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Summary
New vessel formation during development and in the adult is triggered by concerted signals of
largely endothelial-specific receptors for ligands of the VEGF, angiopoietin and ephrin families.
The signals and genes induced by these receptors operate in the context of additional signals
transduced by non-endothelial specific growth factor receptors, inflammatory cytokine receptors
as well as adhesion molecules. We summarize here available data on characteristic signaling of the
VEGF receptor-2 and the current state of knowledge regarding the additional different receptor
tyrosine kinases of the VEGF, Tie and Ephrin receptor families. Furthermore, the potential cross-
talk with signals induced by other growth factors and inflammatory cytokines as well as the
modulation by VE-cadherin is discussed.
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Introduction
Blood vessels are essential to carry oxygen, nutrients and hormones to distant organs,
whereas lymphatic vessels function to return fluid and cells from the interstitial space. In the
embryo the first blood vessels are generated from endothelial precursors, which have a
common origin with hematopoietic progenitors, – a process known as vasculogenesis (1).
The vasculature develops further by angiogenesis, the sprouting of new capillaries from
existing vascular structures. Lymphatic endothelial cells are thought to arise by sprouting
from embryonic veins (2). In the adult endothelial cells maintain the ability to rapidly grow
and sprout in response to physiological stimuli such as hypoxia for blood vessels and
inflammation for lymphatics. Blood and lymph vessel angiogenesis is normally reactivated
mainly during wound healing and repair. However, angiogenesis can be switched on in
many pathologies, such as malignant, ocular and inflammatory disorders, and then
significantly contributes to the progress of the disease (3).

It has become clear over the last decade that vasculogenesis as well as angiogenesis are
primarily regulated through several receptors, which are preferentially expressed in
endothelial cells, and which belong to the VEGF, Tie and ephrin receptor families (4). Three
VEGF receptors, two Tie receptors and one ephrin receptor have been shown to control
different stages in endothelial cell differentiation and vessel formation. Whereas VEGF
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receptors regulate endothelial differentiation and the initiation of vasculogenesis and
angiogenesis, the Tie receptors control later stages in vessel formation such as the
stabilization of the initial endothelial sprout and its interaction with subendothelial cells (5).
The EphB4 receptor interacting with its ligand ephrinB2 is thought to be involved in
arterial-venous specification (6). All these receptors have intrinsic tyrosine kinase activity
and multiple tyrosine residues in their cytoplasmic tails. It is currently not known to which
extent they induce differential signals and gene repertoires based on a differential docking to
signaling cascades in the endothelial cell and to which extent their distinct biological effects
are caused by the differential spatial and temporal expression of the receptors. Generally,
adult endothelium is in a quiescent state and has a very low turn over rate (7); however,
upon wounding or in pathologic conditions connected with chronic inflammation or cancer
endothelial sprouting, migration and proliferation can be initiated.

Further, endothelial cells express a number of receptors found on many different cell types,
which can either synergize or interfere with signals of the endothelial-specific receptors.
Among those is the bFGF receptor, which can transduce a strong angiogenic signal by itself
and appears to be decisively involved in pathologic forms of angiogenesis, especially in
tumor angiogenesis (8). For example, it has been shown in a transgenic mouse model of
pancreatic beta cell carcinogenesis that angiogenesis could be inhibited synergistically by
blocking bFGF and VEGF with soluble receptors (9). In this model soluble FGF receptor
appeared to preferentially impair the maintenance of tumor angiogenesis, whereas soluble
VEGF receptor-1 predominantly affected the initiation of tumor angiogenesis. Other growth
factor receptors on endothelial cells include members of the PDGF and EGF receptor
families (10, 11). PDGF receptor-beta expression on early endothelial precursors seems to
accelerate the differentiation of endothelial cells and to regulate vascular/hematopoietic
development (12). EGF receptor expression has been described in tumor endothelium and
seems to contribute to endothelial cell proliferation (10). The TGF-β receptors are involved
in later stages of vessel maturation (7). They can inhibit endothelial proliferation and induce
extracellular matrix deposition, thus playing a role in the resolution phase of angiogenesis.
In contrast to bFGF, PDGF and EGF receptors, which all are tyrosine kinase receptors, the
TGF-β receptor has serine/threonine kinase activity (13). There is further considerable
evidence that receptors for inflammatory cytokines play important roles and participate in
the cross-regulation of inflammation and angiogenesis in many pathologies (14, 15).

The integrity of the endothelial cell layer depends on cell-to-cell and cell-to-extracellular-
matrix contacts mediated by adhesion molecules such as VE-cadherin and specific forms of
integrins. VE-cadherin forms adherens junctions, mediates contact inhibition and survival of
endothelial cells and signals through its association with β-catenin (16). Integrins attach the
cells to fibronectin and vitronectin, and this appears to modulate signals by growth factor
receptors in endothelial cells (17).

A specific case of receptors, which are expressed in several cell types including endothelial
and neuronal cells, are further the neuropilin receptors. They lack intrinsic catalytic activity
but can function as co-receptors for VEGF and modulate signaling via VEGF receptors (18).
For example, inclusion of neuropilin in the VEGF-A/VEGF receptor-2 signaling complex
can enhance endothelial cell biological responses.

To date most data available concern the signaling of VEGF-A/VEGF receptor-2 in
endothelial cells. We will therefore first discuss in more detail the VEGF receptor-2
signaling and how it is distinguished from signals induced by other growth factors and
inflammatory cytokines. Then we will summarize the in part limited knowledge on the other
receptors and the potential cross-talk in the promotion of endothelial differentiation and
angiogenesis.
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Signals induced by the VEGF receptors
The VEGF receptor family comprises three receptors known as VEGF receptor-1 (or Fms-
like tyrosine kinase-1, Flt-1) (19), VEGF receptor-2 (also KDR in humans or Flk-1 in mice)
(20-22) and VEGF receptor-3 (or Flt-4) (23). These are activated by a family of in part
cross-reactive ligands, VEGF-A binds both VEGF receptor-1 and VEGF receptor-2, VEGF-
B and P1GF (placenta growth factor) bind selectively to VEGF receptor-1 (24-26), whereas
VEGF-C and -D are ligands of VEGF receptor-3 (27). The proteolytically processed VEGF-
C/-D isoforms bind also to VEGF receptor-2, however, with a binding affinity an order of
magnitude lower than VEGF-A (27). The complexity of the system increases by the recent
findings of VEGFxxxb isoforms with anti-angiogenic properties (28), which are formed
using an alternative 3′ splice site in exon 8 and differ from other VEGF forms by only six
amino acids at the C-terminus. Finally, the endocrine-gland-derived vascular endothelial
growth factor (EG-VEGF) is an example of a highly specific growth factor for capillary
endothelial cells of endocrine glands with no significant activity on other endothelial cells
(29). Furthermore, several parapox viruses encode VEGF-like proteins known as the VEGF-
E family, which specifically bind and activate only VEGF receptor-2 (30, 31), whereas the
recently discovered VEGF-F from snake venom binds VEGF receptor-1 and VEGF
receptor-2 (32).

VEGF receptor-2 is expressed at a high level in vascular endothelial progenitors during
embryogenesis (1). Expression then declines during development, but can be upregulated on
endothelial cells in pathologic angiogenesis (33). In addition, VEGF receptor-2 expression
has been described in hematopoietic stem cells and some non-endothelial cells such as
neuronal cells and osteoblasts (34, 35). Besides its expression in endothelial cells, VEGF
receptor-1 is also found in cells of the monocytic lineage and regulates migration of these
cells (36). VEGF receptor-3 is primarily expressed in lymphatic endothelial cells (2).

The VEGF receptors can induce several cellular functions: similar to other growth factor
receptors they provide signals important for survival, proliferation and migration. However,
in addition they are capable of triggering endothelial specific functions such as sprouting
and the formation of tubular structures, and they promote differentiation in progenitor cells
(37). The basis to understanding many of the important functions of the VEGF receptors in
regard to vasculogenesis and angiogenesis has been provided by gene knock-out
experiments in mice (1). One further primary function of VEGF-A is the induction of blood
vessel permeability (38, 39). VEGF receptors are also involved in the induction of nitric
oxide (NO) via endothelial nitric oxide synthase (eNOS), which regulates vascular tone, cell
adhesion to the endothelium, inhibition of platelet aggregation and smooth muscle cell
proliferation (40).

All three VEGF receptors contain multiple tyrosine residues in their cytoplasmic domain, in
the case of VEGF receptor-2 there are 19 tyrosines. Several of these have been been
identified as autophosphorylation sites (residues 951, 1054, 1059, 1175, 1214) (41). Y1054
and Y1059 are implicated in positive regulation of the intrinsic receptor kinase (42), and
others have been shown to serve as docking sites for adaptors and signaling molecules such
as Y1175 for PLC-γ (43) and Y951 for TsAd (41). It is possible that differences in the
recruitment of adaptors/signaling molecules contribute, in addition to differences in receptor
expression, to specific biological functions exerted by the VEGF receptors in comparison to
other growth factor receptors with tyrosine kinase activity.

In this respect we have investigated the downstream signaling of VEGF receptor-2 and the
specific gene repertoire induced in comparison to another, non-endothelial specific growth
factor receptor, the EGF receptor, and the inflammatory cytokines TNF-α and IL-1 [ref.
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(44-46) and B. Schweighofer and E. Hofer, in preparation] (see Fig. 1). The obtained data
show that VEGF-A induces a large spectrum of more than 100 genes. It is a characteristic
feature of the VEGF-A-induced gene repertoire that about 40% of these genes are also
inducible by IL-1. In contrast, this fraction of genes cannot be upregulated by EGF. It seems
that gene activation via PLC-γ, PKC and calcineurin provides VEGF-A with the
competence to regulate many genes in common with IL-1, since the EGF receptor does not
trigger PLC-γ and NFAT in endothelial cells, but rather induces the MAPK pathway
predominantly via Ras (B. Schweighofer and E. Hofer, in preparation). Based on these data
it appears that VEGF receptor-2 signaling and gene regulation includes an “inflammatory”
component, which at least in part could be caused by the upregulation of a group of genes
containing NFAT as well as NF-κB binding sites in their promoters. VEGF receptor-2
signals seem to induce NFAT for the upregulation of this group of genes, whereas the IL-1
receptor rather uses NF-κB. Furthermore, about 20% of the genes are specifically regulated
by VEGF and not by EGF or IL-1, and we propose that these might be important for specific
angiogenic properties of the factor.

Additional data have shown that EGR-1 is an important transcription factor for VEGF-
mediated gene induction in endothelial cells (46), since a specific suppressor of EGR-1,
NAB2, inhibits part of VEGF-mediated gene induction and angiogenesis models in vitro and
in vivo (47, 48). EGR-1 has been described to play similarly important roles during hypoxia
and chronic inflammation, especially in the context of vascular pathologies (49, 50) and as a
regulator of growth and differentiation in several cell types including nerve cells (51, 52).
Thus it appears that EGR-1 functions as a necessary transcription factor for the regulation of
multiple genes by different inducers in many cell types. It may be required in the
cooperation with other potentially more inducer-specific transcription factors such as NFAT
or NF-κB to achieve appropriate transcriptional activation. In endothelial cells we have
further analyzed signals originating from the VEGF receptor-2 and leading to EGR-1. The
upregulation of EGR-1 by VEGF could be blocked by a specific MEK inhibitor and by a
PKC inhibitor suggesting the upregulation of EGR-1 via PKC and the MEK/ERK MAP-
kinase cascade (45).

Another aspect of our work deals with the identification of natural feed-back inhibitors of
endothelial cell activation, which could be used to inhibit angiogenic gene induction. As a
matter of fact the groups of Aird and Gerber (53, 54) and our laboratory (Schweighofer, B.
and Hofer, E., in preparation) find that among the genes most strongly upregulated by VEGF
is the DSCR1 gene, which encodes an inhibitor of calcineurin. It is induced by NFAT likely
to limit calcineurin and consecutive NFAT activation in a negative feed-back loop. Another
example is NAB2, a specific co-repressor of EGR-1, which is induced by EGR-1 and limits
EGR-1 effects (47). In this respect adenoviral overexpression of DSCR1 and NAB2 can be
used to inhibit VEGF-induced expression of genes leading to reduced sprouting and tubule
formation in angiogenesis models (47, 53).

A preferential activation of PKC and Ca++/calcineurin via PLC-γ by VEGF receptor-2 is
further supported by data obtained using point mutations of single tyrosine residues in the
VEGF receptor-1. When one of the major autophosphorylation sites in the VEGF receptor-2,
Tyr1175, was substituted by phenylalanine, the receptor lost the ability to tyrosine
phosphorylate PLC-γ and strongly reduced MAP-kinase phosphorylation and DNA
synthesis in response to VEGF-A (55). This supports that phosphorylated Tyr1175 is a
major docking site for PLC-γ and that VEGF receptor-2 uses this pathway to induce
proliferation. Moreover, when knock-in mice were generated with a mutation of the
corresponding residue in the murine receptor, Tyr1173, homozygous mice died at days 8.5
to 9.5 due to a failure to generate organized blood vessels. This is the most direct evidence
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for the importance of the VEGF receptor-2-induced PLC-γ pathway for blood vessel
formation (43).

Furthermore, Tyr799 as well as Tyr1173 in the murine receptor seem to play a crucial role in
PI-3-kinase activation via binding of p85, resulting in PIP3 production and subsequent
activation of PKC-ζ, Akt/PKB and stimulation of p70 S6 kinase (56). In the human receptor
Tyr1175 has been also described as a docking site for the adaptor Shb, which mediates PI-3-
kinase stimulation, focal adhesion kinase activation and migration induced by VEGF-A (57).
The PI-3-kinase induced Akt protein is an important mediator of anti-apoptotic signals but
seems also to be implicated in cell migration and tumor progression (58, 59). Another
important role of Akt is the regulation of the activity of endothelial eNOS via its
phosphorylation at Ser1177. eNOS via the production of NO has significant effects on
angiogenesis, blood vessel maturation as well as vasodilation (60, 61). For Tyr951 it has
been shown that it binds the adaptor TSAd (T cell specific adaptor) and this appears to link
to actin stress fiber induction and migration, but not mitogenesis (41).

Additionally, the focal adhesion kinase FAK is known to significantly contribute to
endothelial cell migration via distinct pathways. One of them requires the activation of Src
kinase, which is responsible for the phosphorylation dependent recruitment of vinculin to
FAK. The other pathway requires HSP90 dependent activation of RhoA and RhoA kinase
(ROCK), followed by recruitment of paxillin and vinculin to FAK, due to phosphorylation
of Tyr407 within FAK (62). Another VEGF receptor-2 binding molecule implicated in
cellular motility and morphogenesis is IQGAP1. It activates via Rac1 NAD(P)H oxidase,
leading to a subsequent increase in reactive oxygen species (ROS) generation (63).

A number of further pathways and the binding of additional transcription factors have been
described to be activated by VEGF-A/VEGF receptor-2 including factors of the STAT (64)
and GATA families (53). However, their activation through specific tyrosines and their
relevance for angiogenesis has not yet been elucidated in detail.

In contrast to the strong VEGF receptor-2 signaling VEGF receptor-1 transduces only weak
intracellular signals. Although several autophosphorylation sites have been identified
including the Tyr1169 as a potential binding site for PLC-γ, the extent of phosphorylation
appears to be minor (65, 66). Current evidence suggests that VEGF receptor-1 as a decoy
receptor is a negative regulator of vasculogenesis in the embryo, which is supported by the
findings that VEGF receptor-1 ko mice die due to overgrowth of endothelial cells and
disorganized blood vessels (67). In addition, mice expressing a VEGF receptor-1 lacking the
kinase domain develop a normal vasculature (68), suggesting that the kinase domain is
dispensable for development. However, the situation may be different for angiogenesis in
the adult, since a synergy has been postulated between VEGF receptor-1 and VEGF
receptor-2 in tumor angiogenesis (69).

The third isoform of VEGF receptors, VEGF receptor-3, is involved in the first stages of
blood vascular development in the embryo, but later expression is largely restricted to
lymphatic vessels, and the receptor specifically directs sprouting of lymphatic vessels (70).
Although five tyrosines have been identified as phosphorylation sites in the VEGF
receptor-3, little is known so far about transduced downstream signals. Tyr1337 has been
shown to bind Shc and Grb2 and to initiate the MAP-kinase pathway (71). Furthermore, the
transcription factor FOXC2 seems to act downstream of and to cooperate with VEGF
receptor-3 in lymphatic vessel development (72). Additional evidence supports a role for
Prox-1 as a master regulator of the lymphatic vasculature (73).

In regard to VEGF receptor-2 and VEGF receptor-3 it has been shown that the co-receptors
neuropilin-1 and neuropilin-2 can modulate downstream signaling by the receptors. The
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interaction seems to enhance the VEGF receptor phosphorylation threshold (18).
Neuropilins, although they lack intrinsic catalytic activity, appear to enhance signaling and
biological responses to VEGF receptors and may be required for certain functions such as
the organization of endothelial cells into 3-dimensional vessel structures (74).

Signals induced by the Tie and Eph receptors
Tie1 and Tie2 form a distinct family of tyrosine kinase receptors with preferential
expression in endothelial cells (75, 76). Four ligands, angiopoietin 1–4, are known to bind to
Tie2 (4). Ang1 has been shown to promote structural integrity of blood vessels, Ang2
appears to be a natural antagonist of Ang1-induced signaling. Ang 3 and 4 are less
investigated, but seem to have functions similar to Ang2 and Ang1, respectively. In the
absence of clear ligand binding to Tie1, a ligand-independent function has been postulated
for this receptor (77), although recent findings suggest that Ang1 and Ang4 can activate
Tie1 and its interaction with Tie2 (78).

Targeted mutation of angiopoietins and the Tie receptors in mice has shown that during
vasculogenesis these receptors function primarily in remodeling and maturation of the
vessels. It appears that Ang1-stimulated Tie2 signaling mediates cell-cell and cell-matrix
interactions and the recruitment of peri-endothelial mesenchymal cells to the vessels (79,
80). For the vasculature in the adult the accumulated data suggest a model where
constitutively produced paracrine Ang1 acts as a regulator of vessel maturation and vascular
quiescence. In turn Ang2, which antagonizes Ang1 binding and signaling of Tie2, seems to
function in an autocrine way after release from Weibel-Palade bodies to sensitize endothelial
cells to inflammatory and angiogenic activation (81).

A significant amount of data is available on the signal transduction pathways triggered by
Ang1/Tie2, which seem to be at least partially turned off by Ang2; however, the functional
significance in vivo of most of these cascades is still largely unclear. For example, the p85
subunit of PI-3-kinase binds to Tie2 and signaling through PI-3-kinase has been described to
be important for induction of survival, sprouting, migration and capillary tube formation (82,
83). Activated Tie2 was further found to associate with Dok-R/Nck/PAK (84), SHP2 and
Grb2, which could activate the Ras-mitogen activated MAPK pathway (85, 86).
Furthermore binding of Grb7, Grb14 and ShcA (86, 87) as well as a link to the NF-κB
pathway via ABIN-2 was reported (88). Ang-1 is also able to activate STAT3 and 5 (89).
Despite this information, it is largely unknown which of these pathways specifically mediate
different aspects of the stable and quiescent phenotype characterized by anti-permeability,
anti-inflammatory and anti-angiogenic properties. It is possible that part of these properties
is caused by interference with and inhibition of signals generated from inflammatory
cytokine and VEGF receptors.

Another receptor/ligand system involved in vascular development is the Eph receptor –
ephrin ligand system. Eph receptors are the largest family of receptor tyrosine kinases with
important roles in the establishment of neuronal and vascular networks (90). They generally
have key roles in regulation of cellular migration and adhesion required to form patterns of
cell organization (91). Activation of the Eph receptors or ephrin ligands can lead to cell
repulsion or to cell adhesion and invasion. Due to their structural properties, Eph receptors
and their corresponding ephrin ligands are classified into A and B subfamilies. For the
vascular system, gene knock-out experiments in mice have identified EphB4 and ephrinB2
as important determinants of the arterio-venous differentiation (92, 93). Structural
characteristics of EphB receptors are an extracellular ephrin ligand-binding domain, an
EGF-like motif, and two fibronectin type III motifs. Intracellularly they exhibit a tyrosine
kinase domain, followed by a SAM- and a PDZ-binding domain. Signaling of the Eph
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receptors is referred to as forward signaling, whereas ephrinB ligands, which are
transmembrane proteins containing an extracellular Eph receptor-binding domain and a
cytoplasmic PDZ-binding domain, confer a respective reverse signal (94). The reverse signal
is transmitted via the recruitment of SH2 domain-containing adaptors and SH3-binding
proteins to conserved tyrosine and serine phosphorylation sites as well as via the PDZ-
domain (6). Expression of EphB4 versus ephrinB2 seems to be controlled by a large number
of genes, among which are COUP-TFII, Notch 1/4, Delta4, Gr1 and Hey1/2 (6). Since both
Eph receptors and ephrin ligands are membrane molecules, Eph receptor/ephrin signaling is
dependent on the cell-cell contact of neighboring cells. Given a preferential angiogenic and
arteriogenic expression of ephrin B2, the antagonistic function of EphB4 and ephrinB2
support an artery-to-vein push-and-pull model for invasive angiogenesis (95). It has been
suggested that the repulsive Eph receptor signaling is influenced by a cross-talk
phenomenon with integrins and results in cytoskeletal alterations involving Rho (96, 97).
Furthermore, certain Eph receptors have been shown to directly interact with Ephexin (Eph-
interacting exchange factor), a guanine nucleotide exchange factor for Rho family GTPases
(98). However, no significant information is so far available on the molecular nature of
additional intracellular signals generated in endothelial cells and how they interfere/
synergize with signals of the other endothelial-specific tyrosine kinase receptors.

Signals induced by non-endothelial specific receptors
Besides those receptors expressed preferentially in endothelial cells and with largely specific
functions for vasculogenesis and angiogenesis, a number of growth factor and cytokine
receptors can be found on endothelial cells, which are expressed on a wide variety of tissues.
Some of these are important stimulators of pathologic angiogenesis such as the bFGF
receptor. Others are involved in later stages of vessel maturation, and some are necessary for
additional functions of intercellular communication, monitoring the cells environment or
recruitment of immune cells to locations of pathogen infection. Many of these receptors are
likely involved in cross-talk with the endothelial cell-specific receptors, are important for the
integration of angiogenic signals and their unbalanced stimulation can contribute to aberrant
and pathologic angiogenesis. Among them are members of the bFGF-, TGF-β-, PDGF-β-
and EGF-receptor families, inflammatory receptors such as the IL-1 receptor and potentially
also tissue factor.

bFGF (basic FGF or FGF2) has been known for a long time as potent stimulator of
angiogenesis in vitro and in vivo, although its exact role in physiological vessel formation
has remained controversial. bFGF is a member of a family of 23 heparin-binding growth
factors which can interact with four main types of tyrosine kinase receptors (99). FGF
receptor-1 is the main FGF receptor expressed on endothelial cells and can induce
proliferation, migration and tubular morphogenesis. A smaller amount of FGF receptor-2 is
also detected, but activation of FGF receptor-2 only activates motility. Disruption of the
FGF receptor-1 and FGF receptor-2 genes in mice yields embryos that are arrested in
development before the onset of vascularization, demonstrating a decisive role in mesoderm
formation. However, individual disruption of the bFGF and other FGF genes do not present
a vascular phenotype arguing for non-essential or redundant roles of the various FGF
isoforms in developmental vasculogenesis and angiogenesis (100). However, a large number
of observations is in favor of a decisive role of FGFs/FGF receptors in repair-associated
angiogenesis and especially in tumor angiogenesis, since blockade of the FGF pathway by
various methods including antisense and neutralizing antibodies inhibits tumor angiogenesis
and growth. It has been proposed that bFGF induces neovascularization indirectly since it
was shown to up-regulate VEGF and VEGF receptors, and in certain systems bFGF effects
could be inhibited by VEGF receptor antagonists. In other models, such as the RIP Tag
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transgenic mouse model, a synergistic activation of tumor angiogenesis by bFGF and VEGF
is suggested (8).

Signaling of the FGF receptor-1 has been investigated in fibroblasts, but limited data are
available for endothelial cells. The FGF receptor-1 has seven tyrosine residues in its
cytoplasmic domain, two of which have been shown to be important for catalytic activity
and signaling, Tyr653 and Tyr654. In addition, Tyr766 has been shown to bind and activate
PLC-γ. Further activation of the Src signaling pathway, Crk-mediated signaling as well as
signaling via SNT-1/FRS2 has been reported (99). There is evidence from endothelial cells
that the gene repertoires induced by VEGF and bFGF are to some degree distinct. Our own
data suggest that in endothelial cells bFGF is a much weaker inducer of genes upregulated
via the PLC-γ/Ca++/NFAT pathway when compared to VEGF, and only part of the genes
found to be induced specifically by VEGF, but e.g. not by EGF or IL-1, are also weakly
regulated by bFGF (B. Schweighofer and E. Hofer, in preparation).

Furthermore, members of the TGF-β superfamily are of critical importance for normal
vascular development and physiology. The genetic inactivation of the genes for TGF-β1 and
of the corresponding type I (Alk1 and Alk5) and type II receptors cause embryonic lethality
due to defects in the formation of the primitive vasculature (1). TGF-β signaling contributes
in a pleiotropic manner to the resolution and maturation phase of angiogenesis. The
available data suggest that TGF-β at low doses contributes to the angiogenic switch by
upregulating angiogenic factors, whereas at high doses it inhibits endothelial cell growth (7).
TGF-β family members stimulate the serine/threonine activity of type II receptors, which
phosphorylate type I receptors and thus activate the downstream signaling Smads. In
endothelial cells mainly two distinct TGF-β signaling cascades are activated one via the
activin receptor-like kinase 5 (ALK5) and Smad2/3, the second via ALK1 and Smad1/5
(13). A proposed angiogenic switch model suggests that due to differences in affinity low
concentrations of TGF-β would stimulate preferentially ALK1-Smad1/5 and migration/
proliferation, whereas high TGF-β would induce mainly ALK5-Smad2/3, which leads to
PAI-1 and fibronectin expression and inhibition of angiogenesis.

Members of the PDGF and PDGF receptor families play also important roles in vessel
formation. Four PDGFs (PDGF-A, -B, -C, -D) and two PDGF receptor chains (PDGF
receptor-β, PDGF receptor-β) can form either homo- or heterodimers. In the vascular system
it is well established that PDGF-BB and its receptor PDGF receptor-β are essential for the
stabilization of nascent blood vessels by recruiting PDF receptor-β positive mesenchymal
progenitors (7). PDGF receptor-β has also been reported to be expressed on endothelium
(11) and could therefore contribute to endothelial cell signaling. Furthermore, a recent report
describes that PDGF receptor-β on early hematopoietic/endothelial (hemangio) precursors is
involved in vascular/hematopoietic development and accelerates endothelial differentiation
(12). It has been established in different cell types that signaling via PDGF receptors
involves multiple signal transduction pathways including Ras/ERK, Src, PI3K and PLC-γ
(101).

Another ubiquitously expressed family of growth factor receptors is the epidermal growth
factor (EGF) receptor family. It consists of four tyrosine kinase receptors, EGF receptor/
ErbB1/HER1, ErbB2/Neu/HER2, ErbB3/HER3, ErbB4/HER4. These receptors can be
activated by 13 polypeptide ligands, with EGF, TGF-alpha, HB-EGF and the neuroregulins
(NRGs) among them. ERBB1 (EGF receptor) binds to multiple ligands and can form
homodimers and three functional heterodimers. EGF receptor, ErbB2 and ErbB4 expression
has been described in tumor endothelial cells and seem to contribute to endothelial cell
proliferation (10), whereas expression of an inhibitive form of the NRG receptor ErbB3 can
be lost in tumor endothelium. It has been described for several cell types that following
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activation adaptor proteins like GRB2 and Shc are recruited to the phosphorylated form of
EGF receptor, leading to recruitment of Ras and the activation of the MAPK cascades.
STAT5 is another direct substrate of the EGF receptor and the receptor also couples via Ras
to the PI3K-AKT pathway (102). Treatment of HUVEC with EGF results in a strong
upregulation of the early response gene EGR-1, but in contrast to VEGF receptor-2 the EGF
receptor in endothelial cells seems to be unable to trigger any Ca++/calcineurin-mediated
NFAT activation (G. Schabbauer and E. Hofer, in preparation). This suggests that the EGF
receptor triggers EGR-1 upregulation solely via Ras and does not activate PLC-γ, which
results in the induction of a much smaller gene repertoire when compared to VEGF
receptor-2 (B. Schweighofer and E. Hofer, in preparation).

Angiogenesis during wound healing and in tumors takes place in an inflammatory
surrounding created by immune cells recruited to the damaged or malignant tissues.
Inflammatory mediators such as TNF-α or IL-1 are activators of strong signals in
endothelial cells leading to the expression of a large number of inflammatory genes involved
in various aspects of immune defense and tissue repair. Inflammatory activation of
endothelial cells is characterized by the strong upregulation of the NF-κB pathway, but there
is also cross-talk to the MAPK pathways (45). The NF-κB pathway, however, seems to be a
major determinant and essential for the upregulation of the majority of the inflammatory
genes (103, 104). Details of the activation and inhibition of the inflammatory NF-κB
pathway are summarized in the accompanying review by Winsauer and de Martin in this
issue of Thrombosis and Haemostasis (see article beginning page 364). It is of interest that a
substantial amount of observations suggest a cross-stimulation of inflammation and
angiogenesis in many diseases (14). Given the finding that VEGF and IL-1 share an induced
gene repertoire of about 40% (B. Schweighofer and E. Hofer, in preparation), it is
conceivable that inflammatory signals may considerably lower the threshold for angiogenic
stimulation and vice versa.

One of the genes induced by VEGF, but not by EGF, in endothelial cells is the tissue factor
gene. Tissue factor is a distant member of the cytokine receptor family and functions on the
one hand as high-affinity receptor and co-factor of coagulation factors VII/VIIa. As such it
is the major initiator of the extrinsic coagulation pathway. However, it has been shown
further that tissue factor on the other hand participates directly in signaling events via its
cytoplasmic tail or indirectly by activating downstream coagulation proteases and the PAR-2
receptor (105). Although the biological relevance of tissue factor expression in the process
of vessel formation is still under debate, some evidence suggests a role of tissue factor not
only during inflammatory, but also during angiogenic response programs of endothelial cells
(105-107). Significant tissue factor expression can also be observed in endothelial
progenitors and tissue factor signaling could contribute to differentiation or migration of
these cells (J. Pomyje and E. Hofer, unpublished observations).

Modulation of signals by adhesion molecules
VE-cadherin is specific for the endothelium and the major constituent of adherens junction
(16). It regulates survival and contact inhibition of endothelial cells. Although differential
signaling mediated through VE-cadherin is still incompletely understood it is clear that VE-
cadherin can influence signaling by interaction with cell-specific growth factor receptors and
by controlling β-catenin. It has been shown that VE-cadherin associates with VEGF
receptor-2 and modulates its signaling pathways to promote survival and reduce
proliferation (16). VE-cadherin expression and clustering reduced tyrosine phosphorylation
of VEGF receptor-2, and prevented excessive cell growth and aberrant alterations in
vascular development observed when VE-cadherin is absent (108). This action seemed to be
connected to density-enhanced phosphatase (DEP1), which causes receptor
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dephosphorylation. Recent data provide additional insight into how interaction with VE-
cadherin influences VEGF receptor-2 signaling (109). When VE-cadherin is absent or not
engaged at junctions, the VEGF-induced and clathrin-dependent internalization of VEGF
receptor-2 is faster, and the receptor remains longer in endosomal compartments.
Importantly, the internalized VEGFR-2 seems to continue to signal, since it is
phosphorylated, codistributes with active PLC-γ and activates p44/42 MAP kinases and
proliferation.

Vice versa triggering of receptor tyrosine kinases such as VEGF and EGF receptors has
been described to reduce VE-cadherin-mediated adhesion (110), whereas tyrosine
phosphatases such as VE-PTP promote VE-cadherin-mediated adhesion (111). Also in this
respect a recent report provides an explanation. It describes that VEGF stimulation of VEGF
receptor-2 via activation of Src, Vav2 and Rac promotes p21-activated kinase (PAK)-
mediated phosphorylation of the cytoplasmic tail of VE-cadherin. Consecutively, β-arrestin2
is recruited to the serine-phosphorylated VE-cadherin, and this is followed by rapid
endocytosis of VE-cadherin into clathrin-coated vesicles resulting in the disassembly of
intercellular junctions (112). This presumably constitutes a major pathway how VEGF
induces vascular permeability and leakage.

Furthermore, another signaling function of VE-cadherin appears to be achieved through
sequestering β-catenin at the membrane. In this respect tyrosine phosphorylation of beta-
catenin seems to be an important regulatory mechanism, since phosphorylated β-catenin is
less tightly bound to VE-cadherin (113). VE-cadherin normally retains β-catenin at the
membrane and prevents its translocation to the nucleus, thus reducing catenin-mediated gene
regulation in conjunction with the Wnt-signaling pathway involving the transcription factors
Lef/TCF (114).

Concluding remarks
Enormous progress has been achieved over the recent years in identifying the relevant
ligands and receptors functional in promoting vasculogenesis and angiogenesis. However,
our understanding of how the different receptors involved achieve their distinct biological
effects by their differential spatial and temporal expression and by the induction of
differential signal transduction pathways and gene repertoires is still very incomplete. A
significant amount of data is available for the VEGF receptor-2, displaying that this tyrosine
kinase receptor besides its induction of the PI3-kinase pathway is distinct as a preferential
and strong inducer of PLC-γ, which is essential for proliferation and likely is also important
for the induction of a large gene repertoire and at least part of the strong angiogenic
properties induced by VEGF-A. It will be important to derive a still more complete picture
of the pathways induced by the different VEGF and Tie receptors and to understand how
blood vessel versus lymph vessel angiogenesis is promoted through VEGF receptor-2 and
VEGF receptor-3, respectively, and how the Tie receptors synergize or interfere with the
VEGF signals. Furthermore, relevant data are available of how VE-cadherin/β-catenin can
modulate angiogenesis signals by forming a complex with VEGF receptor-2. However,
despite a significant knowledge of signaling details for the various individual receptors and
adhesion molecules, in general the integration of signals of the different receptors, their
cross-talk and their modulation by adhesion molecules in endothelial cells is not yet well
understood. It is to be assumed that the rapid accumulation of additional signaling and
microarray expression data in the near future will provide information on differential
induction of genes by the different receptors and their cross-modulation and will aid in the
understanding and the definition of key intracellular regulators, which conceivably could be
used as alternative targets for modulation of angiogenesis.
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Figure 1. Signal transduction by VEGF-A/VEGF receptor-2
Major characteristic pathways activated by VEGF-A/VEGF receptor-2 and in part distinct
from pathways induced by the IL-1 and EGF receptors in endothelial cells are shown.
VEGF-A couples via Tyr1175 to PLC-γ (43, 55) activating the Ca++/calcineurin and PKC/
MAPK pathways. This leads to the induction of the transcription factors NFAT and EGR-1,
which are important for part of the VEGF-induced gene repertoire and the angiogenic/
proliferative response (45-47, 53) (G. Schabbauer and E. Hofer, in preparation). Other
pathways activated lead via PI3K/Akt, TsAd, Src and p38 to the promotion of survival,
migration and potentially permeability, respectively (41, 57, 112, 115). The IL-1 receptor
induces genes to a large extent via NF-κB (103, 104). A significant fraction of the NF-κB-
induced genes appears to be also upregulated by VEGF-A-induced NFAT. EGF seems to
induce the MAPK pathway via Ras and does not activate NFAT (53) (Schweighofer B and
Hofer E, in preparation). Neither VEGF-A nor EGF trigger NF-κB activation to a significant
extent (45).
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