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Abstract. Antiangiogenic therapy, including blockade of
vascular endothelial growth factor (VEGF) signaling, was
highly anticipated to improve the prognosis for patients with
advanced cancers following the success of preclinical animal
models. However, antiangiogenic monotherapy with VEGF
antagonists has produced disappointing results in clinical
trials to date. One of the reasons for this poor outcome is that
angiogenesis is not solely regulated by VEGF. Inhibition of
VEGF signaling, therefore, may select for tumor cell populations
that stimulate angiogenesis through VEGF-independent path-
ways. Successful antiangiogenic therapy, therefore, may require
simultaneous blockade of signaling downstream from multiple
proangiogenic factor receptors. Recently, we found that non-
receptor protein-tyrosine kinases, including members of the
Src and Fes families, play vital roles in the responses of cultured
endothelial cells to several proangiogenic factors. In this
review, we summarize the contributions of these kinase families
to angiogenic pathways in endothelial cells, and discuss the
potential of these kinases as new targets for antiangiogenic
drug discovery.
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1. Introduction

Evidence for the dependence of solid tumor growth on angio-
genesis has been provided by several animal models (1-4).
Growth of tumors larger than 2-3 mm in diameter requires
neo-vascularization to supply oxygen and nutrients (5). Once
new blood vessels are established, tumors rapidly grow, invade
surrounding interstitial tissue, and form distant metastasis.
Many reports have demonstrated that the inhibition of angio-
genesis, particularly sole inhibition of vascular endothelial
growth factor (VEGF) signaling, significantly reduced the
growth of tumor xenografts in rodents (6). However, suppression
of VEGF signaling alone has failed to cause tumor regression
or improve patient survival in clinical trials (7,8). How can this
remarkable difference in efficacy of antiangiogenic therapy
in rodents and humans be explained? Possibilities include: 1)
antiangiogenic therapy targeting a single class of proangiogenic
factor may select for tumor cell populations that induce angio-
genesis through VEGF-independent mechanisms; ii) human
tumors and xenografted cancers in animal models are differ-
entially sensitive to hypoxia; and iii) normal endothelial cells
display differential sensitivity to antiangiogenic molecules
compared to tumor endothelial cells. Each of these possibilities
is considered in more detail below.

Tumor angiogenesis is regulated by a number of pro-
angiogenic factors in addition to VEGF, including fibroblast
growth factors (FGFs), hepatocyte growth factor (HGF), angio-
poietins (Ang), interleukin 8 (IL-8), and epidermal growth
factor (EGF) (9,10). Almost all human tumor cells produce
VEGEF, and blockade of VEGF signaling alone has potent anti-
tumor activity against xenografted tumors in rodent models.
Nevertheless, this strategy has little effect on human tumors,
leading to the concept of evolution of proangiogenic factor
dependence following blockade of a single family of growth
factors (11,12). For example, pancreatic islet tumors which
developed resistance to antiangiogenic VEGF blockade were
sensitive to inhibition of FGF-2 signaling (13). This result
clearly indicates a switch from VEGF-dependent angiogenesis
to FGF-2-dependent angiogenesis in response to chronic
blockade of VEGEF signaling. Thus, intracellular signaling
molecules acting downstream of several proangiogenic factor
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Figure 1. Structure of SFKs. Fatty acid modification of the amino terminus
allows SFKs to localize to the plasma membrane. The SH3 domain binds to
the PPII helix formed by the linker connecting the SH2 and kinase domains,
while the SH2 domain binds to the tyrosine-phosphorylated tail. The SH1
domain defines the protein-tyrosine kinase domain, which is activated by
autophosphorylation.

receptors may represent better targets for antiangiogenic
therapy.

The second possible mechanism is that human tumors
may be resistant to hypoxia, a property not modeled by tumor
xenografts in rodents. This idea is supported by comparisons
of oxygen content of blood in normal tissue vs. tumor. While
the oxygen tension of a normal capillary bed is around
45-50 mm Hg, that of tumor endothelial cells is 5-10 mm Hg
(14). Thus endothelial cells present in human tumors may be
selected for their ability to grow under hypoxic conditions.
Antiangiogenic activity is usually screened by measuring the
proliferation or migration of endothelial cells cultured under
normoxic condition [21% oxygen in air; 160 mm Hg; (15)].
However, chronically hypoxic endothelial cells, such as tumor
endothelial cells, may be naturally resistant to certain classes
of antiangiogenic molecules. Evidence for this idea is provided
by examination of superficial bladder cancer. While papillary
type superficial bladder cancer cells express considerable
amounts of VEGF-A, the tumor is poorly vascularized. Never-
theless, few tumor cells entered apoptotic cell death despite
the apparent lack of a blood supply (12). This observation
suggests that while the expression of VEGF-A by bladder
cancer cells may represent a hypoxic response, the tumor
cells may not require VEGF-A-induced neovascularization due
to intrinsic resistance to hypoxia. Such tumors are predicted
to be naturally resistant to antiangiogenic therapy.

A third explanation of why antiangiogenic monotherapy
does not effectively regress tumors in clinical trials may relate
to the differential sensitivity of normal and tumor endothelial
cells to antiangiogenic molecules. Although normal and tumor-
derived endothelial cells have distinct properties (16-19),
whether or not the sensitivity of tumor endothelial cells to
antiangiogenic molecules is lower than that of normal endo-
thelial cells has not been established.

The above discussion suggests that many mechanisms
may explain the poor efficacy of antiangiogenic therapy
in human cancers. In this review, we focus on non-receptor
protein-tyrosine kinases, which serve as downstream effectors
for multiple proangiogenic factor receptors, and their potential
as targets for future antiangiogenic drug discovery.

2. Roles of Src family kinases in angiogenesis
Structure of Src family kinases (SFKs). c-Src is the prototype

of a non-receptor protein-tyrosine kinase family that also
includes Fyn, Yes, Lyn, Lck, Hck, Blk, Fgr, and Yrk. These
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kinases share a conserved domain organization (Fig. 1) (20-22).
At the N-terminus there is a Src homology (SH) 4 domain,
which is the site of myristoylation and in some cases palmi-
toylation, two lipid modifications essential for proper membrane
targeting. SH4 is followed by SH3, SH2, and SH1 (kinase)
domains and a C-terminal tail with a conserved tyrosine phos-
phorylation site. The SH3 domain is composed of about 60
amino acids and recognizes polyproline type II (PPII) helical
motifs in target proteins. Between the SH4 and the SH3 domains,
a unique region exists, which is divergent among family
members and may confer specific functions. The SH2 domain,
consisting of about 100 amino acids, recognizes tyrosine-
phosphorylated target proteins in the context of short, specific
amino acid sequences. The SH1 domain defines the catalytic
region, which binds ATP and substrate peptides and mediates
the phosphotransfer reaction. Src family kinase activity is
negatively regulated by phosphorylation of a conserved tyrosine
residue in the C-terminal tail as described in more detail
below.

Regulation of kinase activity. Activation of SFKs usually
occurs at the plasma membrane (20). In the inactive state, the
inhibitory tyrosine in the C-terminal tail is phosphorylated by
C-terminal Src kinase (CSK), inducing intramolecular binding
to the SH2 domain. The SH3 domain binds to the linker
connecting the SH2 and kinase domains; X-ray crystallography
has shown that this linker sequence adopts the required PPII
helical conformation in the context of the full-length kinase
(22). Together, these two intramolecular interactions hold
the kinase in a closed, inactive conformation and disruption
of either is sufficient to induce kinase activation (20,21).
For example, dephosphorylation of the negative regulatory
tail by protein-tyrosine phosphatases (PTPs), such as PTPa
and PTP1B, causes tail release from the SH2 domain and
kinase activation (20). SH2:tail release is also promoted by
the interaction of the SH2 domain with other tyrosinephos-
phorylated proteins, such as focal adhesion kinase (FAK)
(22). Thus, the presence of the phosphorylated inhibitory
tyrosine, which can be detected by a phosphorylation site-
specific antibody, does not always correlate with an inactive
state of SFKs. In addition, displacement of the linker PPII
helix from the SH3 domain by other SH3-binding proteins
such as HIV-1 Nef or p130 Cas (23-25), is also sufficient to
induce activation of the kinase domain (Fig. 2). SH3-based
activation of Src kinases does not require dephosphorylation
of the C-terminal tail tyrosine residue or its release from the
SH2 domain (26). These observations have led to the idea
that SFKs act as molecular gates or switches, in which several
distinct inputs (through SH2 or SH3) are sufficient to cause
a single functional output (kinase activation).

Role of SFKs in cellular behavior of endothelial cells. Gene
targeting of individual or multiple Src family members has
not been reported to cause a vascular defect during embryonic
development. However, SFKs may be important for adult
angiogenesis, because downregulation of SFK activity by
pharmacological and molecular inhibitors suppresses neo-
vascularization in vivo (27-29). SFKs may regulate the cellular
responses of endothelial cells through a number of mechanisms
as described in more detail below.
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Figure 2. Conformational switching in SFKs. In the inactive state (left), the
phosphorylated inhibitory tail binds to the SH2 domain while the PPII linker
associates with the SH3 domain. Release of these intramolecular inter-
actions can result from dephosphorylation of the tail, displacement of the tail
by other tyrosine-phosphorylated proteins, or binding of proteins containing
proline-rich motifs to the SH3 domain. The result is conversion of the kinase
to an open, active conformation (right) that allows autophosphorylation of a
conserved tyrosine residue in the activation loop of the kinase domain.

Turnover of focal adhesions (FA; assembly vs. disassembly)
is an important determinant of endothelial cell behavior. For
example, FA turnover influences whether cells migrate or
form capillary-like structures in the murine brain capillary
endothelial cell line, IBE (30). Disassembly of FA is required
for proper migratory responses, whereas stabilization of
FA is important for morphological differentiation (capillary
morphogenesis and tube formation; Fig. 3). FGF-2 activates
c-Src within FA through the c-Fes protein-tyrosine kinase
(see below), leading to extracellular signal-regulated kinase
(ERK) activation, FA disassembly, and chemotaxis toward
FGF-2 by IBE cells (31,32). Fyn is also activated by FGF-2
in a manner dependent on culture conditions (33). Active Fyn
phosphorylates B-catenin, which in turn induces binding to
T-cell factor-4 (TCF-4). Fibronectin is upregulated through
the transcriptional activity of TCF-4; antibody-mediated
inhibition of the fibronectin receptor (a561 integrin) attenuates

A. Tube formation
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FGF-2-induced tube formation by IBE cells (34). Together,
these results implicate Fyn in the FGF-2 pathway leading
to capillary formation. Similarly, inhibition of 581 integrin
resulted in disorganized microvessel formation in FGF-2-
containing Matrigel plugs in mice (34). Thus, FGF-2-activated
SFKs are likely to be involved in migration and differentiation
by endothelial cells.

VEGF-A signals through the VEGF receptor 2 [VEGFR2;
also designated as kinase insert-domain-containing receptor
(KDR) in humans or fetal liver kinase 1 (Flk-1) in mice].
Expression of VEGFR2 at the cell surface is a marker for
activated endothelial cells in vivo, and is linked to SFK
activation in a number of different biological contexts. VEGF-A
stimulates the trafficking of VEGFR2 from endosomal storage
to the cell surface through activated Src in human umbilical
vein endothelial cells (HUVECs) (35). Activated VEGFR2
recruits Fyn and activates p38 MAPK, leading to endothelial
cell migration (36). VEGF-A also activates c-Src by recruitment
to VEGFR2, leading to nitric oxide production in bovine aortic
endothelial cells (37). VEGF-A-induced Src activation
contributes to FAK activation, which in turn regulates the
motility and survival of HUVECs (38). VEGF-A also activates
diacylglycerol kinase a through Src in porcine aortic
endothelial (PAE) cells and HUVECs, leading to migration
and capillary morphogenesis (39). Down-regulation of c-Yes
by small interfering RNA (siRNA) attenuates VEGF-A-
mediated migration, whereas down-regulation of Fyn
increases migration and inhibits tube formation by human
retinal microvascular endothelial cells (40), suggesting non-
redundant and possibly opposing functions for individual Src
family members in this cell type. In summary, VEGF-A-
induced SFK activation via VEGFR2 controls endothelial cell
migration, survival, nitric oxide production, and differentiation.

Hepatocyte growth factor (HGF) is a potent proangiogenic
factor, which activates the HGF receptor tyrosine kinase
encoded by the protooncogene, c-met. HGF promotes nitric
oxide production through Src, which regulates HUVEC
proliferation (41). HGF activates the c-Jun animo-terminal
kinase (JNK) through Src, leading to migration of human
brain microvascular endothelial cells (42). Expression of
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Figure 3. Morphological differentiation of IBE cells. (A) IBE cells were cultured between two layers of type I collagen gels for 18 h in the presence or
absence of FGF-2. FGF-2-treated IBE cells form cell aggregates, followed by the formation of tight cell-cell contacts (compaction). The aggregates then fuse
to each other to form cord-like structures, followed by lumen formation (71). (B) IBE cells were cultured on the surface of growth factor-reduced Matrigel for
24 h in the presence or absence of FGF-2. FGF-2-treated IBE cells extend their morphology, and neighboring cells fuse and form a slit between them. FGF-2-
dependent stabilization of FA is important to maintain this extended morphology (30).
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Figure 4. FGF-2, VEGF-A, Angl and 2, and HGF promote diverse biological
responses of endothelial cells through SFKs.

kinase-inactive Src, treatment with the Src inhibitor PP2, and
downregulation of Src by siRNA all inhibited HGF-induced
capillary morphogenesis by the murine spleen endothelial
cell line, MSS31 and by HUVECs (43). Thus, it is likely that
Src regulates HGF-induced proliferation, migration, and
differentiation by endothelial cells.

Angiopoietins (Ang) belong to a family of ligands for the
receptor tyrosine kinase Tie 2. Angl and Ang2 are expressed
in endothelial cells within tumor tissues, suggesting that
they may have roles in tumor angiogenesis. The functional
significance of Src family kinases in Ang-driven angiogenesis
has not been fully elucidated. Recently, we found that Angl-
activated Src was responsible for capillary morphogenesis
by HUVECs (44). Using IBE cells, we found that Fyn may
be required for Ang2-induced tube formation (45).

Aside from ligands for receptor tyrosine kinases, other
classes of proangiogenic factors also utilize SFKs as signaling
molecules. Norepinephrine indirectly stimulates angiogenesis
by expression of the VEGF-A gene through cAMP-dependent
activation of Src in mouse brown adipocytes (46). Soluble
E-selectin (sE-selectin) mediates angiogenesis by stimulating
chemotaxis and tube formation by human dermal microvascular
endothelial cells (HDMVECs). Both of these responses are
blocked by the Src inhibitor PP2 and by Src antisense oligo-
nucleotides (47). Interstitial collagen I stimulates capillary
morphogenesis by HDMVECs through Src (48). Heparin affin
regulatory peptide is an 18-kDa growth factor for which
protein-tyrosine phosphatase beta/zeta serves as receptor.
This phosphatase activates Src, most likely through tail
dephosphorylation as described above, which in turn regulates
migration and tube formation of HUVECs (49). The cyto-
chrome P450 2C9 metabolite of arachidonic acid, 14,15-
epoxyeicosatrienoic acid, induces migration and tube
formation of HDMVECs by Src-dependent production of
FGF-2 (50). Endothelin-1 stimulates migration of human
brain-derived microvascular endothelial cells, which requires
Src (51). Thus, SFKs are common signaling molecules for a
wide variety of proangiogenic factors. Blockade of Src
family kinases may efficiently inhibit tumor angiogenesis
driven by several proangiogenic factor receptors, such as
VEGFR2, FGF receptor, c-Met, and Tie 2 (Fig. 4) as well as
other mediators.

KANDA et al: NON-RECEPTOR PTKs IN ANTIANGIOGENESIS

Inhibition of SFK in anticancer therapy. SFKs play pivotal roles
in angiogenesis as well as in tumor progression. Specifically,
SFKSs are implicated in migration, survival, and upregulation
of matrix metalloproteases by tumor cells, leading to invasion
and metastasis (52-54). SFKs are activated and their expression
is elevated in a variety of human cancers (55). In preclinical
animal models, inhibition of SFKs reduced tumor progression
and metastasis along with angiogenesis (56-59), indicating
that inhibition of SFKSs is a promising strategy for anti-cancer
therapy.

Several Src inhibitors are now entering clinical trials (60,61).
These compounds are usually designed to compete for ATP
binding in the kinase domain. Because of the structural
similarity of kinase domains, small molecules targeting the
ATP-binding pocket may produce off-target effects on other
kinases. While this lack of specificity may contribute to toxicity,
it may also contribute to anti-tumor efficacy by blocking related
members of the same kinase family, thus suppressing redun-
dant pathways such as those controlled by Src, Fyn and Yes
downstream of proangiogenic factors as described above.
Practical advantages of this class of inhibitors may include oral
administration and low cost in comparison to protein-based
therapies such as monoclonal antibodies.

Inhibitors targeting other protein-tyrosine kinase and serine/
threonine kinase targets have been investigated as possible
antiangiogenic therapies (62,63). Although they showed potent
antiangiogenic activities and subsequent tumor regression in
preclinical models, many of them failed to regress pre-existing
tumors or improve survival in human clinical trials. One reason
for this discrepancy may relate to the altered inhibitor sensitivity
of human tumor endothelial cells exposed to long-term hypoxia.
We tested this possibility using endothelial cells cultured under
either normoxic (21% O,, 160 mm Hg) or hypoxic (1.5% O,,
11 mm Hg) conditions (14,15). Although the down-regulation
of Src by siRNA in HUVECs grown under both normoxic and
hypoxic conditions reduced Angl-induced capillary morpho-
genesis, the Src inhibitor PP2 failed to inhibit capillary morpho-
genesis by HUVECs cultured under hypoxic condition. In these
cells, the multidrug-resistance associated protein 1 (MRP-1)
was upregulated and treatment with verapamil or siRNA for
MRP-1 restored the inhibitory action of PP2 on Angl-induced
capillary morphogenesis by HUVECs cultured under hypoxic
conditions (44). These results suggest that hypoxia-induced
upregulation of ABC transporters may contribute to resistance
to small molecule protein kinase inhibitors in human tumor
endothelial cells. Combining inhibitors of ABC transporters
and tyrosine kinases may therefore increase efficacy in clinical
trials.

3. Roles of Fes in angiogenesis

Structure and regulation of the c-Fes tyrosine kinase. Fes
(also known as Fps) and Fer define a unique subfamily of
non-receptor protein-tyrosine kinases (64,65). While Fer is
expressed ubiquitously, Fes expression is restricted to myeloid
hematopoietic cells, vascular endothelial cells, some neuronal
cell types and epithelial cells (66). Structurally, Fes consists
of a long N-terminal unique region followed by an SH2 domain
and a protein-tyrosine kinase domain with two autophos-
phorylation sites [Y713 and Y811; Fig. 5; (64,65)]. Mutation
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Figure 5. Structure of the c-Fes tyrosine kinase. The unique amino-terminal
region of Fes contains two coiled-coil domains (CCD). These oligomerization
domains may be involved in intermolecular or intramolecular Fes association
and contribute to kinase regulation and substrate recruitment. The SH2 domain
is located between the protein-tyrosine kinase domain and the amino-terminal
unique region. Two major autophosphorylation sites are present in the kinase
domain; Y713 is found in a consensus activation loop sequence and is critical
for kinase activity and biological function.

of Y713 reduced both autophosphorylation of Y811 and
phosphorylation of a Fes substrate, suggesting that Y713 is
a key regulatory residue for Fes kinase activity. Wild-type
Fes transphosphorylated both Y713 and Y811 of kinase-
inactive Fes (67) and has been shown to undergo homo-oligo-
merization via its N-terminal unique region (68), indicating that
Fes is activated by autophosphorylation through an inter-
molecular mechanism. Oligomerization of Fes is mediated by
coiled-coil homology domains (CCDs) found in the unique
N-terminal region (Fig. 5). A point mutation in the first
CCD which disrupts coiled-coil formation (L145P) markedly
increased Fes tyrosine kinase activity, whereas a similar point
mutation in the second CCD (LL344P) had little effect on its
own (69). However, a combination of both mutations (2LP)
reversed the activating effect of the L145P mutation, suggesting
that the first CCD negatively regulates kinase activity while
the second CCD has a positive regulatory role. The kinase
activities of these mutants paralleled their biological activities
in a fibroblast focus-forming assay and their ability to drive
granulocyte-macrophage colony-stimulating factor-independent
survival of TF-1 myeloid leukemia cells (69). Regulation of
protein-tyrosine kinase activity by coiled-coil domains is a
unique defining feature of the Fes/Fer kinase family.

Regulation of Fes kinase activity in FGF-2-treated endo-
thelial cells. In living cells, the basal tyrosine kinase activity
of Fes is tightly repressed. We observed that IBE brain capillary
endothelial cells express c-Fes and that FGF-2 induced auto-
phosphorylation of Fes when cultured on fibronectin (FN)-
coated plastic (70). In contrast, FGF-2 failed to activate either
endogenous or transfected Fes in IBE cells stably expressing
a kinase-inactive Fes mutant (KD-Fes cells), suggesting that
the kinase-dead mutant exerted a dominant negative effect on
endogenous Fes (70).

IBE cells express the FGF receptor 1 (FGFR1) and IIlc type
FGFR2 (71), which are both activated by FGF-2. IBE cells do
not express platelet-derived growth factor (PDGF) receptor-a
or IIIb type FGFR2, to which FGF-1, FGF-7 (keratinocyte
growth factor), and FGF-10, but not FGF-2, exclusively bind
(72). To examine the signal transduction pathways regulated
through either FGFR1 or R2 alone, we established stable cell
lines expressing either PDGF receptor-a/FGFR1 chimera
[extracellular domain of PDGF receptor-a was fused to intra-
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Figure 6. FGFRI is responsible for the activation of Fes in endothelial cells.
Both FGFR1 and 2 are expressed in endothelial cells. To examine the unique
signals downstream of these receptor tyrosine kinases, we stably expressed
either PDGF receptor-a/FGFR1 chimera (extracellular domain of PDGF
receptor-a was fused to intracellular domain of FGFR1; clone EW-7) or the
IIb FGFR2 receptor (clone KR-26) in IBE cells. These cells were cultured on
the surface of fibronectin-coated dishes, stimulated with either PDGF-AA or
FGF-7, and autophosphorylation of endogenous Fes was examined by immune
complex kinase assay.

cellular domain of FGFR1; (71)] or IIIb FGFR2 (73). These
cells were stimulated with either PDGF-AA or FGF-7 and
autophosphorylation of endogenous Fes was examined by
immune complex kinase assay. As shown in Fig. 6, PDGF-AA
but not FGF-7 activated Fes, indicating that the intracellular
domain of FGFR1 was responsible for FGF-2-mediated
activation of Fes in endothelial cells. We also made stable cell
lines expressing the Fes coiled-coil domain mutants L145P,
L344P, or 2LP described above. As shown in Fig. 7, the basal
kinase activities of these Fes mutants were comparable with
those observed following expression in TF-1 myeloid leukemia
cells, suggesting that Fes regulation by coiled-coils is inde-
pendent of cell lineage. FGF-2 treatment induced auto-
phosphorylation of wild-type Fes but did not further activate
the mutant variants of Fes. One interpretation of these results
is that coupling of Fes to the FGF-2 receptor and ligand-
dependent regulation may require intact coiled-coil domains.

Role of Fes in cellular responses of endothelial cells. Targeted
deletion of the Fes gene did not cause abnormal development
of cardiovascular system (74,75), suggesting that Fes is not
required for vascular development per se. However, expression
of an artificially membrane-targeted form of Fes in transgenic
mice increased vascularity and led to hemangioma formation
(76), suggesting that Fes may be involved in angiogenesis
in vivo. We examined the effect of proangiogenic factors on
angiogenic cellular responses of endothelial cells using IBE
cells expressing dominant-negative Fes as described above
(KD-Fes cells). FGF-2-induced chemotaxis was impaired in
KD-Fes cells (70). However, when KD-Fes cells were cultured
in collagen gels, differentiation to tube-like structures was still
observed in response to FGF-2-treatment. In addition, over-
expression of wild-type Fes led to tube formation by IBE cells
in the absence of FGF-2 (70). These results suggest that Fes
activity may contribute to endothelial cell migration and
differentiation in vitro.

Ang?2 activated PI3-kinase in IBE cells expressing wild-type
Fes but not KD-Fes (45). Activated PI3-kinase associated
with wild-type Fes, but not with Tie 2 (45), which was previously
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Figure 7. Mutations in the CCD disrupt negative regulation of Fes kinase
activity in IBE cells. IBE cells stably expressing wild-type (WT) Fes, a first
CCD mutant (L145P), a second CCD mutant (L344P), or the double CCD
mutant (2LP) were cultured on the surface of fibronectin-coated dishes,
stimulated with FGF-2, and autophosphorylation of endogenous Fes was
examined by immunoblotting. Note that while wild-type Fes can be regulated
by FGF-2 in these cells, all of the CCD mutants show enhanced autophos-
phorylation in the absence of FGF-2 treatment. This result suggests that the
CCDs are essential for proper downregulation of Fes kinase activity and
coupling to FGFRs.

identified as a PI3-kinase binding protein in Angl-treated
cells (77,78). Ang2-activated PI3-kinase was involved in
chemotaxis toward Ang2. We also examined the effect of Angl
on the association of Tie 2 with PI3-kinase. Angl increased
PI3-kinase activity and induced co-immunoprecipitation with
endogenous Fes but not with Tie 2 (79). Thus, PI3-kinase
activation in response to Ang treatment leads primarily to
association with Fes in endothelial cells. Blockade of Ang-
dependent PI3K activation by KD-Fes suggests a necessary
role for Fes kinase activity in this pathway (Fig. 8).

VEGF-A induced autophosphorylation of Fes through
VEGFR?2 but not VEGFR1 in porcine aortic endothelial cells
(PAE cells) (80). As described above for Ang2, VEGF-A-
induced PI3-kinase activation was partly mediated through
wild-type Fes. Other molecules, such as VEGFR2, Src, and
insulin receptor substrate-1, were also found to associate with
PI3-kinase. These molecules may be involved in VEGF-A-

FGF-2 —» FGF receptorl —»
(protein tyrosine kinase)

VEGF-A =% VEGF receptor2 —»

(protein tyrosine kinase)

Angl —p Tie2 —»

(protein tyrosine kinase)

Ang2 —» Tie2 —»

(protein tyrosine kinase)
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(G protein coupled receptor)

Shh

(G protein coupled receptors

-» PI3-kinase -

)

—» PI3-kinase
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induced PI3-kinase activation, since expression of kinase-
inactive Fes showed no dominant negative effect on VEGF-A-
induced PI3-kinase activation, chemotaxis toward VEGF-A,
or VEGF-A-mediated capillary morphogenesis (80). Inter-
estingly, expression of wild-type Fes in PAE cells promoted
VEGF-A-independent capillary morphogenesis (80), similar
to FGF-2-independent tube formation of IBE cells (70).

Stromal cell-derived factor-1a (SDF-1a) is a CXC chemo-
kine that promotes angiogenesis and also vasculogenesis
by circulating endothelial progenitor cells (81,82). Targeted
disruption of a gene encoding the receptor for SDF-1a, CXCR4,
causes impaired intestinal vascular development (83). CXCR4
is a G-protein coupled receptor and is expressed in endothelial
cells. We observed that treatment of endothelial cells with
SDF-1a increased PI3-kinase activity along with tube formation
by IBE cells and capillary morphogenesis by HUVECs (84).
Inhibition of PI3-kinase attenuated SDF-1a-mediated tube
formation and capillary morphogenesis. Importantly, SDF-1a-
induced PI3-kinase activation was dependent on the Fes activity,
since SDF-1a failed to activate PI3-kinase and to induce tube
formation in KD-Fes cells (84). SDF-1a also promoted tight
cell-cell contact (compaction), which is involved in tube
formation.

Hedgehog family cytokines, consisting of Sonic hedgehog
(Shh), Indian hedgehog, and desert hedgehog, regulate the
morphology of a variety of cell types and may contribute
indirectly to angiogenesis (85). However, hedgehog signaling
is required for embryonic vascular development (86-88),
suggesting that it may directly regulate the morphology of
endothelial cells. We found that Shh-induced tube formation
by cultured endothelial cells correlates with PI3-kinase activation
in a Fes-dependent manner (unpublished data). We also
observed that Shh induced capillary morphogenesis via the
Fes/PI3-kinase pathway (89). Thus, Fes acts as a common
signaling molecule downstream of several proangiogenic factor
receptors.

Fes in antiangiogenic strategy. Based on the results described
above, inhibition of Fes activity in angiogenic endothelial

—» Src —» chemotaxis toward FGF-2

chemotaxis toward
VEGF-A
A capillary
morphogenesis

-» PI3-kinase

p70 S6-

kinase - proliferation

-» PI3-kinase —p chemotaxis toward Ang2

—p PI3-kinase — tube formation

tube formation

~a capillary
morphogenesis

Figure 8. Fes is a common signaling molecule downstream of several proangiogenic factor receptors expressed in endothelial cells. Fes is involved in the
activation of PI3-kinase by several proangiogenic factors in endothelial cells with the exception of FGF-2. In this case, Fes contributes to the activation of Src

within FA.
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umor-infiltrating macrophages induce angiogenesis
(90,91), and cytokines that stimulate proliferation, migration,
and activation of macrophages also utilize Fes as a common
signal transducer (92). Therefore, inhibition of Fes activity
may inhibit macrophage-driven angiogenesis in addition to
direct effects on angiogenic signaling pathways in endothelial
cells. Recent findings suggest that circulating endothelial
precursor cells mobilized from bone marrow significantly
contribute to the new microvessel formation in tumor tissues
(93). VEGF-A and SDF-1a play pivotal roles in this process
(94). Because these cells are also likely to express Fes,
inhibition of its kinase activity may block endothelial
precursor cell-dependent vasculogenesis in tumors.

Unlike SFKs, small molecule protein kinase inhibitors
that selectively inhibit Fes have yet to be identified. Previously
work has shown that the non-selective protein-tyrosine kinase
inhibitor herbimycin A inhibited fibroblast transformation by
v-Fps, the transforming avian retroviral homolog of c-Fes (95).
We examined the effects of a panel of tyrosine kinase inhibitors
including herbimycin A, PP2, and SU6656, on autophos-
phorylation of L145P Fes expressed in PAE cells. However,
none of them inhibited its autophosphorylation at non-toxic
concentrations (S. Kanda, unpublished data). While these
inhibitors are active against Src family kinases (and Abl in
the case of PP2), their inability to block Fes kinase activity
suggests novel structural subtleties in the ATP binding pocket.
Evidence for such a conclusion requires the structure of the
Fes kinase domain.

To establish an antiangiogenic strategy for the treatment
of cancer patients, the net effect of the inhibition of Fes
activity on the proliferation of tumor cells should be examined,
because certain antiangiogenic therapies may enhance tumor
progression in vivo. Recently, somatic mutations of Fes were
found in human colorectal cancers (96). Although fes was
originally identified as an avian and feline retroviral oncogene,
the colorectal cancer-associated mutations paradoxically
reduced Fes kinase activity (97,98). Furthermore, introduction
of kinase-inactivating Fes mutations in a mouse model of
breast cancer reduced the latency for tumor formation, an
effect that was rescued by a wild-type fes transgene (97).
Restoring wild-type Fes expression to colorectal cancer cell
lines inhibited anchorage-independent growth in soft agar
(98) and invasion through Matrigel (unpublished data).
However, whether or not Fes kinase activity is required for
these apparent tumor-suppressor functions is currently unclear.
Nevertheless, these observations suggest that inhibition of
Fes kinase activity in vivo may promote epithelial tumor
growth and progression, even though inhibition of this activity
in vascular endothelial cells may produce a therapeutic
benefit in terms of an antiangiogenic effect as outlined above.
Discovery of Fes-selective kinase inhibitors is an essential
first step towards understanding the net biological effect
of simultaneous blockade of Fes-mediated angiogenic and
tumor-suppressor functions in vivo.
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