Pepper et al., 1992; Presta et al., 2005). In addition, the docking 
protein fibroblast growth factor receptor substrate 2 (FRS2α) is involved in 
both FGF receptor and VEGFR2 signaling and has a role in endothelial cell 
migration and proliferation (Chen et al., 2014). VEGF and Notch signaling 
regulation during angiogenesis are important to establish a hierarchy of dif-
ferentiating tip cells and proliferating stalk cells in the developing sprout 
(Phng et al., 2009). VEGF-induced activation of VEGFR2 and VEGFR3 
promotes DLL4 expression in tip cells that induces Notch signaling activa-
tion in the neighbor stalk cells (Hellstrom et al., 2007; Suchting et al., 2007; 
Tammela et al., 2011). Increased Notch activation regulates VEGFR1 and -2 
levels differentially in stalk ECs and could thereby contribute to shaping the 
growing sprout (Benedito and Hellstrom, 2013; Gerhardt et al., 2003; 
Harrington et al., 2008). 

Endosomal trafficking 
Endosomal trafficking is an essential process in the activation of receptor 
tyrosine kinase signaling pathways, such as VEGFR2, and in the recycling of 
activated transmembrane proteins (Zhang and Simons, 2014). During the 
endocytic process, the transmembrane protein is internalized to be proximal 
to its cytoplasmic downstream effectors to fully activate the subsequent 
pathway and to escape deactivation by phosphatases (Sorkin and Goh, 
2009). Different endocytic pathways and intracellular trafficking routes ap-
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pear to be responsible for the activation of specific signaling pathways. Rab 
GTPases and phosphoinositide phosphates (PIPs) recruit specific effector 
proteins important in the assembly of the endocytic cascades (Botelho et al., 
2008; Chagpar et al., 2010; Jin et al., 2008; Lemmon, 2008; Mizuno-
Yamasaki et al., 2010) and thereby determine the dynamic identity of the 
endosomal vesicles. They do so by acting both individually and together to 
spatiotemporally regulate endocytic trafficking (Jean and Kiger, 2012).  

Rab proteins are a family of Ras-Like small GTPases, which function as 
regulatory proteins in the process of membrane trafficking. There are 66 
genes encoding Rab proteins in the human genome and each Rab has a dis-
tinct role in a specified transport pathway and is located in a distinct vesicle 
compartment. Rab GTPases act by switching between GTP-bound (active) 
and GDP-bound (inactive) states (Pfeffer, 2001) and differences between 
active and inactive states define their specific function (Lee et al., 2009). 
Rabs are crucial for cargo selection and vesicle formation, vesicle move-
ment, vesicle uncoating, vesicle tethering and membrane fusion (for a review 
Hutagalung and Novick, 2011). In addition, the hypervariable box in the C-
terminus of Rab proteins has a critical role in targeting each Rab to a specific 
membrane (Chavrier et al., 1991). In endosomal trafficking, Rab5 mediates 
endocytic vesicles fusion and early endosome formation. Further trafficking 
can be towards Rab7 vesicles and lysosomal degradation or via Rab15 to-
wards recycling pathways. Rab4 regulates fast recycling to the plasma mem-
brane while Rab11 is involved in a slow endocytic recycling pathway 
(Hutagalung and Novick, 2011) (Figure 11). 

 
Figure 11. Overview of the localizations Rab GTPases in endocytosis. Specific 
combination of the Rab GTPAse localization in the endocytic pathway; Rab5 in 
early endosomes, Rab7 in late endosome and Rab11 in recycling endosomes 
(adapted from Jean and Kiger, 2012). 
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PIPs are phospholipids with an inositol head group that can be phosphory-
lated at the 3’, 4’ and 5’ hydroxyl group giving rise to seven different PIP 
species. PIPs are located at the cytosolic surface of the cell membrane and of 
the intracellular vesicles (Di Paolo and De Camilli, 2006; Lemmon, 2008). 
PIPs directly modulate signaling effects by binding their head groups to cy-
tosolic or membrane proteins (Balla, 2005). PIPs are involved in signal 
transduction at the plasma membrane, in the regulation of integral plasma 
membrane proteins, in the interaction between plasma membrane and cyto-
skeleton, in vesicle trafficking as exocytosis, endocytosis and phagocytosis, 
and in Golgi apparatus function (for a review Di Paolo and De Camilli, 
2006). During the endocytic pathways, PIP endosome coating changes in 
relation to the vesicle stage. PtdIns(4,5)P2 is the most abundant PIP in the 
plasma membrane and, after endocytosis, dephosphorylation events remove 
it from the internalized membrane. PtdIns(3)P is the major phospholipid of 
the early endosomes and it participates in all the aspect of endosomal func-
tion. PtdIns(3)P is subsequently phosphorylated generating PtdIns(3,5)P2 ,the 
main component of late endosomes. 
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Summary of the papers 

Paper I 

NRP1 presented in trans to the endothelium arrests VEGFR2 
endocytosis, preventing angiogenic signaling and tumor initiation 
Neuropilin 1 (NRP1) together with NRP2 function as coreceptors for 
VEGF/VEGFRs. The NRPs have a common structure characterized by an 
extracellular domain with binding motifs for VEGF and class 3 semaphorins, 
and an intracellular domain with a C-terminal SEA motif (i.e. a PDZ-domain 
binding motif). The NRPs have been implicated in VEGFR2 internalization 
and trafficking. By the concurrent binding of VEGFA to the NRP1 extracel-
lular domain, VEGFR2 and HS, a stable signaling complex is formed that is 
important in survival, migration and sprouting of endothelial cells. NRP1 is 
therefore a crucial molecule in regulating VEGF/VEGFR2-induced angio-
genesis. It has been previously described that NRP1 can interact with 
VEGF/VEGFR2 in different constellations. When NRP1 and VEGFR2 are 
expressed on the same endothelial cell and VEGFA binding forms a bridge 
between the two molecules, a cis-complex is created. When VEGFA bridges 
between NRP1 and VEGFR2 expressed on adjacent cells, either endothelial 
cells or non-endothelial cells, a trans-complex is established. In the current 
paper we have investigated how NRP1 presented in cis or in trans affects 
VEGFA signaling and angiogenesis. 

Cis and trans complexes showed different kinetics of complex formation, 
internalization and VEGFR2 downstream signaling. NRP1 expressed in cis 
induced rapid complex formation with VEGFR2 and quick internalization of 
the receptor in Rab4/Rab5 early endosomes, while trans complexes formed 
with slower kinetics and were retained at the cell surface for extended time 
period. The persistence of trans complexes on the cell surface did not affect 
the tyrosine phosphorylation of VEGFR2 but resulted in prolonged activa-
tion of PLCγ and Erk2. In contrast, the level of Erk1 phosphorylation was 
reduced, suggesting that internalization is required for Erk1 activation. 

To study the consequence of cis and trans presentation of VEGFA, we 
used T241 fibrosarcoma (which lacks endogenous NRP1 expression) and 
B16 melanoma cells (which express endogenous NRP1) that were transfect-
ed or not with NRP1 cDNA or NRP1 shRNA, to create gain- or loss-of-
function models. The tumor cells were injected in tamoxifen-treated mice 
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either expressing NRP1, or not, in their endothelial cells. In long-term exper-
iments, there was no difference in tumor growth between the cis and trans 
conditions, however, there was a significant increase in tumor-free mice in 
the trans condition, suggesting an important role of NRP1 in the initial steps 
of tumor establishment. In T241 cells suspended in matrigel tumors collected 
at 7 days, an early stage of tumor vascularization, trans tumors showed a 
significantly decreased vessel density compared to tumors in the cis condi-
tion, underscoring the important role of the spatial relationship between 
NRP1 and VEGFR2 expression. Indeed, in the developing retina where 
NRP1 had been partially knocked down through low-dose tamoxifen treat-
ment, high expression of NRP1 was associated with quiescent ECs. In con-
trast, low or no expression of NRP1 in ECs was found adjacent to sprouting 
endothelial cells. 

Furthermore, we investigated the role of the C-terminal tail of NRP1 in 
cis and trans presentation, inasmuch as a previous study had shown that 
recombinant mice lacking the C-terminal tail of NRP1 (NRP1 ΔC) had a 
mild angiogenic phenotype. Using a radioligand binding kinetic assay, full 
length T241/NRP1 displayed an equal distribution of the high and low affini-
ty populations to VEGFR2, while T241/NRP1 ΔC displayed an increase in 
the low affinity interactions. The NRP1 C-terminal deletion therefore affect-
ed the kinetics of NRP1/VEGFR2 complex formation and internalization in 
the trans condition, stressing the importance of the NRP1 C-terminus in the 
stability and in the functionality of VEGFR2/NRP1 complex. 

In conclusion, depending on the spatial dynamics of the NRP1/VEGFR2 
complex, the effect of VEGFA on angiogenesis will be fine-tuned to meet 
physiological needs, e.g. in the retina vascular development, or in pathologi-
cal conditions such as cancer. 

Paper II 

VEGFR2 pY949 signaling regulates adherens junction integrity and 
metastatic spread 
Vascular permeability is a physiological process in which nutrients and so-
lutes cross the vascular wall to maintain the homeostasis of the vasculature 
and the surrounding tissues. Cancer and other diseases are characterized by 
abnormal vessel leakage that allows the extravasation of macromolecules 
and inflammatory cells from the blood vessels inducing massive edema and 
facilitating the progression of the disease itself. VEGFA (originally named 
vascular permeability factor VPF) is one of the players in the vascular per-
meability process, acting on its main receptor VEGFR2. The SH2 domain of 
T cell specific adapter protein (TSAd) binds phosphorylated Y949 VEGFR2, 
regulating the activation of Src and Yes cytoplasmic tyrosine kinases 
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through binding of its Pro-rich domain to the SH3 domain of Src family 
kinases. VEGFR2-dependent Src phosphorylation mediates increased EC 
permeability leading to VE-cadherin endocytosis and opening of paracellular 
junctions. In this paper, we have investigated the in vivo role of Y949 in 
VEGFR2 in vascular permeability.  

We established Vegfr2Y949F/Y949F knock-in mice where tyrosine 949 is re-
placed with phenylalanine, thereby blocking the phosphorylation/activation 
of the site. Overall, vascular development, morphology and function were 
normal in the Vegfr2Y949F/Y949F mice. Vegfr2Y949F/Y949F mice displayed a de-
creased VEGF-induced vascular leakage in the tracheal vasculature and a 
reduced vascular leakage and edema in glioma, RipTag2 insulinoma and 
subcutaneous B16F10 melanoma tumor models. Furthermore, RipTag2 and 
B16F10 tumors presented reduced metastatic spread. The leakage phenotype 
in the mutant mice concurred with a different dynamic of Src activation and 
VE-cadherin phosphorylation. VE-cadherin activation and junctional rear-
rangement in the Vegfr2Y949F/Y949F were both decreased at the sites of vessel 
leakage in the tracheas, at the vascular sprouting front in the retinas and in 
the vasculature of RipTag2 tumors, indicating more stable junctions compare 
with the wild type vascular network. In addition, in the Vegfr2Y949F/Y949F mice, 
lumen formation and perfusion was restored in RipTag2 and B16F10 tumor 
vasculature and chemotherapy delivery was improved, reducing B16F10 
tumor volume. 

In conclusion, the VEGFR2 Y949 phosphorylation site regulates disas-
sembly of endothelial junctions, suppressing tumor edema and metastatic 
spread and allowing a better drug delivery in certain types of cancer. 

Paper III 

VEGFR2 pY1212 signaling regulates endothelial cell proliferation and 
vessel stability 
VEGFR2 has crucial functions in essentially all aspects of endothelial biolo-
gy, in physiology and disease. VEGFA induces VEGFR2 activation resulting 
in phosphorylation of at least 5 different tyrosine (Y) residues. Considerable 
information has been collected on several of these, however, little is still 
known about the role of the VEGFR2 Y1212 phosphosite. In vitro, pY1212 
has been implicated in actin stress fiber remodeling. In this paper, we have 
investigated the in vivo role of Y1212 in VEGFR2 in vascular development. 

For this purpose, Y1212F Vegfr2 knock-in mice (Vegfr2Y1212F/Y1212F) on 
C57Bl/6 and FVB backgrounds were utilized. In these mice, Y1212 was 
replaced with phenylalanine, thereby preventing the phosphoryla-
tion/activation of the site. On the C57Bl/6 background, there was partial 
embryonic lethality of the Vegfr2Y1212F/Y1212F offspring and the ratio of homo-
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zygotes decreased from 25% at E11.5 to 13% at birth. Instead, on the FVB 
background, the genotype distribution was the expected Mendelian ratio. 
Analysis of E11.5 hindbrains showed decreased vascular density in the mu-
tant on the C57Bl/6 but not on the FVB background. Overall, the surviving 
mice on both backgrounds developed normally but with lower body weight. 

Analysis of developing retina (P4-P7) and trachea (P1-P5) showed defects 
in the vascular morphology in Y1212F mice on the FVB background. In 
particular, there was a reduced density in the capillary bed followed by de-
creased vascular outgrowth in the retina. Loss of the vascular network in P4-
P5 retinas and P3 tracheas of these mice was accompanied by an increase in 
the number of collagen IV empty sleeves, representing the remaining base-
ment membrane of pre-existing vessels. This result suggested that Y1212 
VEGFR2 is involved in vessel pruning mechanisms and vascular stability. In 
addition, both P5 and P6 retinas showed an increased number of macrophag-
es in the Vegfr2Y1212F/Y1212F mice in the areas with increased number of colla-
gen IV empty sleeves, implying that macrophages have a role in the vessel 
pruning process.  

Apoptosis, endothelial cell polarity and lumen formation were investigat-
ed as possible mechanisms of the vessel regression. However, 
Vegfr2Y1212F/Y1212F capillaries did not show increased staining of the used 
apoptotic marker, cleaved caspase 3, or alteration in endothelial cell orienta-
tion or impaired staining of the luminal marker podocalyxin compared with 
vessels in WT littermates. However, Vegfr2Y1212F/Y1212F endothelial cells 
showed a decreased proliferation both in FVB P6 retinas and in E11.5 hind-
brains on the C57Bl/6, but not FVB, background, suggesting a crucial role 
for Y1212 VEGFR2 in proliferation during the angiogenic remodeling pro-
cess. 

Numerous signaling pathways have been implicated in VEGFA-induced 
endothelial proliferation. By affinity-purification on immobilized VEGFR2 
phosphopeptides followed by mass spectrometry, we identified SH2-
containing adapter proteins that bound specifically to the Y1212 phosphory-
lation site of VEGFR2. Interestingly, the adaptor Nck, which previously has 
been implicated in pY1212 signaling, was not identified as a pY1212-
binding protein in this analysis.  

In conclusion, we showed that phosphorylation of Y1212 in VEGFR2 is 
crucial in regulating angiogenesis remodeling and vascular stability, possibly 
regulating endothelial cell proliferation. Further studies are needed to inves-
tigate the involved downstream signaling pathways. 
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Paper IV 

Paladin (Pald1) regulates endothelial sprouting, VE-cadherin junction 
stability and vascular permeability 
Paladin (Pald1) is a vascular-enriched phosphatase-domain containing pro-
tein highly expressed in endothelial cells during embryogenesis, whereas its 
expression shifts from endothelial to mural cells in certain vascular beds as 
the vasculature matures. Paladin has two phosphatases domains, but no pro-
tein phosphatase activity has been reported, suggesting that it is a catalytical-
ly inactive pseudophosphatase. Few facts have been known about paladin 
function: it regulates neural crest cell formation and migration in chick em-
bryos and it is a negative regulator of insulin receptor and Toll-like receptor 
9 signaling. In the current paper, we have investigated Paladin´s biological 
function in endothelial cells both in vitro and in vivo contexts, using a consti-
tutive Pald1 knock-out mouse model. 

For the first time, we show that paladin has catalytic activity, 
dephosphorylating several phosphoinositides. Its exact substrate specificity 
remains to be defined. 

Pald1-/- P5 developmental retinas displayed a hypersprouting phenotype 
with increased vessel density and filipodia number at the vascular front. Ret-
inal vascular outgrowth and maturation was reduced during postnatal devel-
opment in Pald1-/- mice but there were no differences in adult retinas, sug-
gesting rather a delayed than a decreased maturation. Lack of paladin in vivo 
led to increased association of VE-cadherin to plakoglobin instead of β-
catenin, indicating more quiescent junctions; in agreement, paladin overex-
pressing ECs analyzed in vitro presented an increased junctional rearrange-
ment, suggesting increased turn over of VE-cadherin and activation of the 
junctions. VEGF-induced VEGFR2 degradation and signaling were altered 
in the Pald1-/- mutants; in particular, Erk1/2 and Akt phosphorylation was 
increased and prolonged while Src phosphorylation, responsible for VE-
cadherin junctional opening and permeability, was reduced. In accordance 
with the junctional phenotype and with the alteration in the VEGFR2 signal-
ing, VEGF-induced vascular leakage in the tracheal vasculature and vascular 
permeability in RipTag2 insulinoma were reduced in Pald1-/- mice. 

In conclusion, we have shown that paladin is a phosphoinositide phospha-
tase involved in angiogenic sprouting, VE-cadherin junction stability and 
VEGF-induced signaling, and is a negative regulator of vascular permeabil-
ity in tumors. 
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Future perspectives 

VEGF-VEGFR signaling has a key role in development and adult physiolo-
gy. Many studies reveal crucial contributions of angiogenic and permeability 
signaling pathways also in cancer initiation, invasion and seeding of distant 
metastasis as well as in other inflammatory and pathological conditions. 
These insights form the basis for the development of anti-angiogenic and 
anti-leakage therapies aimed to suppress VEGF-VEGFR function. However, 
VEGF-targeted anti-angiogenic therapies have many side effects on healthy 
tissues and show resistance, rescue and, unexpectedly, increased invasion 
and metastasis in tumor therapy (Casanovas et al., 2005; Kerbel, 2005). We 
therefore need to learn more about the individual signaling pathways down-
stream of VEGF-VEGFR to be able to target only the functions used by the 
diseases for their progression, without affecting the healthy tissue. 

Here, we have investigated the role of the NRP1 coreceptor in 
VEGF/VEGFR2 signaling (Paper 1). Our data shed light on the fine balance 
exerted through the pattern of expression of NRP1 vis-à-vis VEGFR2, which 
results in support or suppression of VEGF/VEGFR2 signaling. We have 
shown that NRP1 affects tumor initiation differently depending on whether it 
is expressed in endothelial cells alone or also in adjacent cells such as tumor 
cells. Preclinical data suggest that NRP1 would be a good target as it may 
regulate both tumor cell proliferation and endothelial cell angiogenesis (Pan 
et al., 2007). In human cancers, NRP1 is expressed at different ratios be-
tween endothelial cells and tumor cells in different tumor types (Jubb et al., 
2012). Therefore future investigation should aim to characterize the expres-
sion of NRP1 in different tumor types to find indications for when anti-
NRP1 therapies might show clinical relevance. 

We have studied the crucial role of VEGFR2 Y949 in pathological vascu-
lar permeability and metastatic spread and we have demonstrated improve-
ment in chemotherapeutic delivery and efficacy in tumors lacking the 
VEGFR2 Y949 downstream pathway (Paper 2). We are now investigating if 
the changes in VEGF-induced VE-cadherin junction opening are also affect-
ing inflammatory cell extravasation, e.g. neutrophils, in physiological and 
pathological conditions using the Vegfr2Y949F/9492F mutant mouse. In addition, 
loss of TSAd, the SH2-containing adapter protein binding to pY949, showed 
the same vascular permeability reduction and VE-cadherin junctional pheno-
type as in the Vegfr2Y949F/9492F mouse (Gordon et al., 2016). Using high-
throughput screening, we are investigating compounds that specifically bind 
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TSAd adaptor protein and that can be used to inhibit the signaling pathways 
downstream of the VEGFR2 Y949/TSAd complex with the purpose of de-
veloping new therapeutic drugs for diseases characterized by excessive leak-
age.  

Moreover, we have investigated the role of the VEGFR2 Y1212 phos-
phorylation site in developmental angiogenesis (Paper 3), but further studies 
are needed to understand the downstream signaling pathways involved and 
their exact contribution to the proliferation and remodeling process. In the 
Vegfr2Y1212F/Y1212F mutant mouse, we have discovered changes in the vessel 
network caused by increased vessel pruning as consequence of deficient 
proliferation. Numerous signaling pathways have been implicated in VEG-
FA-induced endothelial proliferation. We identified SH2-containing adapter 
proteins that specifically bound the Y1212 phosphorylation site of VEGFR2 
using affinity-purification on immobilized VEGFR2 phosphopeptides fol-
lowed by mass spectrometry. Further investigations are needed to confirm 
the binding of these SH2-containing adapter proteins to the phosphorylated 
Y1212 of VEGFR2 in vivo using the Vegfr2Y1212F/Y1212F mice model as nega-
tive control. We would like to investigate the relationship between vessel 
stability and VEGF-induced endothelial proliferation studying the down-
stream signaling pathways of Y1212/SH2-containing adapter protein com-
plexes in vivo. Furthermore, to determine the consequence of pY1212 signal-
ing on gene regulation, we are sequencing the mRNA transcriptome of the 
Vegfr2Y1212F/Y1212F mutants to compare it with the wild type mRNA transcrip-
tome. As continuous vessel pruning and decreased stability is a hallmark of 
pathologies such as cancer, we would like to investigate the angiogenesis 
remodeling phenotype of Vegfr2Y1212F/Y1212F mice in pathological conditions 
such as cancer, retinopathy, stroke and myocardial infarction. We may learn 
from the pY1212-regulated signaling how to improve vessel stability, of 
potential consequence for either suppressing or stabilizing vessels in condi-
tions of excessive tissue growth or in tissue repair processes. 

Lastly, we have demonstrated that paladin is a phosphoinositide phospha-
tase with an important function in VEGFR2 signaling and VE-cadherin junc-
tional remodeling, regulating hypersprouting and vascular permeability in 
pathological conditions (Paper 4). Further investigations are needed to define 
a distinct substrate for the phosphatase activity of paladin. Defining the PIP 
specificity of the catalytic function in combination with its localization will 
shed light on the mechanism of action and provide better understanding on 
how paladin affects VEGFR2 and VE-cadherin biology. Indeed, each traf-
ficking vesicle has a particular PIP membrane composition (Jean and Kiger, 
2012). The impaired VEGFR2 signaling and degradation and the altered VE-
cadherin remodeling suggests a role for paladin in the endocytosis and recy-
cling pathways of endothelial membrane proteins, but further studies are 
required to confirm our hypothesis. The ability of paladin to regulate mem-
brane protein trafficking, make this protein highly interesting as a therapeu-
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tic target. Loss of paladin in the Pald1-/- mouse model demonstrated VEGF-
induced activation of certain signaling while other pathways were decreased. 
Targeting paladin, for e.g. in cancer disease, might have the advantage of 
decreasing excessive vascular leakage yet maintaining the signaling required 
in the tumor to develop a functional vasculature. We expect that standard 
chemotherapy would be efficiently delivery by the normalized vasculature in 
a paladin-suppressed condition, resulting in a more efficient therapeutic ef-
fect at a lower dose and therefore with fewer side effects. 

In conclusion, studying individual steps of the complex signaling path-
ways downstream of VEGF/VEGFR2, I expect, will allow the discovery of 
new targets, eventually leading to improved therapeutic effects without af-
fecting other pathways and healthy tissue. 
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