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1. ABSTRACT 
 
Angiogenesis is implicated in many pathological 
conditions, including cancer progression. Novel approaches 
have enabled an understanding of how endothelial cellular 
processes are regulated in vivo during angiogenesis. Key 
players in angiogenesis are vascular endothelial growth 
factors (VEGFs) and Notch ligands. However, mechanisms 
of angiogenic responses by other proangiogenic factors in 
vivo are largely unknown. Research using cultured 
endothelial cells has shown that c-Fes is involved in the 
activation of phosphoinositide 3-kinase (PI3-kinase) 
downstream of a variety of cytokine receptors. The PI3-
kinase/c-Akt pathway regulates cell survival, migration, 
and morphological differentiation of endothelial cells 
during angiogenesis, and c-Fes thus may be a potential 
target of anti-cancer therapy, especially for patients with 
anti-VEGF refractory cancer. In addition, a number of 
experiments have shown that a bone marrow–derived 
monocytic lineage regulates angiogenesis, and c-Fes is also 
expressed in these cells. Roles for c-Fes during 
angiogenesis will be the focus of extensive research in the 
future. 

 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 
2.1. Angiogenic cellular processes by endothelial cells 

Angiogenesis, or new blood vessel formation 
from pre-existing blood vessels, is a prerequisite for many 
normophysiological and pathophysiological conditions, 
such as cycles in female reproductive organs, embryonic 
development, regenerative medicine, collateral formation 
after occlusion of arteries, age-related macular 
degeneration, proliferative retinopathies, and malignant 
tumor growth/progression (1, 2). Although angiogenesis is 
favorable in implantation of engineered tissues for 
regenerative medicine and in collateral formation as 
support for obstructive arteries, inhibition of angiogenesis 
leads to disease control for some types of eye diseases and 
advanced malignant tumors. 

 
Classically, angiogenesis has been described as 

resulting from a series of cellular processes involving 
vascular endothelial cells, including the production of 
proteases to digest the basement membrane of blood 
vessels, thus allowing endothelial cells to migrate into 
surrounding tissue, survive, proliferate, and form a lumen 
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(3). Cultured endothelial cells can be used to examine this 
process separately, and in this context, fibroblast growth 
factors (FGFs), vascular endothelial growth factors 
(VEGFs), hepatocyte growth factor (HGF), and 
angiopoietins (Ang) have been found to stimulate almost all 
angiogenic cellular processes (4-7). In addition, the 
biochemical relevance of intracellular signaling molecules 
in each process has also been identified, such as 
phosphoinositide 3-kinase (PI3-kinase) and its downstream 
kinase, c-Akt, extracellular signal-regulated 
kinases/mitogen-activated protein kinase (ERK/MAPK), 
the c-Src family kinases, and c-Fes (8-11).  
 
2.2. VEGF-A as a central player in angiogenesis 

The VEGF family consists of five members, 
VEGF-A, -B, -C, -D, and placental growth factor (PlGF), 
and their signals are transduced into cells via VEGF 
receptor (VEGFR)-1, -2, and -3 (12, 13). The prototype 
VEGF, VEGF-A, binds to both VEGFR-1 and -2, whereas 
VEGF-B and PlGF exclusively bind to VEGFR-1. VEGFR-
3 has been identified as a lymphatic endothelial cell 
receptor for VEGF-C and -D, which also bind to VEGFR-
2. In general, the functional receptor for VEGF-A is 
VEGFR-2, while VEGFR-1 is thought to be a decoy 
receptor to regulate the concentration of VEGFR-2–
associated VEGF-A (14).  

 
Recently, excellent technical progress has 

enabled examination of the angiogenic cellular processes of 
endothelial cells in vivo. In an early postnatal retinal model, 
tip cells, endothelial cells migrating in the leading edge of 
sprouts, and stalk cells, endothelial cells following tip cells, 
behaved distinctly in response to VEGF treatment (15). Tip 
cells migrate using filopodia, resulting in branching and 
network formation of capillaries, and their migration 
depends on a gradient of VEGF-A. By contrast, sprout stalk 
cells respond with proliferation depending on the VEGF-A 
concentration. These processes are regulated through 
interaction between VEGF-A and VEGFR-2 (15). Delta-
like 4 (Dll4), signaling through its receptor Notch1, inhibits 
VEGFR-2–mediated tip cell formation, whereas its 
inhibition maintains the stalk cell phenotype (15, 16). 
Dll4/Notch1 signaling induces expression of VEGFR-1, but 
it inhibits VEGFR-2 expression (17, 18). Another Notch1 
ligand, Jagged1 (Jag1), has the opposite effect on Notch1-
inhibited tip cell formation (19). Jag1 antagonizes Dll4-
mediated Notch1 signals, which are regulated through 
modification of Notch1 by glycosyltransferases from the 
Fringe family. Jag1 is expressed in stalk cells, promoting 
their activation and maintaining the VEGF response.  

 
Notch plays a role in VEGFR-3 regulation, as 

well. In the microvessels of early postnatal retina and 
growing tumors, VEGFR-3 becomes unregulated with 
inhibition of Notch signaling (20, 21). Blockade of 
VEGFR-3 inhibits branching angiogenic sprouts (21), 
suggesting that VEGFR-3 is also required for 
pathophysiological angiogenesis. Expression of VEGFR-3 
decreases when Jag1 is deleted in tip cells (19).  

 
Ephrin-B2, a ligand of EphB4 receptor tyrosine 

kinase, also plays a role in this pathway and has been 

shown to regulate the internalization of VEGFR-2 and -3 
(22, 23). Signaling via VEGFR-2 and -3 requires their 
internalization, and the PDZ domain of ephrin-B2 is 
responsible for this dynamin-dependent internalization 
(22). However, the molecular mechanisms underlying how 
the PDZ domain of ephrin-B2 controls this internalization 
and subsequent alteration of signal transduction pathways 
via VEGFRs remain unknown. Endothelial cells deficient 
in ephrin-B2 exhibit reduced chemotaxis toward VEGF-A, 
but not toward FGF (23), suggesting that signaling via the 
FGF receptor (FGFR) is distinct from VEGFR.  

 
Proangiogenic factors in addition to VEGF, such 

as FGF-2, HGF, Ang, and interleukin (IL)-8, can induce 
angiogenesis, and a number of tumor cells produce these 
factors. Nevertheless, their effect on the processes of tip 
cells and stalk cells remains unknown, as does whether tip 
and stalk cells are also key players for this proangiogenic 
factor-driven pathological angiogenesis. 

In addition to angiogenesis, vasculogenesis has 
been found to be involved in tumor growth and 
progression. Vasculogenesis is defined as novel blood 
vessel formation without sprouting from preexisting 
vessels, especially by circulating endothelial precursor cells 
or endothelial cell progenitors from bone marrow (24). 
Also, vessel cooption, in which a preexisting vessel serves 
as a substitute for a novel blood supply (25), may 
contribute to supply oxygen and nutrients to hypoxic tumor 
tissue.  
 
2.3. Resistance to therapy targeting VEGF-mediated 
signaling 

VEGF receptor-2 (VEGFR-2), the most 
functional of all of the VEGF receptors, is exclusively 
expressed in activated endothelial cells. Tumor tissue is 
usually hypoxic because of the rapid growth of tumor cells, 
and expression of VEGF-A is regulated through hypoxia-
inducible factor–dependent mechanisms. The roles of 
VEGF-A/VEGFR-2 signaling in tumor progression have 
been studied extensively, and it is now widely recognized 
that VEGF-A is a key player in tumor angiogenesis. 
Initially, it was thought that anti-angiogenic therapies does 
not develop resistance because the targeted endothelium is 
genetically stable (26). Therefore, many VEGF-targeting 
therapies, such as blocking antibodies against VEGF-A 
(e.g., bevacizumab) and small molecular weight synthetic 
protein kinase inhibitors for VEGF receptors (e.g., sunitinib 
and sorafenib), have been used in many types of cancers 
(27). In general, however, the period of effectiveness is 
limited, and resistance to these therapies through multiple 
mechanisms has been reported (28, 29).  

 
Among these mechanisms of resistance, 

alteration of VEGF-A–dependent angiogenesis to other 
proangiogenic factor–dependent angiogenesis is one of the 
best-described. Many preclinical models and clinical 
studies have shown that FGF-2, Ang2, stromal cell–derived 
factor-1alpha (SDF-1alpha), IL-8, platelet-derived growth 
factor-C (PDGF-C), and endocrine gland-derived VEGF 
homologue Bv8 are candidate proangiogenic factors in the 
resistance to anti–VEGF-A therapies (30-36). Specific 
receptors for FGF-2, Ang2, and PDGF-C are protein 
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tyrosine kinases, whereas receptors for SDF-1alpha,  IL-8, 
and Bv8 are seven-transmembrane, G-protein–coupled 
receptors (37, 38). To inhibit anti–VEGF-refractory tumor 
growth, targeting intracellular signaling 
molecules/pathways commonly acting downstream of 
multiple proangiogenic factor receptors would be a 
favorable strategy for blocking several proangiogenic-
dependent signals simultaneously.  

 
The Ras/ERK pathway, PI3-kinase/c-Akt pathway, 

and a number of cytoplasmic protein tyrosine kinases (PTKs) 
including c-Src-, c-Jak-, and c-Fes-family members are 
activated downstream of these transmembrane angiogenic 
receptors. These intracellular signaling molecules exert critical 
roles in proliferation, motility, and survival of tumor cells and 
tumor-associated fibroblasts. Thus, targeting these molecules 
represents a promising strategy to effectively block 
angiogenesis and subsequent tumor progression. Expression of 
the c-Fes RTK is tissue restricted with highest levels in the 
monocytic hematopoietic and endothelial lineages, as well as 
some neuronal epithelial cell types (39). In addition, c-Fes is 
also expressed in several types of tumor cells. It is therefore 
possible that if c-Fes involvement in angiogenic processes is 
confirmed using endothelial cells treated with particular 
proangiogenic factors, c-Fes may become a candidate target 
for anti-angiogenic therapy and anti-tumor therapy. Recent 
findings regarding the role of c-Fes in endothelial cells are 
described in detail below. 

 
3. ROLES OF c-FES IN ANGIOGENIC PROCESSES 
INDUCED BY A VARIETY OF PROANGIOGENIC 
FACTORS 
 
3.1. FGF 

The FGF family is composed of 22 structurally 
related members (40). Four FGF receptor tyrosine kinases 
have been identified, designated as FGFR1 to 4 (41). While 
FGF-2 (basic FGF) lacks a signal peptide (the mechanisms 
underlying its secretion are still undefined), it has been 
extensively studied in the field of vascular biology (42). 
The major receptor for FGF in endothelial cells is FGFR1. 
In some endothelial cells, FGFR2 is also expressed. FGF-2 
has a high affinity for the alternatively spliced IIIc isoform 
of both FGFR1 and 2 (43). While FGFR1 transduces 
signals leading to proliferation, protease production, 
migration, and tubule formation (morphological 
differentiation) (44), signals via FGFR2 seem to be 
required only for endothelial cell migration (45). FGFR1 is 
expressed in a variety of cell types, suggesting that FGF-2 
is a pleiotropic factor acting not only on endothelial cells 
but also on a number of different types of cells. Hypoxia 
does not generally regulate FGF-2 expression, and targeted 
deletion of the fgf-2 gene results in no lethal vascular defect 
in mutant mice (46, 47). In addition, the precise role of 
FGF-2 in tumor progression and angiogenesis in human 
cancers remains elusive. Recently, several investigations 
with preclinical models have shed light on FGF-2, 
suggesting that it may contribute to the establishment of 
resistance to VEGF-directed anti-angiogenic therapy (30). 
Therefore, regardless of its potent proangiogenic activity, 
FGF-2 may not represent an ideal target for anti-
angiogenenic tumor therapy. 

In FGFR1-mediated intracellular signaling 
events, FGFR substrate 2 (FRS2) binds to the intracellular 
juxtamembrane domain of FGFR1, which associates with 
the two adaptor proteins Gab1 and Grb2, and tyrosine 
phosphatase Shp2 (48-50). The Grb2-Sos complex 
activates the Ras/MAPK pathway, which is downregulated 
by Sprouty (Spry) proteins in endothelial cells (51, 52). 
Phospholipase C-gamma directly binds to phosphorylated 
Y766 at the C-terminal tail of FGFR1, leading to activation 
of classical protein kinase C (53, 54). Shc, Shb, the Src 
family tyrosine kinases, signal transducer and activator of 
transcription (STAT), and p38 MAPK are also tyrosine 
phosphorylated and/or activated upon FGFR1 stimulation 
(55, 56). 

 
Furthermore, Fes is activated by FGF-2 treatment 

in cultured endothelial cells via FGFR1, but not via FGFR2 
(11). Activation of Fes depends on the culture conditions of 
endothelial cells. When murine brain capillary endothelial 
cells, or IBE cells (44), are cultured on the surface of a 
fibronectin-coated plastic substrate, c-Fes is activated by 
FGF-2 treatment; however, when IBE cells are cultured on 
three-dimensional collagen gels, c-Fes is only weakly 
activated independently of FGF-2 treatment (unpublished 
observations). Expression of kinase-inactive c-Fes exerts a 
dominant-negative effect on endogenous c-Fes, plausibly 
through oligomerization followed by the inhibition of 
autophosphorylation in trans (57). It has been reported that 
c-Fes is involved in FGF-2–directed chemotaxis by 
endothelial cells. One of the signaling molecules 
downstream of c-Fes is c-Src, which is recruited within 
focal adhesions (FAs) (58). In cells of non-endothelial 
origin, Gab1 forms a complex with Grb2 and FRS2, which 
enables tyrosine phosphorylation of Gab1 (50). 
Phosphorylated Gab1 then binds to the p85 regulatory 
subunit of PI3-kinase to recruit PI3-kinase to the plasma 
membrane, which in turn activates the downstream 
signaling molecule, c-Akt. However, FGFR1 fails to 
activate PI3-kinase in a manner dependent on the 
association with tyrosine-phosphorylated proteins in 
endothelial cells (59). Accordingly, expression of kinase-
inactive c-Fes does not affect FGFR1-mediated activation 
of PI3-kinase (57), which was mainly induced by activated 
Ras (59). The mechanisms by which FGFR1 activates c-
Fes and c-Fes activates c-Src within FA remain unclear. 
 
3.2. Angiopoietins 

Ang1–4 constitute a family of cytokines that are 
ligands for the receptor tyrosine kinase Tie 2 (60). 
Although the functions of Ang3 and 4 are less understood, 
Ang1 and 2 have been extensively studied. Ang1 was 
identified as an agonist of Tie 2 kinase. While targeted 
deletion of the tie2 or angiopoietin1 genes in mice proved 
to be fetal lethal with defects in late-stage vascular 
development (61, 62), overexpression of Ang2 in mice also 
disrupted vascular development, indicating that Ang2 
antagonizes Ang1 (63). However, it was found later that 
Ang2 can activate Tie 2 in a context-dependent manner and 
is a key molecule for lymphatic vessel development (64-
66). Ang1 and 2 require homo-oligomerization with a 
distinct number of each molecule to activate Tie 2 (67). In a 
confluent culture of endothelial cells, Ang1 induces Tie 2 
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dimerization across the cell–cell junction, resulting in an 
anti-apoptotic effect and the inhibition of permeability, 
whereas extracellular matrix–bound Ang1 dimerizes Tie 2 
to promote migration (68, 69). These data may support the 
context-dependent activation of Tie 2 during angiogenesis. 
In addition, three closely located tyrosine residues (Y1101, 
Y1107, and Y1112) are autophosphorylated, and a number 
of intracellular signaling molecules, such as Grb2, 7, and 
14, Dok-R, ShcA, Shp2, and the p85 subunit of class I PI3-
kinase bind to these phosphorylated tyrosine residues (70). 
How these tyrosine residues target binding of particular 
signaling molecules remains unknown.  

 
In some preclinical tumor models, both Ang1 and 

2 are involved in angiogenesis and subsequent tumor 
progression (71-76). Selective inhibition of Ang2 activity 
suppresses angiogenesis and tumor growth in mice (77). 
Inhibition of Ang2 is additive with VEGF-A blockade (78) 
and has proved effective in a clinical trial with advanced 
cancers (79). Thus, Tie 2 signaling would be a potential 
target for anti-angiogenic therapy. 

 
Downstream of Tie 2, Fes is autophosphorylated 

upon ligand stimulation (65, 80). In endothelial cells, which 
express endogenous c-Fes, activation of Tie 2 results in 
PI3-kinase activation, which is associated with c-Fes but 
not with Tie 2 (80). Expression of kinase-inactive c-Fes 
reduces Tie 2–mediated PI3-kinase activation, suggesting 
that c-Fes is required for Tie 2–mediated activation of PI3-
kinase in endothelial cells (65, 80). Furthermore, it has 
been proposed that Tie 2–activated PI3-kinase is involved 
in survival and migration (81). Thus, blocking c-Fes may 
be a favorable strategy for anti-angiogenic therapy 
targeting Tie 2. 
 
3.3. Stromal cell-derived factor-1alpha  

SDF-1alpha (also known as CXCL12) is one of 
the CXC chemokines, which share a consensus Glu-Leu-
Arg motif preceding the first cysteine residue. Its cognate 
receptor is CXCR4 (also known as CD184), which is a 
seven-transmembrane domain heterotrimeric G-protein–
coupled receptor that is ubiquitously expressed, including 
in endothelial cells and hematopoietic cells. Its expression 
is regulated by the proangiogenic factors FGF-2 and 
VEGF-A (82), and targeted disruption of the cxcr4 gene 
results in defective vasculogenesis in intestine (83). SDF-
1alpha/CXCR4 signaling is essential for mobilization of 
endothelial progenitor cells from the bone marrow and 
recruitment to the angiogenic niche (84). SDF-1alpha 
recruits smooth muscle progenitor cells from bone marrow 
to repair vascular wall injury (85) and is also implicated in 
the proliferation of some tumor cells (86). 

 
SDF-1alpha binding to CXCR4 rapidly induces 

tyrosine phosphorylation and subsequent activation of JAK 
family kinases, which are involved in the induction of 
calcium influx and chemotaxis (87). However, diverse 
results have also been reported in HEK293 cells (88). 
Binding of SDF-1alpha  to CXCR4 results in its activity as 
a guanine nucleotide exchange factor for the G-alpha 
subunit, which in turn enables dissociation with the G-beta-
gamma subunits. PI3-kinase is activated through the G-

beta-gamma subunits (89), and increased inositol 
triphosphate enhances c-Src activity and subsequent 
activation of Ras/MAPK pathway (90). 

 
In endothelial cells, c-Fes also contributes to 

SDF-1alpha–mediated PI3-kinase activation (91). 
Expression of dominant negative c-Fes in endothelial cells 
abrogates tyrosine-phosphorylated protein-bound PI3-
kinase activation. During tube formation of endothelial 
cells, VE-cadherin–dependent tight cell–cell contact is 
induced through SDF-1alpha–mediated PI3-kinase 
activation (91). Among three isoforms of the p110 catalytic 
subunit of class IA PI3-kinases (alpha , beta, and delta), 
Graupera et al. found that only p110alpha was 
indispensible for vascular development (92). p110alpha is 
preferentially activated via receptor tyrosine kinases. 
Downstream of G-protein–coupled receptors, such as 
CXCR4, p110beta is strongly activated in endothelial cells. 
Whether inhibition of the p110beta subunit of PI3-kinase in 
endothelial cells blocks tumor angiogenesis, or whether the 
c-Fes–activated catalytic subunit of PI3-kinase is p110beta 
remains to be determined. 
 
3.4. IL-8  

IL-8 (also known as CXCL8) is a 
proinflammatory chemokine with proangiogenic activity. 
Its receptors are CXCR1 and 2. IL-8 binding to the 
receptors promotes conformational changes and induces 
coupling of the receptor C-terminal tail to heterotrimeric G 
proteins, similar to the behavior of CXCR4. However, 
CXCR1 and 2 exhibit distinct ligand-binding specificities 
and plausibly bind to different sets of G-alpha-beta-gamma 
combinations. Thus, intracellular signaling pathways are 
more complicated in IL-8–treated cells than in SDF-
1alpha–treated cells. IL-8 stimulates proliferation, survival, 
and migration of tumor cells in an autocrine fashion, 
promotes neutrophil infiltration into tumor tissue, induces 
angiogenesis, and stimulates cytokine secretion by 
macrophages (93).  

 
IL-8 activates PI3-kinase, the Ras/MAPK 

pathway, and phospholipase C (93). Interestingly, IL-8 
transactivates several receptor tyrosine kinases, such as 
epidermal growth factor receptor and VEGFR-2 (94-97). 
Therefore, targeting IL-8 signaling may affect other 
proangiogenic factor–driven responses.  

 
IL-8–activated signaling pathways in endothelial 

cells remain largely elusive. The role of c-Fes in IL-8–
treated endothelial cells also is unknown. We examined IL-
8–directed chemotaxis of porcine aortic endothelial (PAE) 
cells expressing either wild-type c-Fes (WT-10 cells) or 
kinase-inactive c-Fes (KE-12 cells). Chemotaxis toward 
FGF-2 by WT-10 cells remained intact, whereas that of 
KE-12 cells was impaired (98), plausibly through a 
dominant-negative effect of exogenously  expressed kinase-
inactive c-Fes on the endogenously expressed protein that 
has been observed in mouse brain capillary endothelial 
cells (57). As shown in Figure 1A, parental PAE cells dose 
dependently migrated toward IL-8, which was blocked by 
the PI3-kinase inhibitor LY294002, but not by the MEK 
inhibitor PD98059, suggesting that IL-8–directed 
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Figure 1. IL-8–directed chemotaxis of endothelial cells is c-Fes/PI3-kinase dependent. (A) Culture media containing IL-8 
(Peprotech, Inc.) at indicated concentrations with either DMSO (0.1%), LY294002, or PD98059 were placed in the lower wells 
of Transwell culture plates, and PAE cells were seeded onto the upper surface of the Transwell insert precoated with type I 
collagen. Cells that migrated onto the lower surface of the Transwell inserts were counted. Reproducible results were obtained 
from three independent experiments. (B) PAE cells stably expressing wild-type Fes (WT-10 cells) and cells expressing kinase-
inactive Fes (KE-12 cells) were seeded onto the upper surface of the Transwell insert, and culture media containing IL-8 at the 
indicated concentrations were placed in the lower wells of the Transwell plates. Reproducible results were obtained from two 
independent experiments. (C) WT-10 cells and KE-12 cells were serum starved overnight and then stimulated with IL-8 (at 200 
ng/ml) for 8 min. c-Akt-1 was immunoprecipitated from 97% of total cell lysates with anti–c-Akt-1 monoclonal antibody (Santa 
Cruz Biotechnologies, Inc.), separated by SDS-PAGE, followed by transfer onto PVDF membranes. Phosphorylation of c-Akt-1 
at S473 was examined by immunoblotting with the use of anti–phospho-S473 antibody (Santa Cruz Biotechnologies, Inc.). The 
remaining 3% of cell lysates was mixed with SDS-sample buffer, and detection of activated MAPK with anti-phosphoMAPK 
antibody (Cell Signaling Technologies, Inc.) by immunoblotting was performed as described above. Reproducible results were 
obtained from two independent experiments. 

 
chemotaxis is PI3-kinase dependent. WT-10 cells migrated 
efficiently toward IL-8, whereas IL-8–directed chemotaxis 
was impaired in KE-12 cells (Figure 1B). These results 
indicate that IL-8–directed chemotaxis of PAE cells is c-
Fes activity dependent, and downstream of c-Fes, the PI3-
kinase/c-Akt pathway may be involved. As expected, IL-8 
treatment increased phosphorylation of c-Akt Ser473 in 
WT-10 cells, but not in KE-12 cells (Figure 1C). Taken 
together, these data suggest that IL-8 may participate in in 
vivo angiogenesis through the c-Fes/PI3-kinase/c-Akt 
pathway. 
 
3.5. VEGF 

VEGF-A is a key player for vascular 
development and pathophysiological angiogenesis (12). 
VEGF-A activates c-Fes via VEGFR-2 in cultured 
endothelial cells (99). Knock-out of a single vegf-a allele or 

of both vegfr-2 alleles in mice results in embryonic lethality 
because of the lack of normal vascular development (100-
102). Expression of a membrane-targeted form of c-Fes 
mutant (via addition of an N-terminal myristoylation signal 
sequence) in VEGFR-2–null embryonic stem cells partially 
rescues their vasculogenic and angiogenic properties in 
developing embryos, indicating that activated c-Fes may 
function downstream of VEGFR-2 during development 
(103). Endothelial cells expressing this membrane-targeted 
form of c-Fes mutant were hypersensitive to PDGF and 
VEGF-A(104), suggesting that some signals for c-Fes 
activation may emanate from membrane–bound angiogenic 
receptors.  

 
To gain insight into the role of c-Fes in VEGF-A 

signaling, we examined the signal transduction pathways 
stimulated by VEGF-A in VEGFR-2–expressing PAE cells 
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Figure 2. Proposed model of tumor angiogenesis and vasculogenesis, and plausible players in these cellular processes. Red 
arrows indicate the secreted cytokines acting on the target cells. Tumor cells themselves secrete a variety of proangiogenic 
factors to induce angiogenesis. Tumor cells secrete M-CSF and IL-10 and maintain TAM in the protumoral phase (M2 
phenotype). Then, TAM secretes a number of proangiogenic cytokines, such as VEGF-A, FGF-2, angiopoietins, IL-8, SDF-
1alpha, and TGF-beta to stimulate angiogenesis. VEGF-A and SDF-1alpha, which are secreted by tumor cells, recruit the 
monocyte lineage from bone marrow. From these, circulating endothelial progenitor cells are incorporated into tumor tissue to 
constitute a novel vessel (vasculogenesis). Tumor-secreted Ang2 stimulates Tie 2–expressing monocytes to produce FGF-2. In 
tumor tissues refractory to anti-VEGF therapies, CD11b+Gr1+ myeloid cells are accumulated and produce Bv8 in response to 
tumor cell–secreted G-CSF. Bv8 also stimulates angiogenesis. TAM, tumor-associated macrophages; Ang2, angiopoietin 2; Bv8, 
endocrine gland-derived VEGF homolog Bv8; FGF-2, fibroblast growth factor-2 (basic FGF); G-CSF, granulocyte colony 
stimulating factor; IL-10, interleukin-10; M-CSF, macrophage colony stimulating factor; SDF-1alpha, stromal cell-derived 
factor-1alpha (CXCL-12); TGF-beta, transforming growth factor-beta; VEGF, vascular endothelial growth factor. 

 
(99). The cells migrated and formed a capillary tube–like 
structure in response to VEGF-A treatment, and the PI3-
kinase inhibitor LY294002 blocked these processes. We 
then focused on VEGF-A–induced PI3-kinase activation in 
these cells. Activated PI3-kinase associated with not only 
activated c-Fes but also tyrosine-phosphorylated c-Src, 
VEGFR-2, and insulin receptor substrate-I (99). Expression 
of kinase-inactive c-Fes abrogated the association of 
activated PI3-kinase with c-Fes, but other signaling 
molecules efficiently associated with VEGF-A–activated 
PI3-kinase. Accordingly, expression of kinase-inactive c-
Fes failed to show a dominant-negative effect on VEGF-A–
mediated migration and formation of a capillary tube-like 
structure. Thus, inhibition of c-Fes might not be an 
effective anti-angiogenic strategy for VEGF-A–driven 
tumor angiogenesis.  

 
Interestingly, overexpression of wild-type c-Fes, 

but not of kinase-inactive c-Fes, results in a proangiogenic 
factor–independent, morphologically differentiated 
phenotype in endothelial cells when cultured in three-

dimensional extracellular matrix proteins [IBE cells in 
collagen gels (57) or on Matrigel, and PAE cells on 
Matrigel (99)]. A similar phenotype has been observed in 
yolk-sac–derived endothelial cells from transgenic mice 
expressing artificially myristoylated, membrane-
associated c-Fes (105). These results suggest that 
morphological differentiation may be quite sensitive to 
the elevation of basal kinase activity of c-Fes. We have 
observed that downregulation of c-Fes by siRNA in 
human umbilical vein endothelial cells results in 
decreased VEGF-A–dependent migration and 
morphological differentiation (106). Also, we noted that 
downregulation of c-Fes in IBE cells by siRNA 
attenuated cellular spreading on a fibronectin-coated 
surface with decreased FA formation, which was not 
seen in cells expressing kinase-inactive c-Fes (58). 
Morphological differentiation requires proper formation 
of FA (107). c-Fes may regulate FA formation by a 
kinase activity–independent scaffold function to recruit 
particular proteins to form a c-Fes–containing signaling 
complex.  
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4. FUTURE DIRECTIONS FOR THERAPUETIC 
APPLICATIONS 
 

As discussed above, c-Fes may be a common and 
significant signaling molecule in several proangiogenic 
factor-driven angiogenic pathways. Mice targeted with 
either null or kinase-inactivating mutations in c-Fes 
develop normally with no apparent defects in 
vasculogenesis or angiogenesis (108-110). This establishes 
that c-Fes is not required for developmental vasculogenesis 
or angiogenesis. c-Fes-deficient female mice are also 
capable of supporting multiple pregnancies; so adult 
physiological angiogenesis does not seem to require c-Fes. 
On the other hand, transgenic mice expressing activated c-
Fes allele displayed developmental hypervascularity, which 
argues that c-Fes can participate in angiogenic signaling 
(111). The possibility that this hypervascular phenotype is 
unrelated to normal c-Fes function is still an outstanding 
question, but the high level of c-Fes expression observed in 
vascular endothelial cells would seem to argue that c-Fes 
does play a role in these cells. Thus, it is plausible that 
transient inhibition of c-Fes expression or activity by 
siRNA knock-down, expression of dominant-negative 
mutants, or treatment with selective small molecular weight 
synthetic kinase inhibitors, may inhibit angiogenesis to 
improve or stabilize disease progression. In particular, 
orally available c-Fes kinase inhibitors would be favorable 
for patients with advanced cancers because of the ease of 
administration and potential for low cost.  

 
Should a putative c-Fes inhibitor be used as a 

first-line therapy? In particular, VEGF-A is a key player in 
almost all known pathological angiogenic processes, and 
even when c-Fes activity is specifically inhibited, VEGF-
A–promoted PI3-kinase/Akt activation will likely be 
managed by other signaling molecules (99). Rather, c-Fes 
inhibition should be considered as a second-line therapy 
when tumors become refractory to VEGF-targeting 
therapies, or in combination with existing VEGF-directed 
drugs.  

 
In recent years, a number of important lines of 

evidence have shown that bone marrow–derived monocytic 
cells are recruited into tumor tissue and play pivotal roles 
for angiogenesis and vasculogenesis (Figure 2). Tumor 
cells secrete VEGF-A to recruit circulating endothelial 
progenitor cells, which are incorporated into the tumor 
vasculature (112). SDF-1alpha secreted by tumor-
associated fibroblasts also contributes to the recruitment of 
progenitor cells (113), and tumor cells also can secrete 
SDF-1alpha. Tie 2–expressing monocytes are a specific 
subpopulation of bone marrow–derived proangiogenic 
cells, recruited by tumor cell–secreted Ang2 (114) and 
promoting angiogenesis by producing FGF-2 (115). 
Tumor-associated macrophages (TAM), kept in the M2 
phenotype (protumoral state) by tumor-produced 
macrophage-colony stimulating factor, IL-10, and 
transforming growth factor-beta (116), secrete a number of 
proangiogenic cytokines, such as VEGF-A, FGF-2, HGF, 
PDGF, angiopoietin, IL-8, and epidermal growth factor 
(117). CD11b+Gr1+ cells are granulocytic and monocytic 
lineages and accumulate in tumor tissues refractory to anti-

VEGF therapy (36). They produce Bv8 to induce 
angiogenesis in response to tumor cell–secreted 
granulocyte-colony stimulating factor (118). Most of these 
monocytes/macrophages probably express c-Fes; however, 
the roles of c-Fes in these cells are totally unknown. To 
explore the function of c-Fes in monocytic lineages 
recruited in tumor tissue, development of a c-Fes–specific 
synthetic inhibitor would be a necessity. 
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