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Abstract
The cross-talk between receptor tyrosine kinases and integrin receptors are known to be crucial for
a number of cellular functions. On endothelial cells, an interaction between integrin αvβ3 and
VEGFR2 seems to be particularly important process during vascularization. Importantly, the
functional association between VEGFR2 and integrin αvβ3 is of reciprocal nature since each receptor
is able to promote activation of its counterpart. This mutually beneficial relationship regulates a
number of cellular activities involved in angiogenesis, including endothelial cell migration, survival
and tube formation, and hematopoietic cell functions within vasculature. This article discusses
several possible mechanisms reported by different labs which mediate formation of the complex
between VEGFR-2 and αvβ3 on endothelial cells. The pathological consequences and regulatory
events involved in this receptor cross-talk are also presented.
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Introduction
Neovascularization in adult organisms or angiogenesis is an essential process in the regulation
of various physiological and pathological processes [1]. Modulation of angiogenesis is
considered to be a promising target for pharmacological interference in patients with cancer
[1–4] and other pathological conditions, including macular degeneration and complications of
diabetes [5–7]. Accordingly, the role and mechanisms of angiogenesis have been topics of
intensive investigation. From the very early studies of several key investigators in the
angiogenesis field [1,8–10], it has become clear that adhesive receptors and integrins, play very
important regulatory roles in neovascularization. Seminal work from Judah Folkman’s lab
identified fragments of ECM as modulators of angiogenesis that turned out to be modulators
of integrin activity [11]. Results of mechanistic studies allowed development of peptide-based
integrin inhibitors and function blocking antibodies which are currently in clinical trials for
treatment of cancer [12–14].

Endothelial cells express several integrin heterodimers including αvβ3, α5β1, and αvβ5 [15].
Among these, integrin αvβ3 is expressed at low levels on quiescent endothelial cells in vivo,
but is significantly elevated during wound angiogenesis, inflammation [16,17], and tumor
angiogenesis [18–20]. Importantly, expression of this integrin served as a basis for elegant
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tumor imaging studies [21–23]. Antagonists of integrin αvβ3 inhibit tumor progression by
inducing apoptosis of endothelial cells in neo-vasculature without affecting the normal
vasculature [18,19]. Thus, αvβ3 integrin is one of the key regulators of pathological
angiogenesis and endothelial functions in general [21,24,25]. In this review, we discuss αvβ3
integrin functions in angiogenesis, focusing mainly on the cooperative interactions between
this integrin and the receptor for vascular endothelial growth factor (VEGFR).

Integrin αvβ3 in angiogenesis
Studies of numerous groups have demonstrated that antibodies, peptides or peptidomimetics
blocking adhesive functions of integrin αvβ3 are able to successfully inhibit angiogenesis in a
variety of animal models [12,26,27]. However, in apparent disagreement with this, gene
ablation of β3 and β3/β5 led to enhanced angiogenesis implanted tumors in mice [28]. Yet,
vasculature development seems to be defective in the absence of αvβ3, as evidenced by impaired
maturation of coronary capillaries in male β3-null mice [29]. Integrin αv gene knockout in mice
resulted in brain hemorrhaging and lethality [30], which is at least in part due to the absence
of αvβ8 heterodimer. This notion is supported by the fact that ablation of β8 integrin expression
had similar placental and neural vasculature abnormalities [31–33]. The opposite effects of a
gene knockout and blocking agents may indicate that there are a plethora of functions for the
particular gene, some of which might have opposing effects in a complex biological process
such as angiogenesis. An alternative explanation is that β3 knockout in mice might result in
compensatory effects during embryogenesis, for instance via up-regulation of other key
vascular regulators. In fact, in several models, it was shown that integrin β3-null endothelial
cells exhibited enhanced VEGF/VEGFR2 (also known as flk) signaling [28,29]. Some of these
effects in integrin β3-null mice were attributed to increased expression of VEGFR2 on
endothelial cells [28]. Some of the compensatory effects can be avoided using knockin mouse
models instead of knockouts. Indeed, DiYF-knockin mice expressing defective β3 integrin
instead of its normal wild type (two tyrosine residues mutated to phenylalanine: Y747F and
Y759F) exhibited impaired angiogenic response, a phenotype similar to that produced by
αvβ3-blocking antibodies or peptides [34]. The main lesson from studies on αvβ3 integrin is
that this particular receptor regulates not one but several key cellular responses during the
multi-stage process of angiogenesis, and interpretation of functional studies is not straight
forward. All in vivo data need to be evaluated cautiously considering differences between
experimental models. Even within the group of integrin αvβ3 blocking molecules, biological
outcomes might differ from one inhibitor to another. In fact, in the field of integrin biology,
small molecule inhibitors often produce results distinct from those of antibodies [35–39]. As
another example, tumstatin, a naturally occurring proteolytic product of collagen cleavage,
seems to block αvβ3 leading to decreased proliferation and increased apoptosis of endothelial
cells [40,41]. A similar function might be attributed to αvβ3-blocking antibodies; however,
interactions with divalent antibodies might result in integrin clustering on the cell surface,
which in turn, might invoke quite different signaling events [42–44].

Integrin αvβ3–VEGFR2 interactions
Several receptor tyrosine kinases (RTKs) are known to associate with integrins, and this
association is essential for the regulation of the kinase activity [25,45–54]. Initial studies in
integrin αvβ3–VEGFR2 interactions performed by Soldi and co-authors [47], showed that
phosphorylation of VEGFR2 is enhanced when endothelial cells are plated onto ECM proteins
such as vitronectin and fibrinogen, which are ligands for integrin αvβ3 [15]. In contrast, cells
in suspension exhibited impaired VEGFR2 phosphorylation in response to VEGF. The anti-
integrin αvβ3 antibody BV4, although it did not inhibit cell adhesion to ECM proteins, inhibited
phosphorylation of VEGFR2, indicating that αvβ3-augmented VEGFR2 phosphorylation is
dependent on the function of integrin αvβ3, not on cell adhesion status. Although at least three
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key integrins on endothelial cells, αvβ3, αvβ5, and α5β1, were shown to be necessary for an
angiogenic response [15], these studies singled out αvβ3 integrin as a regulator of VEGFR2
signaling.

In support of the above findings, another study from Ruoslahti’s lab showed that integrin
αvβ3 is able to form complexes with VEGFR2 and PDGFRβ in a CHO cell model system
[46]. This study was designed to provide an understanding of the structural aspects of physical
interactions between integrin αvβ3 and two receptor tyrosine kinases. This study confirmed
that in cells over-expressing integrin subunits and RTKs, integrin β3, but not β1, is able to
interact with both VEGFR2 and PDGFRβ. In contrast to the studies using primary endothelial
cells and focused on endogenous receptors [47,55], in this model interactions between RTKs
and αvβ3 seemed to be constitutive and did not require either integrin or receptor tyrosine kinase
ligation, which might be explained by effects of over-expression. This study demonstrated that
integrin αvβ3, in which the β3 cytoplasmic domain was truncated or replaced with integrin β1-
cytoplasmic domain, still interacted with VEGFR2 and PDGFRβ, thus indicating that the
extracellular domain of β3 is essential for interaction with VEGFR2 or PDGFRβ. Further, this
study indicated that while interaction between integrin β3 and VEGFR2 is augmented by the
integrin αv subunit, interaction between integrin β3 and PDGFRβ did not require the integrin
αv subunit [46]. Importantly, even under conditions of over-expression, VEGFR2 selectively
interacted with β3 but not with the β1 integrin subunit, which further emphasized a special
regulatory relationship between αvβ3 and VEGF signaling.

Similar to Soldi et al., another study documented a synergistic signaling connection between
VEGFR2 and αvβ3 in primary endothelial cells [56]. This cooperation was shown to be required
for full phosphorylation of VEGFR2 and the activation of cell motility pathways involving
focal adhesion kinase (FAK) and stress-activated protein kinase-2/p38 (SAPK2/p38) in a
Hsp90 dependent manner [56]. It was concluded that Hsp90 is associated with VEGFR2, which
in turn, is crucial for vinculin recruitment and focal adhesion formation during endothelial cell
migration.

The first in vivo evidence of the importance of VEG-FR2-αvβ3 association was reported by
our lab [34]. We demonstrated that impaired tumor-induced angiogenesis in DiYF-knockin
mice expressing phosphorylation defective β3 integrin is due to the impaired ability of β3 to
form a complex with VEGFR2. This study demonstrated that αvβ3 in mouse endothelial cells
is able to interact with VEGFR2 when cells are plated on integrin ligand or stimulated by
VEGF. Thus, the ligation of either receptor stimulated formation of the complex between β3
and VEGFR2, which in turn, affected VEGFR2 phosphorylation similar to the previous report
[47].

Another report from our lab focused on the consequences of the cross-regulation between
αvβ3 and VEGFR2 [55]. The study demonstrated that primary endothelial cells (HUVEC)
plated on vitronectin, a ligand for integrin αvβ3, exhibited a basal level of VEGFR2
phosphorylation, which was augmented several fold upon VEGF treatment. This increase in
VEGFR2 phosphorylation was substrate specific and was not observed when cells were plated
on collagen. Further, function blocking antibodies to integrin αv or β3, but not β1 or β5, inhibited
VEGFR2 phosphorylation upon VEGF treatment. These data demonstrated functional
interconnections between integrin αvβ3 and VEGFR2 that result in up-regulation of the ligand-
induced activity of receptor tyrosine kinase by integrin engagement. Although SiRNA
mediated knockdown of all three integrins, β1, β3, and β5, in endothelial cells inhibited
endothelial tube formation in matrigel, the most profound effect was observed in cells treated
with β3 SiRNA, indicating the prominent role of this integrin. Importantly, this study
demonstrated that VEGFR2 is associated with an active conformer of αvβ3, which is detected
using an engineered Fab fragment of WOW-1 antibody [57] and this association is enhanced
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upon treatment with VEGF-A or VEGF-DΔNΔC (a truncated variant of VEGF-D that
preferentially activated VEGFR2) [58]. Moreover, these interactions between activated αvβ3
and VEGFR2 were observed in vivo. Immunostaining of tumors as well as ischemic tissues
revealed co-localization of VEGFR2 with activated αvβ3 in blood vessels.

Further, we investigated the requirements for communication between integrin β3 and
VEGFR2 [55]. We showed that SU1498, a specific inhibitor of VEGFR2, inhibited complex
formation between VEGFR2 and integrin β3, demonstrating that not only β3 phosphorylation
but also VEGFR2 activity is crucial for this interaction [55]. Similarly, SU1498-inhibited
activation of αvβ3 was demonstrated, based on WOW-1 binding. Importantly, the cooperation
between αvβ3 and VEGFR2 is of a reciprocal nature: activation of each component leads to the
augmentation of the other component. While the blockade of integrin β3 inhibited VEGFR2
phosphorylation induced by VEGF, integrin β3-activating antibodies such as AP-7.4, LIBS-1,
and CRC54 augmented this process [55]. Overall, these experiments showed that interaction
between integrin β3 and VEGFR2 stimulated by interplay between ECM ligands and VEGF is
essential for the activation of endothelial cells and stimulation of VEGF-induced angiogenesis
both in vitro and in vivo.

Integrin β3-cytoplasmic domain tyrosine residues in αvβ3–VEGFR2
interactions

Integrins have a unique ability to transduce signals in two directions: from outside the cellular
environment and from within the cellular compartment by mechanisms known as ‘outside-in’
and ‘inside-out’ signaling, respectively [59]. While outside-in signaling provides the cues from
the ECM [60], inside-out signaling, otherwise known as integrin activation, is triggered by
stimuli such as growth factors and cytokines via modulation of a structure of the cytoplasmic
domain of integrin subunits [61]. Integrin β3 itself is a known substrate for tyrosine
phosphorylation [62,63]. Phosphorylation of tyrosine residues Y747 and Y759 is very
prominent upon endothelial adhesion to αvβ3 ligands and is further up-regulated by VEGF
treatment [34]. Hence, it appears that at the molecular level, modification of these tyrosine
residues is necessary for full-scale VEGFR2 activity. Reciprocally, VEGFR2-induced
activation of αvβ3 is also dependent on these modifications. Since the cytoplasmic domain of
integrin β3 is necessary for inside-out signaling, a role for integrin β3-cytoplasmic tyrosine
residues, involved in recruitment of intracellular signaling molecules such as Shc and Grb-2
[64], becomes apparent. Studies using knockin mice expressing integrin β3 with the two
tyrosine residues mutated to phenylalanines (DiYF mice) indicated that VEGF- and FGF-
stimulated inside-out activation of αvβ3 are impaired in the absence of these tyrosines [34].

These defects resulted in impaired tumor and wound angiogenesis in vivo [34,65]. Further
analysis revealed that the absence of tyrosine residues within the cytoplasmic domain of
integrin β3 prevented VEGF-induced interaction between VEGFR2 and integrin β3. Moreover,
these defects in DiYF endothelial cells resulted in impaired phosphorylation of VEGFR2 in
response to VEGF. Overall, these studies demonstrated that the cytoplasmic domain of integrin
β3, more specifically, the cytoplasmic tyrosine residues, are necessary for the successful
functional communication between integrin β3 and VEGFR2. The latter process plays a key
regulatory role in tumor induced and wound angiogenesis as well as in the recruitment of bone
marrow derived cells into angiogenic sites [34,65].

Role of Src kinases in integrin αvβ3–VEGFR2 interactions
Outside-in signaling via growth factor receptors and integrins activates a family of tyrosine
kinases known as the Src kinases, which are a group of non-receptor tyrosine kinases [66].
Major members of this family include cSrc, Fyn, Lyn, and Yes [67]. Many previous reports

Somanath et al. Page 4

Angiogenesis. Author manuscript; available in PMC 2010 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



have suggested that the Src family of kinases is potential regulators of integrin-growth factor
receptor association in vascular cells [68]. Previous studies indicate that interaction between
Src with EGFR regulates cell proliferation [76], and association between cSrc and PDGFR
induces integrin-dependent cell adhesion and migration [69].

A functional association between Src-family members, integrins, and VEGF receptors is
further supported by the analysis of specific knockout mice. Although cSrc null mice develop
normal blood vessels, they exhibit impaired vascular permeability in response to VEGF [70,
71] and defects in bone resorption (similar to β3 knockout mice [72,73]. Interestingly, mice
deficient in Yes also exhibit defects in VEGF-induced vascular permeability [74], suggesting
non-redundant functions for these two Src kinases in the regulation of vascular permeability.
In contrast, Fyn-deficient mice do not exhibit any defect in vascular leakage induced by VEGF
[72]. Mice lacking Src kinases cSrc, Yes, and Fyn (SYF) develop blood-filled islands in the
embryo, leading to lethality [75]. These reports demonstrate that many of the functions of the
Src family of tyrosine kinases are somewhat overlapping. However, together, they are
absolutely crucial for the cellular responses to growth factors and vascular development and
integrity.

A recent study from our lab has demonstrated the non-redundant function of cSrc in vascular
cells in the regulation of integrin αvβ3 and VEGFR2 cross-talk [45]. VEGF stimulation
promoted phosphorylation of both Y747 and Y759 in the integrin β3-cytoplasmic domain and
complex formation between VEGFR2 and β3. All these responses were further augmented in
the presence of the αvβ3 ligand vitronectin [45]. Interestingly, treatment with Src inhibitors
completely blocked both phosphorylation of integrin and VEGFR2 as well as VEGF-induced
complex formation between VEGFR2 and integrin β3. Analysis of all three key members of
the Src family revealed that cSrc, but not Yes or Fyn, is associated with β3 and this association
is regulated by VEGF. These data suggested the non-overlapping role of cSrc in the regulation
of VEGFR2 and integrin β3 association.

Further analysis was performed to determine the kinase which is recruited to the integrin β3-
cytoplasmic domain and which is responsible for the phosphorylation of integrin β3. It was
found that VEGFR-mediated recruitment of cSrc but not Fyn or Yes kinase, is responsible for
the phosphorylation of Y747 and Y759 within the integrin β3-cytoplasmic domain. This
demonstrated the importance of Src kinases in the phosphorylation of integrin β3-cytoplasmic
tyrosine residues [45]. Thus physical and functional associations of VEGFR2 and integrin β3
are governed by cSrc, and VEGFR2 kinase activities can be modulated via this interaction.
While treatment with Src inhibitor or expression of the dominant negative cSrc inhibited
phosphorylation of integrin β3-cytoplasmic tyro-sine residues, expression of the constitutively
active form of cSrc resulted in enhanced phosphorylation of both Y747 and Y759. Moreover,
SYF(Src, Yes, and Fyn) triple knockout MEF cells exhibited substantially reduced levels of
integrin β3 phosphorylation. Most importantly, in vitro phosphorylation assays demonstrated
that recombinant cSrc is able to phosphorylate integrin β3. Likewise, a recent study
demonstrated that cSrc phosphorylates another β3 integrin, αIIbβ3 in platelets [76]. Specific
inactivation of cSrc resulted in inhibition of the complex formation between VEGFR2 and
integrin β3, which in turn, caused a reduction in integrin activity. Altogether, these observations
point out the direct and specific involvement of cSrc in the regulation of αvβ3-VEGFR2 cross-
talk and the resulting integrin and VEGF-dependent cellular responses underlying
angiogenesis.

It is possible to argue that both integrin activation and VEGFR2 function are reciprocally
linked. The sequence of the molecular events discussed above could be as follows: VEGF
treatment induces initial VEGFR2 phosphorylation followed by cSrc recruitment and both
events lead to the complex formation between VEGFR2 and β3 integrin (which might involve
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another yet unknown mediator). All these events promote activation of αvβ3 and result in the
increase of ligand binding ability (integrin activation), integrin ligation, and phosphorylation
of β3 integrin by cSrc. These events, complex formation in particular, are responsible for
prolonged and full activation of VEGFR2 as judged by its phosphorylation status. Thus, there
is a clear positive feedback loop mechanism, which makes it difficult to pinpoint the exact
sequence of events. It is possible that initial integrin αvβ3 engagement by ECM serves as a
prerequisite for interaction with VEGFR2. This model is supported by studies performed using
the DiYF-mouse model [34,45], depicted in Fig. 1.

In fact, the studies using β3-knockout mice also support the model of a close collaboration
between VEGFR2 and αvβ3. It was reported by at least two groups that the lack of β3 in
endothelial cells leads to over-sensitivity to VEGF [29,77] and increased expression of
VEGFR2. Thus, the imbalance caused by the physical absence of integrin receptor is overcome
by expression and over-expression of VEGFR2. The molecular mechanisms of this
phenomenon are not yet established. Unoccupied integrin αvβ3 might even, negatively, block
VEGFR2 activity. This function is preserved in DiYF animals, in contrast to integrin β3-null
mice. Interestingly, many of the abnormalities observed in integrin β3-null mice have no
manifestation in DiYF mice, possibly reflecting the basal adhesive function of the integrin is
preserved in this mutant. It remains to be tested if other integrins might assume co-signaling
functions in integrin β3-null animals, or if other structurally unrelated molecules might fulfill
this function as well. It will be of interest to see whether VEGFR2 complexes with other
proteins are augmented in the absence of integrin β3, and whether the blocking antibodies
against these molecules exert any inhibitory effect on VEGFR2 in the absence of integrin β3.
It is possible that the limitations of currently available treatments to block tumor angiogenesis
will keep efforts to clarify the current complexity of data proceeding at a fast pace.

Integrin αvβ3–growth factor receptor interactions in outside-in signaling
Involvement of integrin αvβ3 in the activation of tyrosine kinase receptors has been shown by
various labs and recently has been reviewed in detail [25,45–53]. In smooth muscle cells,
activation and clustering of integrin β3 promoted the EGF-dependent tyrosine phosphorylation
of EGFR [78]. Treatment with integrin αvβ3 function blocking antibody inhibits EGF-
stimulated EGFR phosphorylation and cell proliferation [78] Integrin αvβ3 has been reported
to interact with PDGFRβ and modulates the PDGFRβ function in fibroblasts [48] and
endothelial cells [79]. Moreover, integrin αvβ3 is also known to interact with IRS-1 and regulate
the activity of insulin receptor and IGF1-R [49]. Interactions between integrin αvβ3 and HGF
receptor ‘Met’ have also been reported earlier in epithelial cells [80]. A more recent study
indicates interactions between integrin αvβ3 and HGF receptor in endothelial cells [81]. Overall,
these studies show the importance of integrin αvβ3 and its association with various receptor
tyrosine kinases in the regulation of cellular functions.

Auto-phosphorylation and activation of VEGFR2, which are responsible for most of the
angiogenic activity triggered by VEGF, occur when VEGFR2 interacts with dimeric VEGF
[82]. Via its tyrosine phosphorylated cytoplasmic domain, VEGFR2 interacts with an army of
intracellular signaling and adapter molecules such as Shc, Grb2, Nck, Ras activating protein,
Src kinases, and tyrosine phosphatases SHP-1 and SHP-2 [83–85], and triggers the signaling
cascades that include activation of PI3 Kinase-Akt and MAP kinase pathways [86]. Thus,
integrin-dependent regulation of VEGFR2 function has consequences for a variety of cellular
processes downstream of VEGF.

Yet another possible mechanism for the cross-talk between VEGFR2 and αvβ3 has been
demonstrated [87–89]. It was shown that thrombin-activated plasma transglutaminase FXIII
is able to cross-link integrin αvβ3 and VEGFR2 on the surface of endothelial cells. Importantly,

Somanath et al. Page 6

Angiogenesis. Author manuscript; available in PMC 2010 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tissue transglutaminase also appears to have a similar function [89]. It appears that mere
complex formation is sufficient to induce VEGFR2 phosphorylation and evokes downstream
signaling events even in the absence of exogenous VEGF. However, there is the possibility of
a constant and constitutive activation of VEGFR2 by an intracellular autocrine loop mechanism
[90]. Such a mechanism explains why it was believed for many years that integrins on
endothelial cells are constitutively active [57]. It appears that it is impossible to obtain
completely quiescent and unstimulated endothelial cells in vivo or in vitro [34,91,92].

Another possibility is the ligation of both αvβ3 and VEGF by the same adhesive ligand. Indeed,
common ligands for αvβ3 and VEGF have been reported [93]. It was also shown that αvβ3 is
able to bind certain forms of VEGF itself [94]. It will be intriguing to test whether at least a
portion of αvβ3/VEGFR2 duplexes is directly linked by VEGF dimers, similar to the
neuropilin-1/VEGF/VEGFR2 trimeric complex [95–97].

Other possible components involved in integrin αvβ3–growth factor receptor
interactions

The Src homology 2 containing protein phosphatase (SHP-2) is a tyrosine phosphatase whose
recruitment to signaling molecules is stimulated by many growth factors [98]. Initial reports
related to the role of SHP-2 in the modulation of interaction between growth factors and
integrins came from David Clemmons’ laboratory [98–100], where a role for SHP-2 in the
regulation of dimerization of IGF-I receptor and αvβ3 integrin in smooth muscle cells was
demonstrated. Inhibition of integrin αvβ3 blocked the recruitment of SHP-2 to integrin αvβ3
and its transfer to downstream signaling molecules. In contrast, ligand occupancy of integrin
αvβ3 stimulated tyrosine phosphorylation of the integrin β3 subunit, resulting in recruitment of
SHP-2, involving an insulin receptor substrate-1 (IRS-1) related protein called DOK-1 [101,
102]. Subsequently, SHP-2 is transferred to another transmembrane protein called SHPS-1,
which requires phosphorylation at its two YXXL motifs for interaction with SHP-2 [102]. Once
integrin αvβ3 is blocked, SHP-2 is transferred to IGF-I receptor, specifically to the tyrosine
residues in the cytoplasmic domain of IGF-1 receptor, resulting in its dephosphorylation and
inactivation [103]. Further, augmentation of SHP-2 association with integrin αvβ3 results in
complex formation between integrin αvβ3 and IGF-I receptor, followed by transduction of
signals to activate intra-cellular pathways such as PI3 kinase-Akt signaling [104] and pro-
survival effects mediated by ECM proteins via up-regulation of anti-apoptotic Bcl(xL) [105].

While most of the studies on the role of SHP-2 in regulating interaction between integrin
αvβ3 and IGF-I receptor were performed using smooth muscle cells, recent studies using
endothelial cells confirmed the importance of SHP-2 in the regulation of interaction between
integrin αvβ3 and VEGFR2 [106]. The study from Federico Bussolino’s lab showed that while
vitronectin positively regulated VEGFR2 activation, collagen I negatively regulated VEGF-
mediated VEGFR2 activation by recruiting SHP-2 to VEGFR2 [106]. The study also showed
that stimulation with VEGF in endothelial cells plated on collagen I initiated the complex
formation between integrin αvβ3 and VEGFR2 [106]. Conversely, expression of a SHP-2
mutant (SHP-2 C459S) blocked the negative effects of collagen I. Further studies revealed that
SHP-2-dependent dephosphorylation of VEGFR2-cytoplasmic domain tyrosine residues
results in the internalization of VEGFR2. Expression with SHP-2 C459S mutant inhibited
collagen I mediated internalization of VEGFR2. Further analysis utilizing mutations of the
tyrosine residues Y1212 and Y1173 on the cytoplasmic domain of VEGFR2 (Y1212F and
Y113F, respectively) revealed that residue Y1173 is responsible for the interaction with SHP-2.

Another phosphatase, DEP-1, has been proposed as a positive regulator of VEGFR2 biological
effects through dephosphorylation of Src Y529 [107,108]. Surprisingly, DEP-1 also targeted
p-Tyr in the VEGFR2 kinase loop, but the effect seems to be of less functional consequence
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than up-regulation of Src kinase activity through dephosphorylation of Y529. Increased src
activity led to up-regulated Akt-1 activation known to mediate VEGFR2 effects in endothelial
cells. Of note, other RTKs reported to function in complexes with integrins, PDGFRβ Met/
HGF-R, and EGFR, have been demonstrated to serve as DEP-1 substrates as well.

A recent study indicates that another protein tyrosine phosphatase called T-Cell protein tyrosine
phosphatase (TCPTP), also known as PTN2, is highly expressed in human endothelial cells
and is involved in VEGFR2 signaling [109]. Authors showed that a TCPTP substrate-trapping
mutant interacts with VEGFR2. Additionally, TCPTP dephosphorylates VEGFR2 in a
phosphosite-specific manner, inhibiting its kinase activity thus preventing internalization of
the VEGFR2 from the cell surface. Activity of TCPTP was induced upon integrin-mediated
binding of endothelial cells to collagen matrix. TCPTP activation was also induced by using
cell-permeable peptides from the cytoplasmic tail of the collagen-binding integrin α1. Positive
regulation of TCPTP activity resulted in inhibition of VEGF-mediated endothelial cell
proliferation, angiogenic sprouting, chemokinesis, and chemotaxis, thus implicating that that
matrix-controlled TCPTP phosphatase activity inhibits VEGFR2 signaling, migration, and
differentiation of human endothelial cells.

VE-cadherin is another protein shown to take part in VEGFR2 signaling and capable of forming
complexes with VEGFR2 [110]. Another layer of complexity is added by the finding that VE-
cadherin knock-down blocks VEGFR2 signaling [111]. Similar to integrin αvβ3 integrin, SHP2
is recruited to VE-cadherins, which positively influence VEGFR2 signaling [112]. In summary,
the role of integrin αvβ3 in VEGFR2 signaling should be considered in the context of all other
co-signaling proteins and alternative VEGF receptors (such as neuropilin-1). In sum, additional
studies will be needed to address the interplay of all the signaling intermediates between each
other, in addition to their effects on VEGFR2.

References
1. Folkman J. Angiogenesis: an organizing principle for drug discovery? Nat Rev Drug Discov

2007;6:273–286. [PubMed: 17396134]
2. Glade-Bender J, et al. VEGF blocking therapy in the treatment of cancer. Expert Opin Biol Ther

2003;3:263–276. [PubMed: 12662141]
3. Ribatti D. Napoleone Ferrara and the saga of vascular endothelial growth factor. Endothelium

2008;15:1–8. [PubMed: 18568940]
4. Dass CR, Choong PF. Cancer angiogenesis: targeting the heel of Achilles. J Drug Target 2008;16:449–

454. [PubMed: 18604657]
5. Andreoli CM, Miller JW. Anti-vascular endothelial growth factor therapy for ocular neovascular

disease. Curr Opin Ophthalmol 2007;18:502–508. [PubMed: 18163003]
6. Papanas N, Maltezos E. Advances in treating the ischaemic diabetic foot. Curr Vasc Pharmacol

2008;6:23–28. [PubMed: 18220936]
7. Simo R, et al. Angiogenic and antiangiogenic factors in proliferative diabetic retinopathy. Curr Diabetes

Rev 2006;2:71–98. [PubMed: 18220619]
8. Stupack DG, Cheresh DA. Integrins and angiogenesis. Curr Top Dev Biol 2004;64:207–238. [PubMed:

15563949]
9. Hynes RO. A reevaluation of integrins as regulators of angiogenesis. Nat Med 2002;8:918–921.

[PubMed: 12205444]
10. Folkman J. Angiogenesis. Annu Rev Med 2006;57:1–18. [PubMed: 16409133]
11. Ingber DE, Folkman J. Mechanochemical switching between growth and differentiation during

fibroblast growth factor-stimulated angiogenesis in vitro: role of extracellular matrix. J Cell Biol
1989;109:317–330. [PubMed: 2473081]

12. Cai W, Chen X. Anti-angiogenic cancer therapy based on integrin alphavbeta3 antagonism.
Anticancer Agents Med Chem 2006;6:407–428. [PubMed: 17017851]

Somanath et al. Page 8

Angiogenesis. Author manuscript; available in PMC 2010 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



13. Alghisi GC, Ruegg C. Vascular integrins in tumor angiogenesis: mediators and therapeutic targets.
Endothelium 2006;13:113–135. [PubMed: 16728329]

14. Kumar CC. Integrin alpha v beta 3 as a therapeutic target for blocking tumor-induced angiogenesis.
Curr Drug Targets 2003;4:123–131. [PubMed: 12558065]

15. Plow EF, et al. Ligand binding to integrins. J Biol Chem 2000;275:21785–21788. [PubMed:
10801897]

16. Herouy Y, et al. Autologous platelet-derived wound healing factor promotes angiogenesis via
alphavbeta3-integrin expression in chronic wounds. Int J Mol Med 2000;6:515–519. [PubMed:
11029516]

17. Leu SJ, et al. Pro-angiogenic activities of CYR61 (CCN1) mediated through integrins alphavbeta3
and alpha6beta1 in human umbilical vein endothelial cells. J Biol Chem 2002;277:46248–46255.
[PubMed: 12364323]

18. Brooks PC, et al. Integrin alpha v beta 3 antagonists promote tumor regression by inducing apoptosis
of angiogenic blood vessels. Cell 1994;79:1157–1164. [PubMed: 7528107]

19. Brooks PC, et al. Requirement of vascular integrin alpha v beta 3 for angiogenesis. Science
1994;264:569–571. [PubMed: 7512751]

20. Van WC. Cell adhesion and regulatory molecules involved in tumor formation, hemostasis, and
wound healing. Head Neck 1995;17:140–147. [PubMed: 7558812]

21. Lim EH, et al. A review: integrin alphavbeta3-targeted molecular imaging and therapy in
angiogenesis. Nanomedicine 2005;1:110–114. [PubMed: 17292065]

22. Cai W, et al. Imaging of integrins as biomarkers for tumor angiogenesis. Curr Pharm Des
2008;14:2943–2973. [PubMed: 18991712]

23. Cai W, et al. Molecular imaging of tumor vasculature. Methods Enzymol 2008;445:141–176.
[PubMed: 19022059]

24. Hodivala-Dilke K. alphavbeta3 integrin and angiogenesis: a moody integrin in a changing
environment. Curr Opin Cell Biol 2008;20:514–519. [PubMed: 18638550]

25. Somanath PR, et al. Integrin and growth factor receptor alliance in angiogenesis. Cell Biochem
Biophys 2009;53:53–64. [PubMed: 19048411]

26. D’Andrea LD, et al. Peptide-based molecules in angiogenesis. Chem Biol Drug Des 2006;67:115–
126. [PubMed: 16492159]

27. Lenz HJ. Antiangiogenic agents in cancer therapy. Oncology (Williston Park) 2005;19:17–25.
[PubMed: 15934499]

28. Reynolds LE, et al. Enhanced pathological angiogenesis in mice lacking beta3 integrin or beta3 and
beta5 integrins. Nat Med 2002;8:27–34. [PubMed: 11786903]

29. Weis SM, et al. Cooperation between VEGF and beta3 integrin during cardiac vascular development.
Blood 2007;109:1962–1970. [PubMed: 17062734]

30. Eliceiri BP, Cheresh DA. Role of alpha v integrins during angiogenesis. Cancer J 2000;6:S245–S249.
[PubMed: 10874494]

31. Zhu J, et al. beta8 integrins are required for vascular morphogenesis in mouse embryos. Development
2002;129:2891–2903. [PubMed: 12050137]

32. Proctor JM, et al. Vascular development of the brain requires beta8 integrin expression in the
neuroepithelium. J Neurosci 2005;25:9940–9948. [PubMed: 16251442]

33. Lakhe-Reddy S, et al. Beta8 integrin binds Rho GDP dissociation inhibitor-1 and activates Rac1 to
inhibit mesangial cell myofibroblast differentiation. J Biol Chem 2006;281:19688–19699. [PubMed:
16690620]

34. Mahabeleshwar GH, et al. Integrin signaling is critical for pathological angiogenesis. J Exp Med
2006;203:2495–2507. [PubMed: 17030947]

35. Chew DP, Bhatt DL. Oral glycoprotein IIb/IIIa antagonists in coronary artery disease. Curr Cardiol
Rep 2001;3:63–71. [PubMed: 11139801]

36. Maranian AM, Steinhubl SR. Glycoprotein IIb/IIIa receptor inhibitor-thrombolytic combination
therapy for acute myocardial infarction. Curr Cardiol Rep 2002;4:313–319. [PubMed: 12052270]

37. Cannon CP. Oral platelet glycoprotein IIb/IIIa receptor inhibitors—part II. Clin Cardiol 2003;26:401–
406. [PubMed: 14524594]

Somanath et al. Page 9

Angiogenesis. Author manuscript; available in PMC 2010 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



38. Rosove MH. Platelet glycoprotein IIb/IIIa inhibitors. Best Pract Res Clin Haematol 2004;17:65–76.
[PubMed: 15171958]

39. Said SM, et al. Glycoprotein IIb/IIIa inhibitor-induced thrombocytopenia: diagnosis and treatment.
Clin Res Cardiol 2007;96:61–69. [PubMed: 17146606]

40. Maeshima Y, et al. Tumstatin an endothelial cell-specific inhibitor of protein synthesis. Science
2002;295:140–143. [PubMed: 11778052]

41. Sudhakar A, et al. Human tumstatin and human endostatin exhibit distinct antiangiogenic activities
mediated by alpha v beta 3 and alpha 5 beta 1 integrins. Proc Natl Acad Sci USA 2003;100:4766–
4771. [PubMed: 12682293]

42. Mould AP, et al. Regulation of integrin function: evidence that bivalent-cation-induced
conformational changes lead to the unmasking of ligand-binding sites within integrin alpha5 beta1.
Biochem J 1998;331(Pt 3):821–828. [PubMed: 9560310]

43. Humphries MJ. Monoclonal antibodies as probes of integrin priming and activation. Biochem Soc
Trans 2004;32:407–411. [PubMed: 15157148]

44. De S, et al. Molecular pathway for cancer metastasis to bone. J Biol Chem 2003;278:39044–39050.
[PubMed: 12885781]

45. Mahabeleshwar GH, et al. Mechanisms of integrin-vascular endothelial growth factor receptor cross-
activation in angiogenesis. Circ Res 2007;101:570–580. [PubMed: 17641225]

46. Borges E, et al. Platelet-derived growth factor receptor beta and vascular endothelial growth factor
receptor 2 bind to the beta 3 integrin through its extracellular domain. J Biol Chem 2000;275:39867–
39873. [PubMed: 10964931]

47. Soldi R, et al. Role of alphavbeta3 integrin in the activation of vascular endothelial growth factor
receptor-2. EMBO J 1999;18:882–892. [PubMed: 10022831]

48. Schneller M, et al. Alphavbeta3 integrin associates with activated insulin and PDGFbeta receptors
and potentiates the biological activity of PDGF. EMBO J 1997;16:5600–5607. [PubMed: 9312019]

49. Vuori K, Ruoslahti E. Association of insulin receptor substrate-1 with integrins. Science
1994;266:1576–1578. [PubMed: 7527156]

50. Doerr ME, Jones JI. The roles of integrins and extracellular matrix proteins in the insulin-like growth
factor I-stimulated chemotaxis of human breast cancer cells. J Biol Chem 1996;271:2443–2447.
[PubMed: 8576205]

51. Falcioni R, et al. Alpha 6 beta 4 and alpha 6 beta 1 integrins associate with ErbB-2 in human carcinoma
cell lines. Exp Cell Res 1997;236:76–85. [PubMed: 9344587]

52. Folgiero V, et al. Induction of ErbB-3 expression by alpha6beta4 integrin contributes to tamoxifen
resistance in ERbeta1-negative breast carcinomas. PLoS ONE 2008;3:e1592. [PubMed: 18270579]

53. Wang JF, et al. Stimulation of beta 1 integrin induces tyrosine phosphorylation of vascular endothelial
growth factor receptor-3 and modulates cell migration. J Biol Chem 2001;276:41950–41957.
[PubMed: 11553610]

54. Napione L, et al. Integrins: a flexible platform for endothelial vascular tyrosine kinase receptors.
Autoimmun Rev 2007;7:18–22. [PubMed: 17967720]

55. Mahabeleshwar GH, et al. Integrin affinity modulation in angiogenesis. Cell Cycle 2008;7:335–347.
[PubMed: 18287811]

56. Masson-Gadais B, et al. Integrin alphavbeta3 requirement for VEGFR2-mediated activation of
SAPK2/p38 and for Hsp90-dependent phosphorylation of focal adhesion kinase in endothelial cells
activated by VEGF. Cell Stress Chaperones 2004;8:37–52. [PubMed: 12820653]

57. Pampori N, et al. Mechanisms and consequences of affinity modulation of integrin alpha(V)beta(3)
detected with a novel patch-engineered monovalent ligand. J Biol Chem 1999;274:21609–21616.
[PubMed: 10419468]

58. Byzova TV, et al. Adenovirus encoding vascular endothelial growth factor-D induces tissue-specific
vascular patterns in vivo. Blood 2002;99:4434–4442. [PubMed: 12036873]

59. Ginsberg MH, et al. Integrin regulation. Curr Opin Cell Biol 2005;17:509–516. [PubMed: 16099636]
60. Cheresh DA, Stupack DG. Regulation of angiogenesis: apoptotic cues from the ECM. Oncogene

2008;27:6285–6298. [PubMed: 18931694]

Somanath et al. Page 10

Angiogenesis. Author manuscript; available in PMC 2010 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



61. Arnaout MA, et al. Structure and mechanics of integrin-based cell adhesion. Curr Opin Cell Biol
2007;19:495–507. [PubMed: 17928215]

62. Phillips DR, et al. Integrin tyrosine phosphorylation in platelet signaling. Curr Opin Cell Biol
2001;13:546–554. [PubMed: 11544022]

63. Chandhoke SK, et al. Beta 3 integrin phosphorylation is essential for Arp3 organization into leukocyte
alpha V beta 3-vitronectin adhesion contacts. J Cell Sci 2004;117:1431–1441. [PubMed: 14996908]

64. Butler B, et al. Lig, -dependent activation of integrin alpha vbeta 3. J Biol Chem 2003;278:5264–
5270. [PubMed: 12446696]

65. Feng W. The angiogenic response is dictated by beta3 integrin on bone marrow-derived cells. J Cell
Biol 2008;183:1145–1157. [PubMed: 19075116]

66. Johnson FM, Gallick GE. SRC family nonreceptor tyrosine kinases as molecular targets for cancer
therapy. Anticancer Agents Med Chem 2007;7:651–659. [PubMed: 18045060]

67. Kefalas P, et al. Signalling by the p60c–src family of protein-tyrosine kinases. Int J Biochem Cell
Biol 1995;27:551–563. [PubMed: 7545532]

68. Basson MD. An intracellular signal pathway that regulates cancer cell adhesion in response to
extracellular forces. Cancer Res 2008;68:2–4. [PubMed: 18172287]

69. Coluccia AM, et al. Validation of PDGFRbeta and c-Src tyrosine kinases as tumor/vessel targets in
patients with multiple myeloma: preclinical efficacy of the novel, orally available inhibitor dasatinib.
Blood 2008;112:1346–1356. [PubMed: 18524994]

70. Eliceiri BP, et al. Selective requirement for Src kinases during VEGF-induced angiogenesis and
vascular permeability. Mol Cell 1999;4:915–924. [PubMed: 10635317]

71. Schwartzberg PL, et al. Rescue of osteoclast function by transgenic expression of kinase-deficient
Src in src−/− mutant mice. Genes Dev 1997;11:2835–2844. [PubMed: 9353253]

72. Lowell CA, et al. Deficiency of the Hck and Src tyrosine kinases results in extreme levels of
extramedullary hematopoiesis. Blood 1996;87:1780–1792. [PubMed: 8634424]

73. McHugh KP, et al. Mice lacking beta3 integrins are osteosclerotic because of dysfunctional
osteoclasts. J Clin Invest 2000;105:433–440. [PubMed: 10683372]

74. Soriano P, et al. Targeted disruption of the c-src proto-oncogene leads to osteopetrosis in mice. Cell
1991;64:693–702. [PubMed: 1997203]

75. Klinghoffer RA, et al. Src family kinases are required for integrin but not PDGFR signal transduction.
EMBO J 1999;18:2459–2471. [PubMed: 10228160]

76. Su X, Mi J, et al. RGT, a synthetic peptide corresponding to the integrin beta 3 cytoplasmic C-terminal
sequence, selectively inhibits outside-in signaling in human platelets by disrupting the interaction of
integrin alpha IIb beta 3 with Src kinase. Blood 2008;112:592–602. [PubMed: 18398066]

77. Stockmann C, et al. Deletion of vascular endothelial growth factor in myeloid cells accelerates
tumorigenesis. Nature 2008;456:814–818. [PubMed: 18997773]

78. Jones PL, et al. Regulation of tenascin-C, a vascular smooth muscle cell survival factor that interacts
with the alpha v beta 3 integrin to promote epidermal growth factor receptor phosphorylation and
growth. J Cell Biol 1997;139:279–293. [PubMed: 9314546]

79. Woodard AS, et al. The synergistic activity of alphavbeta3 integrin and PDGF receptor increases cell
migration. J Cell Sci 1998;111(Pt 4):469–478. [PubMed: 9443896]

80. Trusolino L, et al. Growth factor-dependent activation of alphavbeta3 integrin in normal epithelial
cells: implications for tumor invasion. J Cell Biol 1998;142:1145–1156. [PubMed: 9722624]

81. Rahman S, et al. Novel hepatocyte growth factor (HGF) binding domains on fibronectin and
vitronectin coordinate a distinct and amplified Met-integrin induced signalling pathway in endothelial
cells. BMC Cell Biol 2005;6:8. [PubMed: 15717924]

82. Roskoski R Jr. VEGF receptor protein-tyrosine kinases: structure and regulation. Biochem Biophys
Res Commun 2008;375:287–291. [PubMed: 18680722]

83. Igarashi KI, et al. Tyrosine 1213 of Flt-1 is a major binding site of Nck and SHP-2. Biochem Biophys
Res Commun 1998;246:95–99. [PubMed: 9600074]

84. Le Boeuf F, et al. Regulation of vascular endothelial growth factor receptor 2-mediated
phosphorylation of focal adhesion kinase by heat shock protein 90 and Src kinase activities. J Biol
Chem 2004;279:39175–39185. [PubMed: 15247219]

Somanath et al. Page 11

Angiogenesis. Author manuscript; available in PMC 2010 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



85. Laramee M, et al. The scaffolding adapter Gab1 mediates vascular endothelial growth factor signaling
and is required for endothelial cell migration and capillary formation. J Biol Chem 2007;282:7758–
7769. [PubMed: 17178724]

86. Graells J, et al. Overproduction of VEGF concomitantly expressed with its receptors promotes growth
and survival of melanoma cells through MAPK and PI3K signaling. J Invest Dermatol
2004;123:1151–1161. [PubMed: 15610528]

87. Dardik R, et al. Molecular mechanisms underlying the proangiogenic effect of factor XIII. Arterioscler
Thromb Vasc Biol 2005;25:526–532. [PubMed: 15618543]

88. Dardik R, et al. Evaluation of the pro-angiogenic effect of factor XIII in heterotopic mouse heart
allografts and FXIII-deficient mice. Thromb Haemost 2006;95:546–550. [PubMed: 16525585]

89. Dardik R, Inbal A. Complex formation between tissue transglutaminase II (tTG) and vascular
endothelial growth factor receptor 2 (VEGFR-2): proposed mechanism for modulation of endothelial
cell response to VEGF. Exp Cell Res 2006;312:2973–2982. [PubMed: 16914140]

90. Lee SC, et al. Autocrine VEGF signaling is required for vascular homeostasis. Cell 2007;130:691–
703. [PubMed: 17719546]

91. Chen J, et al. Akt1 regulates pathological angiogenesis, vascular maturation and permeability in vivo.
Nat Med 2005;11:1188–1196. [PubMed: 16227992]

92. Somanath PR, et al. Akt1 signaling regulates integrin activation, matrix recognition, and fibronectin
assembly. J Biol Chem 2007;282:22964–22976. [PubMed: 17562714]

93. Wijelath ES, et al. Heparin-II domain of fibronectin is a vascular endothelial growth factor-binding
domain: enhancement of VEGF biological activity by a singular growth factor/matrix protein
synergism. Circ Res 2006;99:853–860. [PubMed: 17008606]

94. Vlahakis NE, et al. Integrin alpha9beta1 directly binds to vascular endothelial growth factor (VEGF)-
A and contributes to VEGF-A-induced angiogenesis. J Biol Chem 2007;282:15187–15196.
[PubMed: 17363377]

95. Becker PM, et al. Neuropilin-1 regulates vascular endothelial growth factor-mediated endothelial
permeability. Circ Res 2005;96:1257–1265. [PubMed: 15920019]

96. Pan Q, et al. Neuropilin-1 binds to VEGF121 and regulates endothelial cell migration and sprouting.
J Biol Chem 2007;282:24049–24056. [PubMed: 17575273]

97. Pellet-Many C, et al. Neuropilins: structure, function and role in disease. Biochem J 2008;411:211–
226. [PubMed: 18363553]

98. Qu CK. Role of the SHP-2 tyrosine phosphatase in cytokine-induced signaling and cellular response.
Biochim Biophys Acta 2002;1592:297–301. [PubMed: 12421673]

99. Maile LA, Clemmons DR. Regulation of insulin-like growth factor I receptor dephosphorylation by
SHPS-1 and the tyrosine phosphatase SHP-2. J Biol Chem 2002;277:8955–8960. [PubMed:
11779860]

100. Ling Y, et al. Tyrosine phosphorylation of the beta3-subunit of the alphaVbeta3 integrin is required
for membrane association of the tyrosine phosphatase SHP-2 and its further recruitment to the
insulin-like growth factor I receptor. Mol Endocrinol 2003;17:1824–1833. [PubMed: 12791772]

101. Ling Y, et al. DOK1 mediates SHP-2 binding to the alphaVbeta3 integrin and thereby regulates
insulin-like growth factor I signaling in cultured vascular smooth muscle cells. J Biol Chem
2005;280:3151–3158. [PubMed: 15546884]

102. Ling Y, et al. Role of SHPS-1 in the regulation of insulinlike growth factor I-stimulated Shc and
mitogen-activated protein kinase activation in vascular smooth muscle cells. Mol Biol Cell
2005;16:3353–3364. [PubMed: 15888547]

103. Clemmons DR, et al. Role of the integrin alphaVbeta3 in mediating increased smooth muscle cell
responsiveness to IGF-I in response to hyperglycemic stress. Growth Horm IGF Res 2007;17:265–
270. [PubMed: 17412627]

104. Kwon M, et al. Recruitment of the tyrosine phosphatase Src homology 2 domain tyrosine
phosphatase-2 to the p85 subunit of phosphatidylinositol-3 (PI-3) kinase is required for insulin-like
growth factor-I-dependent PI-3 kinase activation in smooth muscle cells. Endocrinology
2006;147:1458–1465. [PubMed: 16306077]

105. Edderkaoui M, et al. Insulin-like growth factor-I receptor mediates the prosurvival effect of
fibronectin. J Biol Chem 2007;282:26646–26655. [PubMed: 17627944]

Somanath et al. Page 12

Angiogenesis. Author manuscript; available in PMC 2010 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



106. Mitola S, et al. Type I collagen limits VEGFR-2 signaling by a SHP2 protein-tyrosine phosphatase-
dependent mechanism 1. Circ Res 2006;98:45–54. [PubMed: 16339483]

107. Lieskovska J, et al. The role of Src kinase in insulin-like growth factor-dependent mitogenic signaling
in vascular smooth muscle cells. J Biol Chem 2006;281:25041–25053. [PubMed: 16825188]

108. Chabot C, et al. New role for the protein tyrosine phosphatase DEP-1 in Akt activation and
endothelial cell survival. Mol Cell Biol 2009;29:241–253. [PubMed: 18936167]

109. Mattila E, et al. The protein tyrosine phosphatase TCPTP controls VEGFR2 signalling. J Cell Sci
2008;121:3570–3580. [PubMed: 18840653]

110. Yamaoka-Tojo M, et al. IQGAP1 mediates VE-cadherin-based cell–cell contacts and VEGF
signaling at adherence junctions linked to angiogenesis. Arterioscler Thromb Vasc Biol
2006;26:1991–1997. [PubMed: 16763158]

111. Tzima E, et al. VE-cadherin links tRNA synthetase cytokine to anti-angiogenic function. J Biol
Chem 2005;280:2405–2408. [PubMed: 15579907]

112. Ukropec JA, et al. Regulation of VE-cadherin linkage to the cytoskeleton in endothelial cells exposed
to fluid shear stress. Exp Cell Res 2002;273:240–247. [PubMed: 11822879]

Somanath et al. Page 13

Angiogenesis. Author manuscript; available in PMC 2010 May 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
a The cartoon depicts four possible mechanisms responsible for the complex formation
between VEGFR2 and αVβ3 on the surface of endothelial cells and the functional consequences
of this cross-talk. Activation-induced complex was demonstrated in [48,55], direct binding of
extracellular domains was shown in [47], cross linking by transglutaminases was demonstrated
in [87], possible coupling by the common ligands suggested based on [92]. Physiological and
pathological consequences of the interplay between these two receptors are discussed in [35,
46,56]. b The diagram shows possible sequence of molecular events involved in interaction
between VEGFR2 and αVβ3. As discussed in the text, the process is likely to be initiated by
activation of VEGFR2 by VEGF, possibly, by intracellular-autocrine loop. It followed by the
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recruitment of c-src to phosphorylated VEGFR2 together with activation of a number of other
signaling molecules. C-Src phosphorylates cytoplasmic domain of αVβ3 and in concert with
other kinases (e.g. PI3K pathway) promote activation of this integrin, which, in turn, ultimately
results in its conformational changes and increase in ligand binding affinity. Ligation of integrin
triggers outside-in signaling which further augments cell activation
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