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Signaling pathways engaged by angiogenic factors bFGF and VEGF in tumor angiogenesis are not fully understood. The
current study identifies cytoplasmic tyrosine kinase c-Abl as a key factor differentially mediating bFGF- and VEGF-
induced angiogenesis in microvascular endothelial cells. STI571, a c-Abl kinase inhibitor, only inhibited bFGF- but not
VEGF-induced angiogenesis. bFGF induced membrane receptor cooperation between integrin �3 and FGF receptor, and
triggered a downstream cascade including FAK, c-Abl, and MAPK. This signaling pathway is different from one utilized
by VEGF that includes integrin �5, VEGF receptor-2, Src, FAK, and MAPK. Ectopic expression of wild-type c-Abl
sensitized angiogenic response to bFGF, but kinase dead mutant c-Abl abolished this activity. Furthermore, the wild-type
c-Abl enhanced angiogenesis in both Matrigel implantation and tumor xenograft models. These data provide novel
insights into c-Abl’s differential functions in mediating bFGF- and VEGF-induced angiogenesis.

INTRODUCTION

Tumor angiogenesis, a process of new vasculature forma-
tion, is appreciated to be an integral part of solid tumor
development (Hanahan and Folkman, 1996; Bussolino et al.,
1997). The supply of new blood vessels in tumors not only
fosters autonomous tumor growth but also helps remove
accumulated waste and ameliorate burden metabolism. Mi-
crovascular endothelial cells, a major component of mi-
crovasculatures exert angiogenic function via increased
cell adhesion, migration, and capillary network formation
(Folkman, 1996; Bergers and Benjamin, 2003).

A number of angiogenic factors derived from tumor cells
and tumor infiltrating inflammatory cells such as macro-
phages and mast cells can stimulate endothelial cell activa-
tion and initiate angiogenesis. Growth factors such as basic
fibroblast growth factor (bFGF), vascular endothelial growth
factor (VEGF), and platelet-derived growth factor (PDGF),
angiopoietins, and ephrins have been well characterized in
tumor angiogenesis (Sato et al., 1995; Yancopoulos et al.,
2000; Ferrari et al., 2006). For example, a plethora of evidence
has demonstrated that elevated bFGF and VEGF production
by cancer cells directly correlates with tumor angiogenesis
and tumor development (Kim et al., 1993; Polnaszek et al.,
2003). As one of the first angiogenic peptides discovered,
bFGF is largely sequestered in extracellular matrix (ECM) of

virtually all tissues and its angiogenic function appears to
become prominent when tumors invade and degrade ECM
to release the sequestered bFGF. There is evidence showing
that blockade of bFGF production markedly restrained tu-
mor angiogenesis and tumor growth in xenograft tumor
models (Fahmy et al., 2003). Like bFGF, VEGF is considered
the most potent angiogenic factor capable of inducing an-
giogenesis in multiple tumor models (Kim et al., 1993). Sys-
temic administration of anti-VEGF antibody can dramati-
cally inhibit tumor angiogenesis in xenograft mouse models,
suggesting significant benefits for the therapeutic interven-
tion in cancer patients. All of the evidence has highlighted
the pathological importance of these two growth factors in
the regulation of tumor angiogenesis.

VEGF exerts its angiogenic function through binding to
two homologous tyrosine kinase receptors, termed VEGFR1
(also called flt-1) and VEGFR2 (named Flk-1/KDR) on the
endothelial cell membrane. Accumulating evidence demon-
strates that Flk-1/KDR functions as a positive regulator of
endothelial cell proliferation and cell migration, whereas the
functional role of flt-1 is still controversial, with a more
likely negative nature in regulation of cell activities (Mill-
auer et al., 1996; Neufeld et al., 1999; Prewett et al., 1999;
Ferrari et al., 2006; Schumacher et al., 2007). Once activated
by VEGF, Flk-1/KDR undergoes autophosphorylation on
specific tyrosine residues followed by a connection of the
Tyr(P) residues to adapter and signaling proteins that con-
tain Src homology domain 2 (SH2; Guo et al., 1995). Subse-
quently, these mediators can activate multiple downstream
effectors including focal adhesion kinase (FAK) and mito-
gen-activated protein kinase (MAPK) kinases (Erk, p38,
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and/or JNK kinase; Abedi and Zachary, 1997; Wheeler-
Jones et al., 1997). Flk-1/KDR also has the ability to trigger
the activation of other several signaling cascades including
phospholipase C-� (PLC �) and PI3K-dependent Akt/PKB
(Sun et al., 2005; Zeng et al., 2006). This Flk-1/KDR-mediated
intracellular signaling appears to be similar to the pathway
that bFGF engages; however, there is evidence suggesting
that unlike VEGF, bFGF-induced angiogenesis is indepen-
dent of Src kinase activity (Eliceiri et al., 1999, 2002).
Furthermore, distinct upstream components of FAK may
mediate VEGF- and bFGF-induced angiogenic activity,
respectively.

Since the last decade, research has focused on character-
ization of interactions among multiple membrane-bound
receptors, leading to the establishment of a paradigm that,
instead of transmitting signals across the membrane indi-
vidually, each membrane-anchored receptor usually associ-
ates and coordinates with other adjacent membrane-bound
receptors to synergistically induce an array of intracellular
signaling cascades (Schneller et al., 1997; Eliceiri, 2001; Weis
et al., 2007). Such a typical example of the receptor interac-
tion and cooperation has been illustrated in a model of
cross-talk between �/� integrins and membrane-associated
tyrosine kinase receptors, a synergistic event responsible for
transmitting signals for both ligands (Senger et al., 1996;
Soldi et al., 1999). The cytoplasmic tail of the � subunit
integrin participates in a physical interaction between inte-
grins and the cytoplasmic domain of growth factor receptors
to achieve the coordination of both signaling pathways (Bly-
stone et al., 1996; Jones et al., 1997). By this mechanism,
growth factors that activate receptor tyrosine kinases can
modulate integrin-mediated functions such as cell adhesion,
spreading, and migration via alterations in integrin activa-
tion and localization. Conversely, signals from integrins can
regulate the full activation of growth factor–induced signal-
ing cascades. For example, engagement of integrin �v�3 with
activated Flk-1/KDR in human umbilical vein endothelial
cells (HUVECs) is required for cell migration and adhesion
in response to VEGF (Senger et al., 1996; Soldi et al., 1999).
Activated EGFR is required to cooperate with integrin �v�5
in the same manner for vitronectin-induced carcinoma cell
migration. Furthermore, blockade of integrin �v�3 activity
with antibody (LM 609) prevents blood vessel formation
induced by bFGF in a chick chorioallantoic membrane assay
(Brooks et al., 1994a). Likewise, anti-integrin �v�5 antibody
(P1F6) inhibits VEGF-dependent angiogenesis (Friedlander
et al., 1995). Taken together, the data indicate that the con-
vergence of signaling cascades from integrins and tyrosine
kinase receptors is essential for angiogenic activity.

The proto-oncoprotein c-Abl is a family member of non-
receptor tyrosine kinases with a molecular mass of 140 kDa
and contains multiple functional domains including an SH2,
SH3, kinase, and DNA-binding and actin-binding domains.
The kinase activity of c-Abl is putatively inactive in most
cells and is largely regulated by SH3 domain–binding pro-
tein and ATP binding of lysine at position 290 (Echarri and
Pendergast, 2001; Le Bras et al., 2007). A point mutation of
lysine substituted with arginine (K290R) leads to kinase
inhibition, whereas deletion or mutation of the SH3 domain
results in kinase activation. Interestingly, evidence that ab-
errant expression of c-Abl is present in microvasculature of
a variety of human cancers, including infiltrating breast
carcinoma, gastric adenocarcinoma, and liposarcoma, sug-
gests c-Abl to be intimately associated with tumor angiogen-
esis (O’Neill et al., 1997). The current study is to determine
whether c-Abl is a key intracellular molecule–mediating
angiogenesis induced by bFGF and/or VEGF.

MATERIALS AND METHODS

Generation of Cells Stably Expressing Different Versions
of c-Abl
Full-length of c-Abl wild-type (WT) or mutant cDNA in a retroviral
pCMV-neo-vector was transduced to human microvascular endothelial
cells (HMVECs) by a retroviral infection system. 293T retroviral packaging
cells were transfected with the c-Abl constructs or vector control in the
presence of pCL 10A1 vector using Fugene 6 as the delivery vehicle. Forty-
eight hours after transfection, the supernatant was harvested and filtered
through a 0.45-�m pore size filter, and the virus-containing medium was used
to infect HMVECs. Selection with 400 �g/ml G418 was started 48 h after
infection, and the drug-resistant cell populations were used for subsequent
studies.

Migration Assays
HMVECs (2 � 105) were preincubated with serum-free medium for 12 h and
transferred onto transwells (24-well plates) precoated with collagen IV (100
�g/ml) or fibronectin (50 �g/ml). The lower chamber of transwells included
bFGF or VEGF, with or without the c-Abl kinase inhibitor STI571. After 4 h of
incubation, cells in the top chamber of the transwells membrane were re-
moved using a Q-tip. The membrane-trapped cells were fixed and stained
with hematoxylin. Average cell numbers were calculated from five different
fields in each sample.

Tube Formation Assays
HMVECs were preincubated with serum-free medium for 12 h. The cells
(0.1 � 105) treated with bFGF, VEGF, or STI571 were transferred onto 96-well
Matrigel (Becton Dickson Laboratories, Bedford, MA). After 12 h of incuba-
tion, tube-forming structures were fixed with 10% Formalin and stained with
SolII of Diff-Quick stain set (Dade Behring, Newark, DE).

[3H]thymidine Incorporation
Cells were grown in 6- or 12-well plates to subconfluence, and then culture
medium was changed to serum-free medium supplemented with 0.2% BSA in
the presence of bFGF, VEGF, or STI571 for 24 h. [3H]thymidine, 1–2 �Ci, was
introduced to each well for 6 h. After extensive washes with PBS, the cells
were scraped and precipitated in 200 �l of 10% trichloroacetic acid and then
dissolved in 0.3 ml of 0.3 M NaOH. Radioactivity was quantitated by a liquid
scintillation counter.

Cell Survival Assay
Cells (5 � 105) were planted on the 35-mm plates and starved with serum-free
medium for 5 d in the presence of bFGF, VEGF, or STI571. Cells were washed
with PBS and then survival cells were fixed, stained, and counted.

Immunocytochemistry
Cells were transferred onto glass slides to culture for 2 d. After treatment of
the cells with bFGF or VEGF in the absence or presence of STI571, the cells
were fixed with 4% paraformaldehyde and incubated with rhodamine phal-
loidin (Molecular Probes, Eugene, OR) for 1 h. Finally, the florescence was
evaluated under a microscope.

Immunoprecipitation and Western Blot
Cells were lysed with lysis buffer (pH 7.4) containing 0.25 mM HEPES, 14.9
mM NaCl, 10 mM NaF, 2 mM MgCl2, 0.5% NP-40, 0.1 mM PMSF, 20 �M
pepstatin A, and 20 �M leupeptin. The lysates were centrifuged at 1000 � g
for 10 min, and the resulting supernatant was collected for immunoblotting.
For immunoprecipitation, cells were lysed with lysis buffer containing 10 mM
Tris, pH 7.4, 1% triton, 0.5% NP-40, 150 mM NaCl, 20 mM NaF, 0.2 mM
Na3VO4, 1 mM EDTA, 1 mM EGTA, and 0.2 mM PMSF. The samples were
then incubated with anti-integrin �3, �5 (Chemicon, Temecula, CA), Flk-1/
KDR (Santa Cruz Biotechnology, Santa Cruz, CA), FGFR (Cell Signaling,
Beverly, MA), or c-Abl antibody at 4°C for overnight, followed by incubation
with protein A Sepharose beads at 4°C for 2 h. The immunocomplex was
extensively washed, and the samples were subjected to immunoblots. The
primary antibodies pY20 (ICN, Costa Mesa, CA), Erk 1 and Erk 2 (Santa
Cruz), EGFR, Flk-1/KDR, FAK, Src, �3, �5, and c-Abl pY245 (Biosource,
Camarillo, CA) were used to examine protein expressions. Specific signals
were detected using an ECL kit (Pierce VWR, Rockford, IL).

Angiogenesis In Vivo
HMVECs (1 � 106) were mixed with Matrigel (0.5 ml at 10 mg/ml, in liquid
form at 4°C) and 64 U/ml heparin in the presence of bFGF or VEGF (1 �g).
The samples were injected into the dorsal subcutaneous tissues of 4-wk-old
female SCID/Beige mice (Charles River, Wilmington, MA). Some animals
were treated with STI571 (150 mg/kg/d) or vehicle by oral gavage every
other day for 10 d. Once the mice were killed, the recovered Matrigel plugs
were fixed in 10% Formalin.
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Induction of Tumor Xenografts in Mice
SCID/Beige mice were subcutaneously injected with MDA-MB-231 cells (1 �
106) and control or c-Abl–producing HMVECs (1 � 105) in 0.2 ml of Hanks’
balance buffer without calcium and magnesium. The growth of solid tumors
from the injected cells was monitored daily for up to 12 wk before the animals
were killed to remove tumors for analysis. The tumors were measured and
calculated as follows: volume � length � width2� 0.52.

Immunohistochemistry
For paraffin-embedded Matrigel plug, vessels formed by HMVECs were
analyzed by examining CD31 immunohistochemistry staining. In brief, the
samples were blocked with 3% H2O2 to block endogenous peroxidase activity
at room temperature for 30 min followed by incubation with blocking buffer
(Vector Laboratories, Burlingame, CA) containing 10% goat serum for 1 h.
Then, mouse anti-CD31 antibody (1: 500, Dako) was incubated at room
temperature for 2 h and goat anti-rat secondary antibody (1: 100) conjugated
with HRP were added at room temperature for 30 min. Finally, DAB substrate
(Dako, Carpinteria, CA) was introduced for several minutes, and after wash-
ing, methyl green was used for counterstaining. For tumor angiogenesis, the
frozen tumor tissues were cut to 6–10-�m thickness and processed for the
staining of CD31 (Becton Dickinson Pharmagen, Mountain View, CA).

Statistics
Data are expressed as mean � SE, and n refers to the numbers of individual
experiments performed. Differences among groups were determined using
one-way analysis of variance followed by the Newman-Keuls produce. The
0.05 level of probability was used as the criterion of significance.

RESULTS

To characterize the angiogenic activity of growth factors
bFGF and VEGF in vitro, we used HMVECs, a model pref-
erential for the study of angiogenesis (Shao and Guo, 2004).
The cells were immortalized by the stable expression of
telomerase catalytic protein gene in primary endothelial
cells. As potent mitogens, both bFGF and VEGF stimulated
HMVEC proliferation (Figure 1). To determine whether this
growth factor–induced cell proliferation requires activity of
the nonmembrane receptor tyrosine kinase c-Abl, we added
a c-Abl kinase inhibitor STI571 (also named imatinib mesy-
late) into the cells. As shown in Figure 1, treatment with
STI571 abolished the responses of cell division to both bFGF
and VEGF, suggesting that c-Abl activity is essential for cell
proliferation induced by bFGF or VEGF.

To test whether c-Abl activity is also required for bFGF-
and VEGF-induced angiogenesis, we evaluated cell angio-
genic activity as measured by cell migration and tube for-

mation. As expected, both growth factors enhanced cell
migration that was threefold higher than the control (Figure
2A). Surprisingly, STI571 specifically inhibited cell migra-
tion induced by bFGF but not VEGF. The result was con-
firmed by monitoring cell motility using a wound healing
assay (data not shown). In the tube formation assay, bFGF
and VEGF caused an increase in the appearance of vascula-
ture-like tubes in comparison to the controls (Figure 2B).
Likewise, STI571 inhibited bFGF-induced tube formation
but not VEGF-induced activity. STI571 blocked bFGF-in-
duced dose-dependent tube formation (Figure 2C), suggest-
ing that c-Abl mediates bFGF- but not VEGF-induced angio-
genesis.

In an attempt to test whether c-Abl also mediates cell
survival activity, the cells were challenged to serum-free
medium for 5 d. As shown in Figure 2D, bFGF prevented
80% of cells from death induced by depletion of serum and
growth factors, whereas VEGF lacked this protection. STI571
treatment resulted in the loss of the protective effect of bFGF
similar to its anti-angiogenic effects demonstrated earlier. To
determine whether these divergent angiogenic functions
mediated by c-Abl are unique in this particular endothelial
cell line immortalized with hTERT, we explored the func-
tional role of c-Abl in another human microvascular endo-
thelial cell line HMEC-1 established by the introduction of
SV40 large T antigen. Agreed with the above distinct effects
on the motility of HMVEC, STI571 abrogated cell migration
and tube formation induced by bFGF but not VEGF in
HMEC-1 (Figure 2E). Taken together, the data strongly im-
plicate a key role of c-Abl in mediating bFGF-induced an-
giogenesis.

Next, to determine if bFGF directly activates c-Abl, we
examined its effect on the level of c-Abl tyrosine phosphor-
ylation on pY245 as an indicator of c-Abl activation. As
shown in Figure 3A, c-Abl pY245 was detected at five- and
twofold higher levels after stimulation of cells with bFGF for
5 and 10 min, respectively, relative to the basal level, and
these effects were significantly reduced by STI571. It is
known that STI571 also has the ability to inhibit PDGF
receptor (PDGFR) and c-kit kinase in addition to c-Abl (Hag-
erstrand et al., 2006; Price et al., 2007). To test the possibility
that PDGFR and/or c-kit kinase may also participate in
bFGF-induced angiogenesis, we exposed the cells to bFGF
and then examined potential changes in the levels of acti-
vated forms of PDGFR and c-kit. Neither PDGFR nor c-kit
tyrosine phosphorylated form was up-regulated by bFGF
stimulation in the absence or presence of STI571 (data not
shown). To further test whether bFGF regulates c-Abl pro-
tein expression by which bFGF-induced angiogenesis is en-
hanced in a positive feedback manner, the cells were ex-
posed to bFGF for up to 12 h (Figure 3B). Stimulation with
bFGF resulted in an increase in c-Abl protein expression
�2.5-fold greater than the basal level. The data demonstrate
that bFGF directly increases c-Abl activation as well as pro-
tein expression.

To monitor cross-talk between integrins and growth factor
receptors that may initiate angiogenic signaling, we exam-
ined their physical interaction using coimmunoprecipitation
and immunoblotting approach. After stimulation of the cells
with bFGF or VEGF, integrin �3- and �5-associated proteins
were coimmunoprecipitated using anti-�3 or �5 antibody
followed by immunoblotting (Figure 4A). bFGF receptor 1
(FGFR) associated with integrin �3 was increased in the cells
treated with bFGF but not VEGF. In contrast, the physical
interaction between integrin �5 and Flk-1/KDR was detect-
able only by stimulation with VEGF. A reciprocal experi-
ment exhibited a pattern similar to these receptor interac-

Figure 1. STI571 inhibits HMVEC proliferation induced by bFGF
and VEGF. HMVECs were pretreated with bFGF (5 ng/ml) or VEGF
(10 ng/ml) in the absence or presence of STI571 (10 �M) for 24 h.
[3H]thymidine (1 �Ci) was added for 6 h, and radioactivity was
quantified. *p � 0.05 compared with control cells; �p � 0.05 com-
pared with the cells treated with bFGF or VEGF. n � 6.
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Figure 2. Divergent effects of STI571 on bFGF- and VEGF-induced angiogenesis. (A) STI571 inhibits bFGF- but not VEGF-induced cell
migration. HMVECs were loaded into the upper chamber of transwells, and bFGF (5 ng/ml) or VEGF (10 ng/ml) was added to the low
chamber in the absence or presence of STI571 (10 �M) for 4 h. Cells migrated to the membrane were quantitated. n � 5. (B) STI571 blocks
bFGF- but not VEGF-induced tube formation. The cells were loaded onto the Matrigel and incubated for 12 h in the presence of bFGF (5
ng/ml), VEGF (10 ng/ml), or STI571 (10 �M). The tubes density was quantitated. n � 4. (C) Dose-dependent effects of bFGF and VEGF on
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tions that activated FGFR enhanced its binding with integrin
�3, whereas activated Flk-1/KDR was associated with inte-
grin �5 (Figure 4A). These results suggest that angiogenic
signaling induced by each growth factor requires specific
integrins and corresponding receptors for their collabora-
tion. Both active and inactive Src were found to associate
with integrin �3 and �5 in the absence or presence of either
growth factor (Figure 4A); however under no circumstance
did c-Abl directly interact with either integrin (data not
shown), suggesting that the two nonreceptor kinases may
play distinct roles in downstream of the integrins. Stimula-
tion of cells with VEGF increased the association of tyrosine
phosphorylated-form of Src (pY418) with integrin �5, impli-
cating that increased interaction between Src and �5 may be
involved in VEGF-induced angiogenic signaling.

To define a role of FAK in mediating downstream signal-
ing, we examined potential changes in the status of activated
form of FAK by exposure of cells to bFGF. Consistent with
previous results that an activated form of FAK pY861 medi-

ates VEGF-induced angiogenesis (Abu-Ghazaleh et al.,
2001), bFGF increased the level of FAK pY861 but not that of
FAK pY397 (Figure 4B). However, the level of FAK pY861

induced by bFGF did not significantly increase in association
with Src (Figure 4C). Conversely, the association of FAK
pY861 with Src was noticeably augmented by stimulation
with VEGF (Figure 4C), suggesting that Src-FAK interaction
primarily mediates VEGF-induced intracellular signaling.
To determine whether c-Abl interacts with FAK to mediate
bFGF signaling, we performed coimmunoprecipitation us-
ing anti-c-Abl antibody followed by immunoblotting against
Src or FAK (Figure 4D). Once the cells were treated with
bFGF, association of c-Abl with both Src and Src pY418 was
reduced; in contrast, its association with FAK pY861 was
apparently increased (Fig. 4D, lane 2), implying that c-Abl
disassociates from membrane-associated Src to increase as-
sociation with FAK pY861 promoting intracellular signaling.
Treatment of the cells with STI571 alone resulted in de-
creased interaction between c-Abl and inactive FAK (cf. lane
4 with lane 1), suggesting that their association is partially
dependent on basal c-Abl activity in the absence of growth
factors. When the cells were treated with bFGF in the pres-
ence of STI571, the interaction between c-Abl and FAK/FAK
pY861 recapitulated the pattern of bFGF treatment alone (cf.
lane 5 with lane 2), indicating that the association of c-Abl
with FAK/FAK pY861 is independent of c-Abl activity. This
combined treatment also restored the association of c-Abl
with Src/Src pY418 (cf. lane 5 with lanes 1 and 2), suggesting
that c-Abl increases the interaction with Src that is associated
with membrane-anchored receptors, and terminates intra-
cellular signaling. When the cells were treated with VEGF
alone (lane 3), FAK disassociated from c-Abl and presum-
ably formed association with Src to participate in VEGF
signaling (Figure 4C). The combined treatment of cells with
VEGF and STI571 (lane 6) led to c-Abl disassociation from a
protein complex containing Src and FAK, both of which are
involved in mediating VEGF signaling (Figure 4C), indepen-
dently of c-Abl.

To further identify downstream effectors of FAK, we in-
vestigated MAP kinase Erk 1 and Erk 2 activation in the
cells. As the quantification of immunoblotting assay shown
in Figure 4E, both bFGF and VEGF augmented Erk 1 and Erk
2 tyrosine phosphorylation, and STI571 abrogated bFGF ef-
fects but failed to inhibit VEGF effects. Collectively, the data
suggest that bFGF induces the coordination of FGFR and
integrin �3 to trigger downstream the FAK-c-Abl-Erk signal-
ing cascade, whereas VEGF induces coupling of integrin �5
to Flk-1/KDR, resulting in downstream signaling Src-FAK-
Erk activation.

Because c-Abl harbors an actin-binding domain at the
C-terminus, it may have a direct impact on cell motile func-
tion through interaction with and/or reorganization of cy-
toskeleton protein actin. To test this, we used immunocyto-
chemistry staining of cell cytoskeleton with rhodamine
phalloidin to observe actin reorganization/relocalization as
indicative of cell motility changed. As shown in Figure 5A,
cytoplasmic membrane ruffling containing dorsal ruffles was
prominent in the cells exposed to bFGF for 5 min and
diminished at 30 min. Consistent with the results of func-
tional assays demonstrated earlier, STI571 only inhibited
bFGF- but not VEGF-induced cytoskeleton redistribution
(Figure 5B).

To determine whether manipulation of c-Abl gene expres-
sion in the cells can lead to altered interaction and/or activ-
ities of signaling molecules, we ectopically expressed WT
and kinase dead K290R mutant (MT) c-Abl in the cells by a
retroviral infection system (Figure 6A). The level of active

Figure 2 (cont). tube formation. The indicated different doses of
bFGF and VEGF in the absence or presence of STI571 were added to
the cells, and the extent of tube formation was quantitatively ana-
lyzed. n � 4. (D) STI571 blocks bFGF- but not VEGF-induced cell
survival activity. The cells were treated with serum-free medium for
5 d in the presence of bFGF (5 ng/ml), VEGF (10 ng/ml), or STI571
(10 �M). The survival cells were quantified. n � 3. (E) STI571
inhibits cell migration induced by bFGF but not VEGF in HMEC-1.
The cell migration and tube formation were measured similarly as
in A, except HMEC-1 instead of HMVEC. n � 4. *p � 0.05 compared
with control; �p � 0.05 compared with bFGF-treated cells.

Figure 3. bFGF induces c-Abl activation and protein expression.
(A) After treatment with serum-free medium for 12 h, the cells were
stimulated with bFGF (5 ng/ml) for 2, 5, and 10 min in the absence
or presence of STI571 (10 �M). The cell lysates were subjected for
immunoblotting using antibodies against c-Abl pY245, total c-Abl,
and actin. c-Abl pY245 level was evaluated by densitometry analyses
followed by normalizing with actin. (B) The cells were treated with
bFGF or VEGF (5 ng/ml) for 12 h. The cell lysates were used for
immunoblotting using anti-c-Abl antibody. c-Abl level was evalu-
ated by normalizing with actin. *p � 0.05 compared with control at
the zero time; �p � 0.05 compared with corresponding time cells
treated with bFGF alone. n � 3–4.
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c-Abl was elevated in the cells expressing WT c-Abl but
substantially suppressed in the cells expressing MT c-Abl
(Figure 6A). The level of FAK pY861 associated with c-Abl
became detectable in the cells expressing WT c-Abl, suggest-
ing that FAK-mediated signaling is activated in the cells. The
association of c-Abl with FAK was decreased in the cells
ectopically expressing MT c-Abl (Figure 6A), consistent with
the results showing inhibitory effects of STI571 on their
interaction (Figure 4D, lane 4). To determine if the introduc-
tion of different versions of c-Abl subsequently alter mem-
brane-bound receptor interaction that initiates angiogenic
signaling, we utilized the same coimmunoprecipitation ap-
proach as described earlier. As shown in Figure 6B, enforced
expression of WT c-Abl resulted in dramatic increases in the
associations of integrin �3 with FGFR, and integrin �5 with
Flk-1/KDR. Interestingly, the interaction between integrin
�3 and Src was reduced; conversely, the interaction between
�5 and Src was enhanced in the cells overexpressing WT
c-Abl, suggesting that Src preferentially integrates into the
membrane-bound receptor complex consisting of integrin �5
and Flk-1/KDR, which might facilitate VEGF-induced sig-
naling cascade in WT c-Abl–expressing cells. Association of
integrin �5 with Src in MT c-Abl cells was also enhanced,
implying that overexpression of MT c-Abl may result in the
same effect as WT c-Abl on Src, favoring VEGF signaling. To

further examine the downstream signaling pathways, we
assessed the status of Erk activation. As expected, the pa-
rental and vector-control cells responded similarly to bFGF
and VEGF in increasing the levels of pErk 1 and pErk 2
(Figure 6C). In WT c-Abl–expressing cells, bFGF displayed a
stronger effect on the increase in pErk 1 and pErk 2 levels
than VEGF. However, in MT c-Abl–expressing cells, only
bFGF- but not VEGF-induced increases in pErk 1 and pErk
2 were blocked. This specific inhibition of bFGF activity by
STI571 supports our hypothesis that c-Abl mediates bFGF-
induced angiogenic signaling.

To test whether ectopic expression of the different ver-
sions of c-Abl may alter cell angiogenic functions, we mea-
sured cell activities including proliferation, migration, and
tube formation. Both bFGF and VEGF stimulated the prolif-
eration of the parental and vector control cells, which was
further enhanced with the expression of WT c-Abl (Figure
7A, top panel). However, the presence of MT c-Abl blocked
cell proliferation induced by both growth factors, a result
consistent with the inhibition of STI571 on cell growth (Fig-
ure 1), suggesting that the signaling pathway involved in the
cell division is divergent from the one engaged in angiogen-
esis. In the tube formation assay, whereas both VEGF and
bFGF increased tube formation in comparison to the control,
ectopic expression of the WT c-Abl sensitized cellular re-

Figure 4. c-Abl mediates bFGF-induced signaling cas-
cade, whereas Src mediates VEGF-induced signaling
activation. (A) bFGF induces association of integrin �3
with FGFR, and VEGF induces association of integrin �5
with Flk-1/KDR. Cells were stimulated with bFGF (5
ng/ml) or VEGF (10 ng/ml) for 5 min, and cell lysates
were immunoprecipitated with anti-integrin �3, �5, Flk-
1/KDR, or FGFR antibody, followed by immunoblot-
ting using anti-FGFR, Flk-1/KDR, pY20, Src, Src pY418,
�3, or �5 antibody. C, F, and V indicate control, bFGF,
and VEGF, respectively. (B) bFGF stimulates FAK acti-
vation. The cells were stimulated with bFGF (5 ng/ml)
for 5 and 15 min and then subjected to immunoblotting
using anti-FAK pY397 and pY861 antibody. (C) VEGF but
not bFGF induces association of FAK pY861 with Src.
The cells were stimulated with bFGF (5 ng/ml) or VEGF
(10 ng/ml) for 5 min, and cell lysates were immunopre-
cipitated with anti-Src antibody followed by immuno-
blotting using anti-FAK and FAK pY861 antibody. (D)
bFGF promotes association of c-Abl with FAK pY861 but
dissociation from Src. Five minutes after treatment with
bFGF (5 ng/ml) or VEGF (10 ng/ml) in the absence or
presence of STI571 (10 �M), the cells were harvested,
and cell lysates were immunoprecipitated with anti-c-
Abl antibody followed by immunoblotting using anti-
c-Abl, FAK, FAK pY861, Src, or Src pY418 antibody. (E)
STI571 only inhibits bFGF-induced Erk 1 and Erk 2
activation. Cells were stimulated with bFGF (5 ng/ml)
or VEGF (10 ng/ml) in the absence or presence of
STI571 (10 �M) for 5 min before cell lysis for immuno-
blotting against Erk 1, Erk 2, pErk 1, or pErk 2. The
phosphorylated Erk 1 and Erk 2 were quantitated by
normalizing with nonphosphorylated Erk 1 and Erk 2.
*p � 0.05 compared with control. n � 3.
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sponse only to bFGF (Figure 7A). Similar results were ob-
tained in the migration assay (Figure 7B). These differential
cellular responses to bFGF and VEGF may be attributed to
the different levels of pErk 1 and pErk 2 activation (Figure
6C). To confirm the role of these downstream effectors in
mediating angiogenic activities, the cells were treated with
PD98059, a specific Erk 1 and Erk 2 inhibitor. PD98059
inhibited both bFGF- and VEGF-induced cell migration re-
gardless of ectopic expression of different versions of c-Abl
(Figure 7B), demonstrating that the downstream effectors
Erk 1 and Erk 2 mediate both growth factor–induced angio-
genesis. Taken together, the results indicate that ectopic
expression of WT c-Abl enhances bFGF- but not VEGF-
induced angiogenic activities; in contrast, MT c-Abl abro-
gates the enhanced angiogenic responses.

To determine if c-Abl mediates bFGF-induced angiogen-
esis in vivo, we used a Matrigel implantation model in mice.
Matrigel was premixed with HMVEC in the presence of
bFGF or VEGF and subcutaneously injected into the mice.
The animals were treated with vehicle or STI571 by oral
gavage every other day for 10 d. The removed Matrigel

plugs were subjected to an analysis of blood vessel density
using anti-CD31 antibody that specifically recognizes hu-
man vascular endothelial cells. Consistent with the angio-
genic results observed in vitro (Figure 2), STI571 selectively
blocked the effects of bFGF but not VEGF on induction of
blood vessels (Figure 8A), indicating that the ability of bFGF
to induce angiogenesis is dependent on c-Abl activity. To
further test whether mutant c-Abl has the same ability to
inhibit bFGF-induced angiogenesis, we implanted the mice
with Matrigel premixed with HMVECs expressing different
versions of c-Abl in the presence of bFGF or VEGF. Ten days
later, blood vessels formed in Matrigel were analyzed as we
did earlier. With the vector control cells, bFGF and VEGF
stimulated vessel formation (Figure 8B). With the cells ex-
pressing WT c-Abl, bFGF exhibited a substantially increased
activity over that of VEGF in promoting vessel formation.
Conversely, the cells expressing MT c-Abl failed to respond
to bFGF in vessel development, but their sensitivity to VEGF
remained at levels similar to those observed in either vector
control or WT c-Abl–expressing cells, consistent with the
results obtained from the in vitro assays (Figure 7). These in
vivo data demonstrate that c-Abl plays a central role in
angiogenesis induced by bFGF.

Finally, to explore the angiogenic role for c-Abl in tumor
development, we used a cotransplantation model that was
established to evaluate tumor angiogenesis induced by in-
teraction between exogenous endothelial cells and tumor
cells in animals (Tei et al., 2002). We subcutaneously coin-
jected both a breast cancer line MDA-MB-231 and HMVECs
expressing different versions of c-Abl into immunodeficient
mice. As shown in Figure 8C, mice receiving MDA-MB-231
cells and HMVECs expressing WT c-Abl formed tumors
faster than the mice inoculated with MDA-MB-231 cells and
parental or vector-control HMVECs. However, tumor growth
was significantly suppressed in the mice injected with tumor
cells and HMVECs expressing MT c-Abl, as measured by
tumor volume. Consistent with the differences in tumor size
and growth rate, the vasculature density in the tumors car-
rying tumor cells and HMVECs expressing WT c-Abl was
significantly greater than that in the control tumors (Figure
8D); however, blood vessels in the tumors containing tumor
cells and HMVECs overexpressing MT c-Abl were dramat-
ically reduced. These data strongly support our hypothesis
that c-Abl plays a vital role in tumor angiogenesis.

DISCUSSION

Although bFGF- and VEGF-induced angiogenesis was ex-
tensively investigated, we still have an incomplete model
that describes intracellular signaling pathways in responses
to each growth factor–induced angiogenesis. For example, a
study on cell motility has shown that bFGF-induced cell
migration is chemokinetic, whereas VEGF’s effect is depen-
dent on chemotaxis (Yoshida et al., 1996). Alavi et al. (2003)
have demonstrated that distinct intracellular signaling mol-
ecules are required for each growth factor–induced cell sur-
vival activity. Both Raf-1 (through serine phosphorylation
at Ser-338 and Ser-339) and PAK-1 activation mediate cell
survival activity induced by bFGF, whereas other active
forms of Raf-1 (tyrosine phosphorylation at Tyr-340 and
Tyr-341) and MEK1 activation are essential for VEGF-
induced survival. Furthermore, in vivo experimental evi-
dence has revealed that bFGF-induced angiogenesis re-
quires integrin �v�3 engagement, whereas VEGF-induced
angiogenesis depends on integrin �v�5 activity (Brooks
et al., 1994a; Friedlander et al., 1995). To date, however, the
intracellular molecules distinctly mediating bFGF- and

Figure 5. STI571 blocks bFGF-induced cell cytoskeleton reorgani-
zation. (A) Cells were treated with bFGF (5 ng/ml) or VEGF (10
ng/ml) for 5 and 30 min. Then, the cells were immunostained using
rhodamine phalloidin. (B) The cells were stimulated with bFGF (5
ng/ml) or VEGF (10 ng/ml) in the absence or presence of STI571 (10
�M) for 5 min followed by cytoskeleton staining. Arrows indicate
the ruffling of plasma membrane. The images show one represen-
tative of three individual experiments. Bars, 10 �m.

W. Yan et al.

Molecular Biology of the Cell2284



VEGF-induced angiogenesis have not been systemically
illustrated both in vitro and in vivo. Our current work
demonstrates for the first time that c-Abl divergently medi-
ates bFGF- and VEGF-induced angiogenic responses in mi-
crovascular endothelial cells. The functional and mechanis-
tic characterization for c-Abl in cultured cells and in vivo
angiogenic models of Matrigel implantation as well as xeno-
graft tumors, substantially underscores a vital role for c-Abl
in bFGF-induced angiogenesis possibly as a downstream
effector of FAK. Additional evidence that VEGF-induced
angiogenesis utilizes Src, FAK, and MAPK confirms the
specificity of divergent signaling cascades engaged by indi-
vidual growth factors.

A variety of cell types express the cytoplasmic tyrosine
kinase Abl proto-oncoproteins that consists of c-Abl (also

named Abl-1) and Arg (called Abl-2). In microvascular en-
dothelial cells, c-Abl is expressed at a relatively higher level
than Arg (data not shown). Although the active level of
endogenous c-Abl is quite low, it can be induced by bFGF to
a level sufficient to mediate angiogenesis, implicating its
angiogenic activity in the development of tumors that con-
tain a variety of elevated growth factors including bFGF.
STI571 inhibited angiogenic responses specifically to bFGF
both in vitro and in vivo, consistent with the angiogenic
suppression by a mutant form of c-Abl, supporting the
functional role of c-Abl in bFGF-induced angiogenesis.

Extensive research efforts have been made to achieve a
better understanding of selective coordination of inputs
from growth factor receptors and integrins for the synergic
execution of growth factor and extracelllar matrix protein

Figure 6. Overexpression of WT and MT c-Abl results
in altered protein interaction and activation. (A) Ectopic
expression of WT c-Abl increases both active c-Abl level
and its association with FAK pY861. Cell lysates from
cells expressing vector control, WT, or MT c-Abl were
used for immunoblotting to determine c-Abl expression
or immunoprecipitation with anti-pY20 or c-Abl anti-
body before immunoblotting using anti-c-Abl, FAK, or
FAK pY861 antibody. C, parental cells as control; V, cells
engineered with an empty retroviral vector. (B) Cells
expressing WT c-Abl exhibit changes in protein inter-
action. Cells ectopically expressing different versions of
c-Abl were harvested, and cell lysates were used for
immunoprecipitation using anti-integrin �3 or �5 anti-
body, followed by immunoblotting using antibodies
against FGFR, Flk-1/KDR, or Src. (C) WT c-Abl en-
hances Erk 1 and Erk 2 activation in response to bFGF,
but MT c-Abl blocks this activity. Cells ectopically ex-
pressing different versions of c-Abl were stimulated
with bFGF (5 ng/ml) or VEGF (10 ng/ml) for 5 min, and
then the lysates were used for immunoblotting to ex-
amine phosphorylated or nonphosphorylated Erk 1 and
Erk 2. The phosphorylated Erk 1 and Erk 2 were quan-
titated by normalizing with nonphosphorylated Erk 1
and Erk 2. *p � 0.05 compared with respective control
in each group; �p � 0.05 compared with the levels in
either parental or vector control group treated with
bFGF. n � 3.

Figure 7. Divergent effects of WT and MT c-Abl on
angiogenesis in vitro. After treatment with bFGF (5
ng/ml) or VEGF (10 ng/ml), cells expressing different
versions of c-Abl were measured for cell proliferation
and tube formation (A). *p � 0.05 compared with re-
spective control in each group; �,#p � 0.05 compared
with cells treated with respective growth factor in the
parental and vector control groups. After treatment
with bFGF or VEGF combined with PD98059 (10 �M),
the cells were examined for cell migration (B). *p � 0.05
compared with respective control in each group, �p �
0.05 compared with the cells treated with growth factors
in the absence of PD98059; #p � 0.05 compared with the
cells treated with bFGF in the parental and vector con-
trol groups. n � 4–6.

c-Abl Mediates bFGF-induced Angiogenesis

Vol. 19, May 2008 2285



functions (Soldi et al., 1999; Byzova et al., 2000; Weis et al.,
2007). Vascular endothelial cells predominantly express in-
tegrin �v�3 and �v�5, and elevated activities of these inte-
grins are known to be intimately associated with tumor
angiogenesis (Brooks et al., 1994a,b; Friedlander et al., 1995).
Our results, as with other findings, have indicated that
bFGF-induced angiogenesis needs the coupling of integrin
�v�3 with FGFR, whereas VEGF requires the cooperation
between Flk-1/KDR and integrin �v�5.

The N terminus of FAK harbors an SH2 domain to which
Src-family kinases bind, whereas its C terminus indirectly
interacts with integrins in the presence of paxillin and/or
talin adaptors (Sieg et al., 2000; Hauck et al., 2002). Based on
the molecular structure of FAK, it is conceivable that FAK
acts as a key factor in the coordination of intracellular sig-
naling of both integrins and growth factor receptors. Con-
sistent with previous findings (Abu-Ghazaleh et al., 2001),
FAK activation through tyrosine phosphorylation at residue
861 was identified to mediate endothelial cell angiogenic
activity. bFGF induces association of activated FAK pY861

with c-Abl but not Src. In contrast, VEGF primarily pro-
motes interaction of FAK pY861 with Src. The results dem-
onstrate that the interaction of activated FAK with either
c-Abl or Src depends on the presence of individual growth

factor. To summarize the data we have generated through
this study, we proposed a model for the differential signal-
ing pathways in which c-Abl is a downstream molecule of
FAK in bFGF-induced signaling cascade, whereas in VEGF
signaling, Src but not c-Abl is the essential factor to activate
the intracellular cascade (Figure 9).

It has been well established that development of solid
tumor exclusively depends on the activation of angiogenesis
with the formation of new blood vasculatures generated
from the pre-existing vascular capillaries of host tissues
(Folkman, 1995; Hanahan and Folkman, 1996). Evidence that
the coinoculation of mixed tumor cells and endothelial cells
ectopically expressing WT or MT c-Abl resulted in opposite
outcomes in tumor growth indicates the importance of an-
giogenesis acted by c-Abl–expressing cells in tumor devel-
opment. Moreover, using an antibody specifically reacting
with human vascular endothelial cells in immunohisto-
chemistry study, we found altered blood vessel densities
that corresponded to the presence of different functional
versions of c-Abl. These results supported the model that
exogenous endothelial cells ectopically expressing c-Abl
mainly contribute to tumor angiogenesis. It is quite possible
that other angiogenic factors such as PDGF (Plattner et al.,
1999), besides bFGF, may also utilize c-Abl to mediate their

Figure 8. Distinct effects of c-Abl on angio-
genesis in vivo. (A) STI571 inhibits angiogen-
esis induced by bFGF in Matrigel implantation
model. HMVECs premixed with Matrigel in
the presence of bFGF or VEGF (1 �g) were
subcutaneously injected into mice (three mice
in each group). After the mice were treated
with vehicle alone as control or STI571 for
10 d, Matrigel plugs were extracted for the
analysis of CD31 staining as described in Ma-
terials and Methods. An insert represents a Ma-
trigel plug. Blood vessel areas were quantified
with an image-scanning program developed
by the National Institutes of Health. *p � 0.05
compared with the control group; �p � 0.05
compared with the bFGF-treated group. (B)
WT and MT c-Abl exhibit opposite effects on
bFGF-induced angiogenesis. HMVECs ectopi-
cally expressing vector control, WT, or MT
c-Abl were mixed with Matrigel in the pres-
ence of bFGF or VEGF as above. On day 10,
the Matrigel plugs were excised for immuno-
histochemistry staining of CD31. *p � 0.05
compared with respective untreated control
group. (C and D) WT and MT c-Abl exert
opposite effects on tumor growth and angio-
genesis in xenograft animal model. MDA-MB-
231 cells and HMVECs expressing control or
different versions of c-Abl were coinjected into
immunodeficient mice as described in Materi-
als and Methods. Tumor sizes were measured
weekly for 12 wk (C, n � 6). Removed tumor
tissues were stained with an anti-CD31 anti-
body, and a representative tumor section for
each condition is shown. CD31-positive endo-
thelial cells with brown staining indicated vas-
culature network, and vessel area was ana-
lyzed by quantifying CD31-positive staining.
*p � 0.05 compared with the control group (D,
n � 6).
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angiogenic activities in vivo. Thus, the inhibition of basal
activity of c-Abl by MT c-Abl might interfere with signaling
pathways that are engaged by multiple angiogenic factors
present in the milieu of in vivo tumors. As with a recent
report that SKI-606, a Src/Abl inhibitor, can effectively block
tumor growth and invasion (Jallal et al., 2007), our results
have demonstrated that c-Abl acts as an important player in
mediating tumor angiogenesis.

Substantial evidence has demonstrated that constitutively
active mutant forms of Abl are expressed in variety of leu-
kemia (Soverini et al., 2006; Jiang et al., 2007). As an effective
inhibitor of Abl kinase, STI571 has been used in the clinic to
treat cancer patients with certain types of leukemia (Swords
et al., 2007). The present finding that STI571 can effectively
block bFGF-induced angiogenesis would provide valuable
information for its utility in the treatment of solid tumors,
because bFGF similar to VEGF is overproduced in multiple
types of human cancers.
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