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Vascular endothelial growth factors (VEGFs) are master regulators of vascular development
and of blood and lymphatic vessel function during health and disease in the adult. It is
therefore important to understand the mechanism of action of this family of five mammalian
ligands, which act through three receptor tyrosine kinases (RTKs). In addition, coreceptors like
neuropilins (NRPs) and integrins associate with the ligand/receptor signaling complex and
modulate the output. Therapeutics to block several of the VEGF signaling components have
been developed with the aim to halt blood vessel formation, angiogenesis, in diseases that
involve tissue growth and inflammation, such as cancer. In this review, we outline the current
information on VEGF signal transduction in relation to blood and lymphatic vessel biology.

INTRODUCTION TO RECEPTOR
SIGNALING

VEGF is a designation both for the family
of related VEGF polypeptides and for the
original, prototype growth factor, which also
was identified as vascular permeability factor
(VPF) (Senger et al. 1983). Currently the
VEGF family is composed of five structurally
related factors: VEGFA (the prototype; also
denoted VEGFA165), VEGFB, VEGFC, VEGFD
and placenta growth factor (PIGF). The VEGF
family members are homodimeric polypeptides
although naturally occurring heterodimers of
VEGFA and PIGF have been described (DiSalvo
etal. 1995). The complexity is increased further
by alternative splicing (for VEGFA, VEGFB, and
PIGF) and processing (VEGFA, VEGFC, and
VEGFD) (Ferrara 2010; Koch et al. 2011).

Thereby, the ability to bind to VEGF receptors,
heparan sulfate (HS) and NRPs (Uniewicz
and Fernig 2008; Grunewald et al. 2010),
is modulated. For example, VEGFA is al-
ternatively spliced to generate VEGFAI121,
VEGFA145, VEGFA165, and VEGFA189 (num-
bers indicating the number of amino acid
residues in each human polypeptide). Whereas
VEGFA121 is freely diffusible and binds to nei-
ther NRPs nor HS, VEGFA 165 and VEGFA189
bind to both, resulting in retention on the cell
surface or in the extracellular matrix. The role
of NRPs will be discussed in some detail below.
HS and mast cell-derived heparin modulate
VEGF biology in several ways by binding not
only VEGF but also receptors, NRPs and poten-
tially additional interacting proteins, thereby
creating clusters of signal transducers (Stringer
2006).
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In addition to the “conventional” VEGFA
variants, a series of VEGFA splice variants
denoted VEGFA(xxx)b bind, but fail to effi-
ciently activate the cognate VEGF receptors
and have therefore been described as antiangio-
genic (Harper and Bates 2008).

A number of nonvertebrate polypeptides
with structural and functional relatedness to
the mammalian VEGFs have been identified.
These include the parapox virus open reading
frame denoted VEGFE (Ogawa et al. 1998)
and the snake venom-derived polypeptides
denoted VEGFF (Yamazaki et al. 2005).

Several of the VEGF family of ligands and
receptors, notably VEGFA, are regulated by hyp-
oxia-inducible factor (HIF) (Germain et al.
2010), leading to increased expression during
tissue growth both in health (wound healing,
embryonic development) and disease (cancer).
In addition, a wide range of other transcription
factors and metabolic regulators such as the ETS
family of transcription factors (Randi et al.
2009) and reactive oxygen species, ROS, (Ushio-
Fukai and Nakamura 2008) modulate the
expression levels of VEGFs as well as of the
VEGF receptors. The Notch family of ligands
and their receptors have received particular
attention because of their important role in
restricting the formation of new blood vessels
in sprouting angiogenesis (see below, VEGFR2
in the Regulation of Angiogenesis), at least in
part by regulating the expression levels of
VEGF receptors, which in turn regulate expres-
sion of the negative regulatory Notch ligand
Delta like 4 (DI114) (see Jakobsson et al. 2009
and references therein).

The different properties of the VEGF family
members modulate their biological impact.
For example, the restricted diffusion of HS-
binding VEGFs affects the spatial distribution
of VEGEFR signaling and, in addition, it modu-
lates signaling in a qualitative manner (e.g., by
differential engagement of coreceptors such as
integrins [Chen et al. 2010]). Moreover, VEGF
is produced by most parenchymal cells and
acts in a paracrine manner on adjacent endo-
thelial cells (ECs). However, autocrine VEGF
has been proposed to be essential for endo-
thelial cell survival. Analyses of recombinant

mice specifically lacking EC-produced VEGF
indicate that paracrine VEGF may not compen-
sate for autocrine VEGF (Lee et al. 2007).

VEGFs act through three structurally related
VEGF receptor tyrosine kinases, denoted
VEGFR1 (Flt1), VEGFR2 (Flk1), and VEGFR3
(Flt4) (Fig. 1). The receptors show an overlapping
but distinct expression pattern. The continuously
increased sensitivity of reagents and detection
methods show that there is a wider expression
range of the VEGF receptors than initially antici-
pated. However, there is still an overall pattern of
VEGFRI expression in monocytes and macro-
phages, VEGFR2 in vascular endothelial cells,
and VEGFR3 in lymphatic endothelial cells.

Binding of VEGF to its cognate VEGF
receptor in cis or trans (e.g., by binding HS pro-
teoglycans [HSPGs] on adjacent cells [Jakob-
sson et al. 2006]) induces receptor homo- or
heterodimerization. The consequent change in
receptor conformation leads to exposure of
the ATP-binding site in the intracellular kinase
domain, kinase activation and auto- or trans-
phosphorylation of tyrosine residues on the
receptor dimer itself as well as on downstream
signal transducers. Tyrosine phosphorylation
is strictly regulated by internalization and
degradation (see below, Integrins in Modula-
tion of VEGEFR Signaling) or by dephosphory-
lation through phosphotyrosine phosphatases
(PTPs), such as density enhanced phosphatase
1 (DEP1), vascular endothelial PTP (VEPTP),
SRC Homology 2 (SH2) domain PTP (SHP2),
and PTP1B (Kappert et al. 2005). Phosphory-
lated tyrosine residues and amino acid residues
carboxy-terminal of the phosphotyrosine create
binding sites for intracellular signaling media-
tors with SH2 domains, allowing formation of
signaling chains. Ultimately, these activation
cascades result in the establishment of biologi-
cal responses such as cell proliferation, migra-
tion and arrangement in three dimensions
(3D) to form a vascular tube.

VEGFR1T SIGNALING

VEGFRI signaling and biology appears more
elusive than that of other VEGFRs. VEGFR1 is
widely expressed, and its kinase activity is
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Figure 1. VEGF binding specificities and VEGFR signaling complexes. Five vascular endothelial growth factors,
VEGFA, VEGFB, VEGFC, VEGFD, and PIGE bind with different affinities to three VEGF receptor tyrosine ki-
nases (VEGFR) and two NRP coreceptors initiating homo- and heterodimer formation. Proteolytic processing
of VEGFC and VEGFD allows binding to VEGFR2. Extracellular domains of VEGFRs and NRPs involved in
VEGF binding are indicated by hatched circles. PIGE placenta growth factor; sVEGFRI, soluble VEGFR1;
sVEGFR2, soluble VEGFR2; TMD, transmembrane domain; JMD, juxtamembrane domain; TKD1, ATP bind-
ing domain; KID, kinase insert domain; TKD2, phosphotransferase domain; CTD, carboxy-terminal domain.

poor and not required for endothelial cell func-
tion. An important role for VEGFRI is in nega-
tive regulation of VEGFR2 biology, by binding
VEGE and in regulation of monocyte migration
during inflammation. Moreover, the different
VEGEFRI ligands have quite distinct functions,
such as transport of fatty acids and regulation
of pathological angiogenesis.

VEGFRI (alternatively denoted Fms-like
tyrosine kinase 1, Fltl, in the mouse) binds
VEGFA, VEGFB, and PIGF (Fig. 1). Binding is
dependent on extracellular Immunoglobulin
(Ig)-like loops 2 and 3 of VEGFR1 (Wiesmann
et al. 1997). VEGFRI exists as a full-length
form and an alternatively spliced, soluble form
(sFlt1) (Kendall and Thomas 1993). Full-length
and soluble VEGFR1 both bind VEGFA with
higher affinity than does VEGFR2. Binding of
VEGFA to VEGFRI may therefore prevent
activation of VEGFR2. Consequently, sFlt1 has
been implicated as a negative regulator of angio-
genesis (e.g., in maintenance of corneal avascu-
larity [Ambati et al. 2006]). Moreover, sFlt1 is
expressed in the placenta in a regulated manner
during gestation (Clark et al. 1998) and has been

implicated in the pathogenesis of preeclampsia
(Maynard et al. 2003). In particular, a sFlt1 var-
iant denoted sFlt-14 (containing exon 14) accu-
mulates in the circulation of women suffering
from preeclampsia (Sela et al. 2008).

Mouse models expressing various recombi-
nant versions of VEGFR1 have been instrumen-
tal in revealing its complex biology. Fltl1 =/~
(vegfr1 ~/~) embryos die at embryonic day 9
(E9.0) because of an increased number of endo-
thelial progenitors and formation of disorgan-
ized lumen-less vessels (Fong et al. 1995). On
the other hand, deletion of the VEGFR1 tyro-
sine kinase domain in mice is compatible with
vascular development (Hiratsuka et al. 1998).
Thus, VEGFR1 appears not to be required as a
signaling receptor in endothelial cells. Instead,
VEGFRI may serve to capture VEGF to spatially
control VEGFR2 signaling and formation of
angiogenic sprouts (Kappas et al. 2008).

VEGFRI1 kinase activity is only weakly
induced by its different ligands. The poor kinase
activity may be due to the lack of positive
regulatory phosphorylation sites in the kinase
activation loop of VEGFR1 (Ito et al. 1998).
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On the other hand, overexpression of VEGFR1
in different tissue culture models showed
that most of the intracellular tyrosine residues
may be modified by phosphorylation, such as
those in position 794, 1169, 1213, 1242, 1327,
and 1333 (Fig. 2) (Cunningham et al. 1997;
Ito et al. 1998; Yu et al. 2001). Furthermore,
the pattern of VEGFRI tyrosine phosphoryla-
tion differs in a ligand-dependent manner
(i.e., PIGE but not other VEGFRI ligands,
may induce phosphorylation of Y1309 [Autiero
et al. 2003]).

A range of pathological conditions involv-
ing inflammation and recruitment of bone
marrow—derived myeloid cells are sensitive to
loss of VEGFRI kinase activity or inhibition
of VEGFR1 function. This is true for tumor

growth (Hiratsuka et al. 2001), such as glioma
(Kerber et al. 2008), as well as metastatic spread
of tumors (Kaplan et al. 2006). Other condi-
tions involving inflammation such as rheuma-
toid arthritis (Murakami et al. 2006), and the
early phase poststroke condition (Beck et al.
2010) are also affected by loss of VEGFR1 kinase
activity. Thus, at least in part, VEGFR1 regulates
endothelial cell function indirectly, through
macrophage recruitment (Murakami et al
2008), followed by deposition of angiogenic
growth factors by these cells.

In monocytes, VEGFR1-specific ligands
VEGFB and PIGF both induce signaling path-
ways known to operate downstream of most
tyrosine kinase receptors such as extracellular sig-
nal-regulated kinase (ERK)/mitogen-activated
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Figure 2. Tyrosine phosphorylation sites in VEGFRs. Intracellular domains of VEGFR monomers are shown
schematically with phosphorylated tyrosine residues indicated as Y followed by a number indicating the position
in the amino acid sequence of the receptor. Red numbers indicate selective phosphorylation, i.e., Y1309 in
VEGEFRI is phosphorylated on PIGF-, but not VEGF-binding, Y951 in VEGFR?2 is phosphorylated in endothe-
lial cells without pericyte contact, and Y1337/Y1363 are phosphorylated in VEGFR3 homodimers, but not in
VEGFR2/-3 heterodimers. Tyrosines with identified biological function are bold; tyrosines without known bio-
logical function are regular. Encircled residues in VEGFR3 show tyrosines, phosphorylated by extracellular
matrix independent of ligand (see text for details and references). Functions are indicated for respective tyrosines
in italic. TMD, Transmembrane domain; JMD, juxtamembrane domain; TKD1, ATP binding domain; KID, ki-
nase insert domain; TKD2, phosphotransferase domain; CTD, carboxy-terminal domain; EC, endothelial cell.
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protein kinase (MAPK), phosphoinositide 3’
kinase (PI3K)/protein kinase B (PKB/AKT),
and the stress kinase p38MAPK (Tchaikovski
et al. 2008). Which of these VEGFR1-mediated
signaling pathways are essential for VEGFR1
biology in vivo, remains to be shown.

Accessory VEGF-binding molecules (i.e.,
coreceptors, or possibly cell-specific signaling
pathways) appear to regulate VEGFRI1 biology.
Thus, the VEGFRI-specific ligands VEGFB
and PIGF have vastly different functions.
VEGFB is active on endothelial cells in the heart,
where it controls revascularization of the ische-
mic myocardium (Li et al. 2008). A unique
function of VEGFB is to promote fatty acid
uptake in endothelial cells, which is critical in
organs with high metabolic stress such as the
heart (Hagberg et al. 2010). VEGFB-dependent
fatty acid transport involves VEGFR1 as well as
NRP1. PIGF does not compensate for the loss of
VEGEFB in fatty acid transport neither in vitro
(Hagberg et al. 2010) nor in vivo as evidenced
by the different phenotypes of vegfb and plgf
gene targeted mice. VEGFB-deficient animals
survive development, but display reduced heart
size and impaired recovery after cardiac ische-
mia (Bellomo et al. 2000; Aase et al. 2001).
PIGF is also dispensable for embryonic and
adult physiological angiogenesis (Carmeliet
et al. 2001), but promotes pathological angio-
genesis in a number of diseases (see Fischer
et al. 2008 for a more detailed review on the
properties of PIGF). PIGF also binds to NRP1.
Whether additional coreceptors are required
in the transduction of VEGFB or PIGF-specific
signaling, explaining their distinct biology is
not yet clear.

The complexity of VEGFR1 biology is fur-
ther underscored by the fact that it is expressed
by a broad range of cell types, including human
tumor cells (Schwartz et al. 2010).

VEGFR2 SIGNALING

VEGEFR? is the main VEGF receptor on endo-
thelial cells. VEGFR?2 is essential for endothelial
cell biology during development and in the
adult, in physiology and pathology. More is
known about VEGFR?2 signaling than for the

other VEGF receptors. Vascular permeability
is an essential in vivo consequence of VEGFR2
activation. Several small-molecular-weight in-
hibitors of VEGFR?2 kinase activity are employed
clinically to block pathological angiogenesis
in cancer.

VEGEFR?2 is alternatively designated as KDR
(kinase insert domain receptor) in the human
and Flk1 (fetal liver kinase-1) in the mouse.
VEGFR2 binds VEGFA via its extracellular
Ig-like domains 2 and 3, but with a 10-fold
lower affinity than VEGFR1 (Fuh et al. 1998;
Shinkai et al. 1998). In contrast to VEGFRI,
VEGFR2 binds also proteolytically processed
VEGFC and VEGFD (Fig. 1) (McColl et al.
2003). VEGFR2 is alternatively spliced to a solu-
ble VEGFR2 (sVEGFR2), which is present in
various tissues such as the skin, heart, spleen,
kidney, ovary, and in plasma. It binds VEGFC
and prevents binding to VEGFR3, consequently
inhibiting lymphatic endothelial cell prolifera-
tion (Albuquerque et al. 2009).

Vegfr2~/~ mice die at E8.5 from impaired
development of hematopoietic and endothelial
cells (Shalaby et al. 1995), a phenotype similar
to that of the vegfa /™ mouse (Carmeliet
et al. 1996; Ferrara et al. 1996). VEGFR2 is
expressed most prominently in vascular endo-
thelial cells and their embryonic precursors,
with highest expression levels during embryonic
vasculogenesis and angiogenesis (Millauer et al.
1993; Oelrichs et al. 1993; Quinn et al. 1993)
and during pathological processes associated
with neovascularization such as tumor angio-
genesis (Plate et al. 1993; Millauer et al. 1994).
VEGFR?2 is therefore believed to be the main
transducer of VEGFA effects on endothelial
cell differentiation, proliferation, migration,
and formation of the vascular tube.

Binding of VEGFA to VEGFR2 promotes
receptor dimerization which is further stabi-
lized by low-affinity homotypic interactions
between membrane-proximal Ig-like domains
(Ruch et al. 2007; Yang et al. 2010), allowing
trans/autophosphorylation of intracellular ty-
rosine residues. Major phosphorylation sites
are tyrosines Y951 in the kinase insert domain,
Y1054, Y1059 within the kinase domain, as well
as Y1175 and Y1214 in the carboxy-terminal
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domain (Fig. 2) (Takahashi et al. 2001; Matsu-
moto et al. 2005). Additional phosphorylation
sites in VEGFR2 were identified at 1305, 1309,
and 1319 (Matsumoto et al. 2005), but their
roles in VEGFR2 biology are as yet unclear.
Moreover, the juxtamembrane tyrosine Y801
is phosphorylated when isolated intracellular
domains are tested (Solowiej et al. 2009);
whether Y801 is phosphorylated in the intact
VEGFR?2 remains to be shown.

Phosphorylation at Y1054 and Y1059,
which are located in the kinase domain activa-
tion loop are critical for kinase activity (Kendall
et al. 1999). Phosphorylation of these residues
may be preceded by autophosphorylation at
Y801 (Solowiej et al. 2009).

Phosphorylated Y951 serves as a binding
site for the T cell—specific adapter molecule
(TSAd) (Wu et al. 2000; Matsumoto et al.
2005), also denoted VRAP (VEGF receptor
associated protein). The Y951 site is phos-
phorylated on VEGFA stimulation in certain
endothelial cells during development as well as
in tumor vasculature (Matsumoto et al. 2005),
but not in quiescent endothelial cells. Phos-
phorylation of Y1175 creates a binding site for
several signaling mediators like PLCy (Cun-
ningham et al. 1997; Takahashi et al. 2001),
and the adapter proteins SHB and SCK (Warner
et al. 2000; Holmgqvist et al. 2004). Y1175 has
also been described to bind SHCA and GRB2,
which recruit the nucleotide-exchange factor
son of sevenless (SOS) to VEGFR2 (Kroll and
Waltenberger 1997; Warner et al. 2000). Phos-
phorylated Y1214 binds the adapter protein
NCK (Lamalice et al. 2006).

The Y1173 site (corresponding to Y1175 in
human) is crucial for endothelial and hemato-
poietic cell development. Mice with a Y1173F
knock-in die between E8.5 and E9.5 from lack
of endothelial and hematopoietic progenitors
(Sakurai et al. 2005), similar to the phenotype
of vegfr2~/ ™ mice (Shalaby et al. 1995). In con-
trast, mice with a Y1212F substitution (corre-
sponding to 1214 in humans) are viable and
fertile (Sakurai et al. 2005).

A wide range of additional signal transduc-
tion mediators have been implicated in VEGFR2
biology as judged from in vitro analyses;

often, the in vivo significance remains to be
clarified. Intracellular propagation of the signal
translates into diverse endothelial cell functions
including proliferation, cell survival, transcrip-
tional activation, migration, and vascular leak-
age. Below is an outline of VEGFR2 signaling
implicated in different in vitro or in vivo
responses.

VEGFR?2 in the Regulation of Angiogenesis

Endothelial cells need to migrate, proliferate,
and organize in three dimensions to create
new vessels. Mechanistically, there may be sev-
eral distinct angiogenic processes (e.g., in devel-
opment and in different organs). The most
rapid angiogenic mechanism, compatible with
intact circulation, is the splitting of a preexisting
vessel into two new smaller vessels (intussus-
ception) by penetration of smooth muscle cells
through the endothelial cell layer (Burri et al.
2004). Intussusception is common in vascular
remodeling during development.

Circulating bone marrow—derived endo-
thelial precursor cells (CEPs or EPCs) have
been suggested to support the formation of
new vessels in adult physiological and patholog-
ical angiogenesis. CEPs home to sites of active
angiogenesis (e.g., a growing tumor) following
a chemotactic cue (Patenaude et al. 2010). How-
ever, CEPs do not directly incorporate into the
vessel wall but appear to act as accessory cells
in close proximity to the endothelium (Grune-
wald et al. 2006; Kopp et al. 2006; Purhonen
et al. 2008). In a third mechanism, denoted
sprouting angiogenesis, selected endothelial
cells of a preexisting vessel acquire the capacity
to invade the surrounding tissue by forming
an angiogenic sprout composed of a leading
tip cell and trailing stalk cells, which orientate
and grow toward the source of a stimulating
factor (e.g., VEGFA [Gerhardt and Betsholtz
2005]). The extent of sprouting is negatively
regulated by DIl4 and its receptor Notch, which
suppress sprouting of endothelial cells neigh-
boring the already initiated sprout (Jakobsson
et al. 2009). Sprouting is completed by lumen
formation and the establishment of circulation,
as soon as two sprouts anastomose, in a process
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guided by macrophages (Fantin et al. 2010). The
newly formed vessel is stabilized by supporting
smooth muscle cells and by the deposition of
a basement membrane.

VEGFA is a mitogen for endothelial cells
and stimulates proliferation through VEGFR2-
induced activation of the RAS/RAF/ERK/
MAPK pathway (Fig. 3) (Meadows et al. 2001;
Zachary 2001). The exact mechanism of
VEGFR2-induced RAS activation is not clear;
one potential pathway involves protein kinase
C (PKC)-mediated activation of sphingosine
kinase (SPK) (Shu et al. 2002). Apart from con-
trolling endothelial proliferation, activation of
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the RAS signaling chain leads to generation
of pleiothropic lipid mediators, the prostaglan-
dins (PGl,) via cytoplasmic phospholipase A,
(cPLA,) (see Zachary 2001 and references
therein). Unlike most other RTKs, VEGFR2
stimulates ERK not via GRB2-SOS-RAS, but
via pY1175-dependent phosphorylation of
PLCy and subsequent activation of PKCs
(Takahashi et al. 2001). Phosphorylated PLCry
hydrolyzes the membrane phospholipid phos-
phatidylinositol (4,5)-bisphosphate (PIP,) re-
sulting in accumulation of diacylglycerol (DAG)
and inositol 1,4,5-trisphosphate (IP;). Genera-
tion of IP; results in increase of intracellular
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Figure 3. VEGFA165-mediated signal transduction of VEGFR2. The coordinated arrangement of endothelial
cells in three dimensions to form and maintain a vascular tube requires endothelial cell proliferation, migration,
survival, and permeability. These biological responses are mediated mainly by VEGFA-activated VEGFR2, via a
complex network of intracellular signal transduction pathways. On VEGFA-binding to extracellular Ig-like
domains 2 and 3 of VEGFR2, signaling molecules bind to respective phosphorylation sites (indicated by num-
bers) in the intracellular domain of VEGFR?2 and activate downstream mediators (ovals) resulting in biological
responses such as proliferation, migration, survival and permeability. ER, Endoplasmic reticulum. See text for

details.
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calcium [Ca®*];, and DAG activates PKC family
members. The PKC isoforms PKCb (Xia et al.
1996; Takahashi et al. 1999), as well as PKCa
and PKCz have been shown to regulate VEGF-
mediated proliferation (Wellner et al. 1999).
PKC activation also results in activation of pro-
tein kinase D (PKD) (Wong and Jin 2005),
which promotes nuclear translocation of his-
tone deacetylases (HDAC) 5 and 7 (Ha et al.
2008; Wang et al. 2008), followed by phosphor-
ylation of cAMP-response-element binding
protein (CREB) as well as heat shock protein
27 (HSP27) (Evans et al. 2008).

PLCyl1 is required for VEGF-responsiveness
and arterial development in the zebrafish (Law-
son etal. 2003). PLCy1 also serves a very impor-
tant function in mice as plcyl gene targeting
leads to decreased vasculogenesis and erythro-
poiesis, and embryonic death at E9.0 (Ji et al.
1997; Liao et al. 2002). The phenotype of
PLCry1-deficient mice mirrors that of mice lack-
ing the PLCy-binding site Y1175 in VEGFR2
(Y1173 in the mouse; see above). The loss of
binding of the adaptors SHB and SCK may
also contribute to the vegfr2 y1173f-like pheno-
type. SHB is not required for vascular develop-
ment, but SHB-deficient mice show defects in
vessel functionality and impaired tumor growth
(Funa et al. 2009). The function of SCK has not
yet been assessed using recombinant mouse
models.

Migration of endothelial cells is critical for
angiogenesis. Endothelial cells move through the
protease-degraded basement membrane toward
a concentration gradient of VEGFA and other
growth factors. Several signal transducers binding
to the phosphorylated tyrosines Y951,Y1175,and
Y1214 have been implicated in VEGF-induced
migration of endothelial cells (Fig. 3).

pY951 binds TSAd (Wu et al. 2000; Matsu-
moto et al. 2005) and Y951F mutation as well as
TSAd knock down prevent VEGFA-dependent
actin-reorganization and migration, but not
proliferation of endothelial cells. TSAd forms
a complex with SRC in a VEGFA-dependent
manner (Matsumoto et al. 2005).

pY1175 binds SHB, which becomes
phosphorylated in a SRC-dependent manner
(Holmgqvist et al. 2004). SHB binds to FAK

(Holmgpvist et al. 2003), which is tyrosine phos-
phorylated in VEGF-treated cells (Abu-Ghazaleh
et al. 2001), thereby regulating cell attachment
and migration (Parsons 2003).

pY1214 allows recruitment of NCK and
FYN to VEGFR2. A NCK/FYN complex medi-
ates phosphorylation of p21-activated protein
kinase-2 (PAK-2) and subsequent activation of
Cdc42 and p38MAPK (Lamalice et al. 2006).
HSP27 is also activated on phosphorylation of
Y1214, in a MAPKAPK2-dependent manner
(Lamalice et al. 2004).

The docking protein GABI interacts with
VEGFR?2, but the exact tyrosine residue has
not yet been identified. Flow shear stress has
been shown to stimulate VEGFR2 activation
and GABI1 tyrosine phosphorylation in a
VEGF-independent manner (Jin et al. 2005).
GABI contains a binding site for the p85 sub-
unit of PI3K (Laramee et al. 2007). Thereby,
VEGF stimulation leads to the generation of
PIP;, which in turn activates the GTP-binding
RAC, resulting in membrane ruffle formation
and cell motility (Cain and Ridley 2009). Fur-
thermore, the actin-binding protein IQGAPI
(IQ motif-containing GTPase activating pro-
tein 1) has been implicated in regulation of
cell—cell contacts and cell migration (Yamaoka-
Tojo et al. 2006).

VEGFR2-induced migration has also been
shown to involve signaling via heterotrimeric
G-proteins and activation of PLCB3 (Bhatta-
charya et al. 2009).

Survival

VEGFR2-PI3K-induced membrane-bound PIP;
production mediates membrane-recruitment
and phosphorylation of PKB/AKT by phos-
phoinositide-dependent kinases 1 and 2
(PDK1 and PDK2) (Fig. 3) (Cantley 2002).
AKT phosphorylates BCL-2 associated death
promoter (BAD) and caspase 9 and thereby
inhibits their apoptotic activity (Cardone et al.
1998). VEGFA also induces the expression of
antiapoptotic proteins BCL-2 and A1l (Gerber
etal. 1998), as well as the inhibitors of apoptosis
(IAP) family members XIAP and survivin,
which inhibit the terminal effector caspases 3
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and 7 (Deveraux et al. 1998; Li et al. 1998). Also,
integrins affect the survival of endothelial cells
(Fujio and Walsh 1999; see below, Integrins in
Modulation of VEGEFR Signaling).

Permeability

VEGFA-induced extravasation of proteins or
white blood cells is mediated by VEGFR2 in
vivo (Bates and Harper 2003). Two major
mechanisms have been implicated in vascular
permeability; creation of transcellular endo-
thelial pores, and transient opening of paracel-
lular endothelial junctions (Garrido-Urbani
et al. 2008). The signal transduction pathways
regulating these events are not clarified.
However, VEGF-induced permeability involves
endothelial nitric oxide synthase (eNOS)-
mediated generation of nitric oxide (NO)
(Fukumura et al. 2001). eNOS is activated either
by PLCy-dependent Ca®" influx or AKT-
mediated phosphorylation at S1179 of eNOS
(Fig. 3) (Dimmeler et al. 1999; Fulton et al.
1999). VEGFA-mediated permeability is also
dependent on SRC and YES (Eliceiri et al.
1999), which regulate endothelial cell—cell con-
tacts by direct or indirect phosphorylation of
the adherens junction protein VE-cadherin
(Weis et al. 2004; Wallez et al. 2007). VEGF
may also regulate junctional permeability by
stimulating endocytosis of VE-cadherin, by
sequential activation of SRC-VAV2-RAC and
PAK, followed by serine phosphorylation of
VE-cadherin (Fig. 4) (Gavard and Gutkind
2006). Furthermore, NRP1 has been implicated
in VEGFR2-mediated permeability (Becker
et al. 2005).

VEGFR3 SIGNALING

VEGFC/VEGFR3 are critical regulators of
lymphendothelial function. Loss-of-function
VEGFR3 mutants in humans cause lymph-
edema. VEGFR3 is also expressed in vascular
endothelial cells and becomes up-regulated
during active angiogenesis. VEGFR3 forms
homodimers as well as heterodimers with
VEGFR?2, which modulates the signal output.
VEGEFR3 (also denoted Flt4) binds VEGFC
and VEGFD. These factors occur in precursor

forms, which when processed show increased
affinity for binding to both VEGFR2 and
VEGFR3 (Joukov et al. 1997; Stacker et al.
1999). VEGFC-binding to VEGFR3 requires
extracellular loops 1 and 2 in VEGFR3 (Jeltsch
et al. 2006), whereas binding to VEGFR2
involves loops 2 and 3 (Leppanen et al. 2010).

Vegfr3 gene targeted mice die at E10.0-11.0
because of cardiovascular remodeling defects
(Dumont et al. 1998). At this stage, VEGFR3
is expressed in vascular endothelial cells. Later
in development, VEGFC/VEGFR3 are instru-
mental in lymphatic development, and ex-
pression of VEGFR3 becomes restricted to
lymphatic endothelial cells (Kaipainen et al.
1995). However, endothelial cells engaged in
active angiogenesis, such as tumor vasculature
and endothelial tip cells of angiogenic sprouts
in the developing retina express VEGFR3 (Tam-
mela et al. 2008). Also zebrafish VEGFR3 is
expressed in the tip cells of developing interseg-
mental arterial vessels (Siekmann and Lawson
2007).

Patients with certain variants of heredi-
tary lymphedema carry mutations in VEGFR3,
resulting in an inactive tyrosine kinase (Irrthum
et al. 2000; Karkkainen et al. 2000; Ghalamkar-
pour et al. 2006). Also, the Chy-mouse mutant
whose phenotype is characterized by accumula-
tion of chylous ascites, carries a point mutation
in the VEGFR3 tyrosine kinase domain, which
renders the kinase enzymatically inactive (Kark-
kainen et al. 2001). The phenotype of naturally
occurring VEGFR3 mutants strongly indicates
that, physiologically, VEGFR3 signal transduc-
tion is critical in regulation of lymphatic vessel
function.

VEGEFR3 is also expressed in nonendothelial
compartments such as in osteoblasts (Orlandini
et al. 2006) and in neuronal progenitors (Le
Bras et al. 2006). VEGFC as well as VEGFR3
are furthermore expressed in macrophages
(Schmeisser et al. 2006). Whether VEGFR3 is
expressed in tumor cells is disputed (Petrova
et al. 2008).

Binding of VEGFC/VEGFD to VEGFR3
leads to kinase activation and phosphorylation
of at least five carboxy-terminal tyrosine resi-
dues in VEGFR3 (Y1230, Y1231, Y1265,
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Figure 4. Internalization of VEGFR2. In resting endothelial cells, VE-cadherin prevents internalization of
VEGEFR2 by physical interaction and recruitment of the DEP-1 phosphatase, which dephosphorylates VEGFR2
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Y1337, and Y1363) (Fig. 2) (Dixelius et al.
2003). Although not directly shown to be sites
of phosphorylation, it is likely that also tyrosine
residues Y1063 and Y1068, located in the
VEGFR3 kinase domain activation loop, are
phosphorylated in response to ligand-binding
(Salameh et al. 2005). Y1230 and Y1231 have
been implicated in lymphendothelial cell DNA
synthesis, migration and apoptosis. Mutation
of Y1337 to phenylalanine reduced mitogenic
signaling (Salameh et al. 2005). In agreement,
Y1337 binds SHC-GRB2, which in turn may

induce RAS activity and mitogenic signaling
(Fournier et al. 1995).

Another important pathway downstream of
VEGFC/VEGFR3 is the PI3K/AKT pathway
(Makinen et al. 2001), which may be critical
in lymphendothelial cell migration. Migration
of lymphendothelial cells in vitro is induced
by both VEGFC and the mutant VEGFC156S
that binds specifically to VEGFR3 and not to
VEGFR2. In vivo, VEGFC-induced migration
and sprouting of lymphendothelial precursor
cells from restricted regions of the cardinal
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vein is critical for development of the lymphatic
system (Karkkainen et al. 2004).

The involvement of the PI3K pathway
downstream of VEGFR3 is supported by in
vivo data. The gene Pik3rI encodes three pro-
teins (p85 a, p55 «, and p50 o) that serve as reg-
ulatory subunits of class IA PI3Ks. Gene
inactivation leading to loss of all protein prod-
ucts of this gene results in chylous ascites, indi-
cative of impaired lymphatic function (Fruman
et al. 2000). Furthermore, VEGFC-mediated
AKT activation is required for embryonic and
adult lymphangiogenesis (Zhou et al. 2010).

An interesting feature of VEGFR3 signal
transduction is the consequence of VEGFR2/
VEGFR3 heterodimerization, which changes
the pattern of autophosphorylation of VEGFR3
(Dixelius et al. 2003; see below, VEGFR
Heterodimerization).

VEGFR SIGNALING COMPLEXES

The different biological outcomes of VEGFR2-
mediated signal transduction are modulated
by a variety of mechanisms. At the receptor
level, complex formation with different receptor
dimerization partners, bioavailability of certain
ligands, and ligand affinity contribute to shap-
ing the final signal output (Koch et al. 2011).

VEGFR Heterodimerization

VEGFRI and -2 bind VEGFA with different
affinities (see above). VEGFR1/2 heterodimers
are predicted by computational modeling to
comprise 10%-50% of the active, signaling
VEGF receptor complexes, and to form at the
expense of VEGFR1 homodimers when VEGFR2
populations are larger (Mac Gabhann and Po-
pel 2007). There are indications that VEGFA-
dependent signal transduction of VEGFRI1
homodimers is different from VEGFR2 homo-
dimers and VEGFR1/2 heterodimers, for exam-
ple, with regard to induction of distinct patterns
of Ca®* fluxes (Huang et al. 2001).
Furthermore, VEGFR2 homodimers and
VEGFRI/VEGFR2 heterodimers, but not
VEGFR1 homodimers, specifically regulate
sets of genes including the transcription factor

ETS1, which regulates angiogenesis by induc-
ing target genes such as membrane-degrading
matrix metalloproteinases (MMPs), urokinase-
type plasminogen activator (u-PA), and inte-
grinP3 in endothelial cells (Sato 2001).

VEGFA, VEGFC, and VEGFD induce heter-
odimerization of VEGFR2 and -3. Indeed,
VEGFR3 needs to be associated with VEGFR2
to induce at least certain ligand-dependent
cellular responses mediated by VEGFC and -D
(Alam et al. 2004). In VEGFC-induced hetero-
dimers of VEGFR2 and -3, VEGFR3 is phos-
phorylated only at three of its five carboxy-
terminal tyrosine phosphorylation sites. The
two most carboxy-terminal tyrosine residues
appear not to be accessible for the VEGFR2
kinase (Dixelius et al. 2003). VEGFR2/-3
heterodimers are involved in proliferation and
migration of lymphatic endothelial cells and
are recruited by VEGFC to leading tip cell filo-
podia of both developing blood vessels and
immature lymphatic sprouts (Nilsson et al.
2010). The subsequent organization into func-
tional capillaries (3D, lumen) may, however,
be mediated independently by either of the
receptors (Goldman et al. 2007).

VEGFR/NRP Complex Formation

There are two NRP homologs, NRP1 and
NRP2, which are single spanning transmem-
brane proteins with a small cytoplasmic domain
lacking intrinsic catalytic function (Fujisawa
et al. 1997). They were first identified as recep-
tors for class 3 semaphorins, a family of soluble
molecules with neuronal guidance functions,
and implicated in modulating the development
of the nervous and vascular systems (Chen et al.
1997; He and Tessier-Lavigne 1997; Kolodkin
et al. 1997). Subsequently, NRP1 was shown to
bind exon 7-containing VEGFA isoforms
such as VEGFA165 (Soker et al. 1998). Thereby
a ternary complex is formed wherein
VEGFA165 bridges VEGFR2 and NRPI.
VEGF121 has been reported to also bind
directly to NRP1 but it does not bridge to
VEGFR2 (Pan et al. 2007b). NRP1 modulates
VEGER signaling (e.g., by enhancing p38MAPK
activation [Kawamura et al. 2008]) leading to
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enhanced migration (Soker et al. 1998) and sur-
vival (Wang et al. 2003; Favier et al. 2006) of
endothelial cells. In particular, NRP1 has been
shown to be essential in VEGFA-induced 3D
biology, such as vessel sprouting and branching
(Kawamura et al. 2008). NRPs have also been
strongly implicated in intracellular trafficking
of VEGFR2 by association of the NRPI
carboxy-terminal PDZ-binding domain with
the adaptor Synectin (GIPC) (Fig. 4) (Cai and
Reed 1999; Wang et al. 2003).

Based on expression patterns and genetic
models, NRP1 appears to act primarily as a
coreceptor for VEGFR1/2, whereas NRP2 is a
coreceptor for VEGFR3 (Fuh et al. 2000;
Gluzman-Poltorak et al. 2001). During develop-
ment, NRP1 is preferentially expressed in
arteries, and NRP2 in veins and lymphatics
(Herzog et al. 2001; Yuan et al. 2002; Eichmann
et al. 2005; Yaniv et al. 2006). Both overexpres-
sion and disruption of NRP1 in mice lead to
embryonic lethality at E12.5-13.5 caused by
either an excess of vessel formation or a range
of vascular abnormalities, respectively (Fuji-
sawa and Kitsukawa 1998). NRP2 knockout
mice show normal development of arteries
and veins but show marked deviations in the
development of capillaries and small lym-
phatics (Yuan et al. 2002). NRP1 and NRP2
double knockout mice display a more severe
phenotype and die in utero at E8.5 with a com-
pletely avascular yolk sac (Takashima et al.
2002).

Expression of NRP1 in human tumors may
correlate with tumor growth, tumor angiogene-
sis, and invasiveness (Latil et al. 2000; Vanveld-
huizen et al. 2003; Wey et al. 2005; Ochiumi
et al. 2006). Similarly, NRP2 may also promote
tumor growth and metastasis (Dallas et al. 2008;
Gray et al. 2008). Treatment with a neutralizing
anti-NRP1 antibody reduces angiogenesis and
vascular remodeling in vivo and has an additive
effect with anti-VEGF antibody therapy in
reducing tumor growth and tumor vessel
organisation (Pan et al. 2007a). Treatment
with a neutralizing anti-NRP2 antibody reduces
lymphangiogenesis and functional lymphatics
in tumors, while leaving established lymphatics
unaffected in vivo. The reduced lymphatic

function is accompanied by reduced metastatic
spread (Caunt et al. 2008).

NRP1 is ubiquitously expressed and has been
detected also on VEGFR2-deficient tumor cells
(Gray et al. 2005). VEGF may bridge between
tumor cell-expressed NRP1 and VEGFR2 on a
nearby endothelial cell. This so-called transacti-
vation may contribute to tumor angiogenesis,
in which tumor cells would provide not only
VEGFA165 but also NRP1 to attract endothelial
cells via VEGFR2 (Soker et al. 2002).

NRPI may be modified by both heparan
and chondroitin sulfation, which may allow
indirect binding of a wide range of growth fac-
tors to its glycosaminoglycan side chains (Shin-
tani et al. 2006).

Integrins in Modulation of VEGFR Signaling

Integrins are transmembrane heterodimers that
mediate cell-matrix adhesion by specific bind-
ing to extracellular matrix, such as collagen,
fibronectin, vitronectin, and laminin. VEGFR2
activity is modified by the interaction with cer-
tain integrins. For example, in cells plated on
vitronectin, VEGF induces complex formation
between VEGFR2 and the avf3 integrin. In
vivo, the VEGFR2/integrin avB3 interaction
is required for active angiogenesis (e.g., in tu-
mors and in healing wounds), as well as in the
recruitment of bone marrow—derived cells into
angiogenic sites (Mahabeleshwar et al. 2006).
The B3 subunit binds VEGFR2 through
its extracellular domain and the complex is
stabilized by the av subunit (Borges et al.
20005 Liu et al. 2009). VEGFR2 autophosphor-
ylation and SRC-mediated phosphorylation of
the 33 subunit at carboxy-terminal tyrosine res-
idues 747 and 759 (Mahabeleshwar et al. 2007)
is crucial for the interaction. VEGFR2/avR3
integrin association is important for full
VEGFR2 activity, for activation of p38MAPK
and focal adhesion kinase (FAK) and for
recruitment of the actin-binding vinculin to
initiate endothelial cell migration (Pampori
et al. 1999; Masson-Gadais et al. 2003; Mahabe-
leshwar et al. 2008). Integrin avB3 can also
associate with NRP1 in a VEGFA-dependent
manner and might contribute to the regulation
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of VEGF-mediated signaling by sequestering
NRP1 (Robinson et al. 2009).

VEGFR2 may also associate with the 1
integrin in a matrix-bound VEGF-dependent
manner, which leads to prolonged phosphory-
lation of Y1214 of VEGFR2, prolonged phos-
phorylation of p38MAPK and association of
B1 integrin with focal adhesions (Chen et al.
2010). In contrast to vitronectin, which posi-
tively regulates VEGFR2, collagen I down-
regulates VEGFA-mediated VEGFR?2 activation
through recruitment of the phosphatase SHP2
to the activated VEGFR2 (Mitola et al. 2006).

Fibronectin presents binding domains both
for integrin a5B1 and for VEGE Fibronectin
significantly enhances VEGF-induced endo-
thelial cell migration and proliferation, by
promoting full VEGFR2 phosphorylation and
downstream signal transduction (Wijelath et al.
2006). Furthermore, direct binding of VEGFA,
VEGEFC, and VEGEFD to the integrin a9B1 con-
tributes to pathologic angiogenesis and lym-
phangiogenesis (Vlahakis et al. 2007).

Integrins can also mediate phosphorylation
of VEGFR3 through SRC at tyrosines 830, 833,
853, 1063, 1333, and 1337 in a VEGFC/
VEGFD-independent manner (Fig. 2). This
phosphorylation pattern is distinct (although
in part overlapping) from that induced by
VEGEFC and does not depend on the intrinsic
kinase activity of VEGFR3. Integrin-mediated
VEGFR3 phosphorylation involves the recruit-
ment of adaptor proteins CRKI/II and SHC
to VEGFR3, thereby inducing activation of
JNK (Galvagni et al. 2010).

INTERNALIZATION AND SIGNALING
FROM ENDOSOMES

Inactive VEGFR?2 is associated with caveolin-1,
localized in caveolae, which are specialized
regions in the plasma membrane (Fig. 4).
Upon VEGFA stimulation, VEGFR2 dissociates
from caveolin-1, which is a prerequisite for the
activation of at least certain pathways down-
stream of VEGFR2 (Labrecque et al. 2003; Bauer
et al. 2005). This is followed by rapid clearance
of receptors from the cell surface, or alterna-
tively dephosphorylation by phosphotyrosine

phosphatases. The VEGFR2 carboxy-terminal
domain contains putative serine phosphoryla-
tion sites (S1188 and S1191), which are involved
in ligand-dependent down-regulation of the
receptor (Singh et al. 2005). VEGFR2 further
undergoes ubiquitination and internalization
into endosomes, followed by lysosomal degra-
dation of the receptor-ligand complex (Ewan
et al. 2006). Internalization is regulated by
VE-cadherin (Gavard and Gutkind 2006) and
the phosphotyrosine phosphatase DEP-1. The
degree of internalization of VEGFR2 in vitro is
dependent on cell—cell junctions (Lampugnani
etal. 2006) and may be regulated by other recep-
tor tyrosine kinases such as ephrin-B2 in an as
yet unclear manner (Sawamiphak et al. 2010).
VEGFR?2 signaling is not terminated in con-
junction with internalization, instead the re-
ceptor continues to signal from endosomes
(Lampugnani et al. 2006). The NRP-binding
adaptor synectin and myosinVI are required
to move VEGFR2-containing endosomes away
from the plasma membrane, where PTP1b
dephosphorylates VEGFR2 specifically at the
Y1175 site (Lanahan et al. 2010). Moreover,
unlike other RTKs, VEGFR2 seems to be stored
in intracellular RAB4- and RABI1-negative
vesicles in resting endothelial cells and can be
delivered to the plasma membrane upon
VEGFA stimulation in a SRC-dependent man-
ner (Gampel et al. 2006). When complexed
with NRP1, internalized VEGFR2 can be
recycled through Rab5-, Rab4-, and Rab11-pos-
itive vesicles. In the absence of NRP1, VEGFR2
is sorted into Rab7-positive vesicles for
degradation. Thereby, NRP1 serves to prolong
VEGFR?2 signaling (Ballmer-Hofer et al. 2011).

Similar to VEGFR2, VEGFR3 internaliza-
tion is crucial for proangiogenic downstream
signaling. VEGFR3 internalization and signal-
ing involving RAC1, AKT, and ERK is regulated
by ephrin B2 (Wang et al. 2010).

CONCLUDING REMARKS

VEGEFR signaling has thus far mostly been
studied in vitro. The influence of the 3D context
and the possibility that signaling may not be
properly recapitulated in a nonendothelial, or
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transformed cell type, calls for more ambitious
models. Thus, signaling regulating vascular
permeability with transient opening of vas-
cular adherens and tight junctions needs to be
studied in vivo. Furthermore, VEGF/VEGFR
engage a range of coreceptors that modulate in
a qualitative manner, the signal output. Finally,
the recent challenges in the application of
VEGF-targeted therapies with resistance, rescue
(Bergers and Hanahan 2008), and, at least in
mouse models, increased invasion and metasta-
sis (Ebos et al. 2009; Paez-Ribes et al. 2009) have
shown that we need to learn more about how
blood vessels contribute to and are affected by
the metabolism of a given tissue.
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