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ABSTRACT

INTRODUCTION
A favorable shift in the local concentrations of pro- and antiangiogenic mediators is required for tumor neovascularization to
occur (1). The expression of ␣v␤3 and ␣v␤5 integrin on endothelial
cells has long been considered a pro-angiogenic event, because their
expression is up-regulated on newly formed vessels (2, 3); whereas
antagonists of ␣v␤3 and ␣v␤5 have been shown to inhibit pathological
angiogenesis and tumor growth in animal models (2–5). Furthermore,
the ␤3-integrin antagonist, Vitaxin, is currently in clinical trials (6).
However, we demonstrated recently that pathologic angiogenesis and
tumor growth are actually enhanced in ␤3-integrin– deficient or ␤3/
␤5-integrin doubly-deficient mice (7); these findings have brought
into question the role of ␤3-integrin as a positive regulator of angiogenesis (7, 8). Instead, we showed that the enhanced angiogenesis
may be due to an elevated response to vascular endothelial growth
factor (VEGF) in these mice. Because both VEGF and ␤3-integrin
signaling are prominent targets of anti-angiogenic therapy (9), the
mechanism via which this enhanced response occurs requires additional investigation.
VEGF initiates tumor vascularization by driving an angiogenic
response in endothelial cells (1, 10 –12). VEGF-A, the principal
isoform of VEGF implicated in this process, mediates its effects via at
least two receptor tyrosine kinases expressed on endothelial cells,
VEGF receptor 1 (VEGFR1/Flt1) and VEGF receptor 2 (VEGFR2/
Flk1), and a coreceptor, neuropilin-1 (10, 12). Most reports agree that

MATERIALS AND METHODS

Materials. All chemicals and reagents were from Sigma (Poole, United
Kingdom), except for the following: DC101 rat monoclonal anti-Flk1 antibody
and rat immunoglobulin G (IgG) control antibody (ImClone Systems, Inc.,
New York, NY), anti-ERK1, anti-ERK2, anti-HSC-70 (Autogen Bioclear,
Oxfordshire, United Kingdom), anti-phospho-ERK1/2 (Cell Signaling Technology, Hitchin, United Kingdom), anti-Fc␥ III/II receptor, anti-Flk1, antiCD31, anti-ICAM-2 (BD PharMingen, Oxford, United Kingdom), anti-Flk1pY1173–specific antibody (Oncogene Research Products, San Diego, CA),
anti-laminin-1 (Sigma), growth factor reduced–Matrigel (GFR-Matrigel; BD
Biosciences, Oxford, United Kingdom), VEGF-A164 (R&D Systems, Oxford,
United Kingdom or Peprotech, London, United Kingdom), interferon-␥
(IFN-␥; R&D Systems), endothelial cell growth mitogen (Biogenesis, Poole,
United Kingdom), fetal calf serum (Biowest, Miami, FL), SU5416, UO126,
fibronectin (Calbiochem, Beeston, United Kingdom), Vitrogen (ICN Biosciences, Irvine, CA), Ham’s F-12, and Dulbecco’s modified Eagle’s medium
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Tumor growth, tumor angiogenesis, and vascular endothelial growth
factor (VEGF)–specific angiogenesis are all enhanced in ␤3-integrin–null
mice. Furthermore, endothelial cells isolated from ␤3-null mice show
elevated levels of Flk1 (VEGF receptor 2) expression, suggesting that
␤3-integrin can control the amplitude of VEGF responses by controlling
Flk1 levels or activity. We now show that Flk1 signaling is required for the
enhanced tumor growth and angiogenesis seen in ␤3-null mice. Moreover,
␤3-null endothelial cells exhibit enhanced migration and proliferation in
response to VEGF in vitro, and this phenotype requires Flk1 signaling.
Upon VEGF stimulation, ␤3-null endothelial cells exhibit higher levels of
phosphorylated Flk1 and extracellular-related kinases 1 and 2 than wildtype endothelial cells. Furthermore, signaling via ERK1/2 is required to
mediate the elevated responses to VEGF observed in ␤3-null endothelial
cells and aortic rings in vitro. These data confirm that VEGF signaling via
Flk1 is enhanced in ␤3-integrin– deficient mice and suggests that this
increase may mediate the enhanced angiogenesis and tumor growth observed in these mice in vivo.

Flk1 activation is necessary and sufficient for angiogenic responses to
VEGF-A (10, 12–14). However, Flt1 can have either a positive or
negative effect on Flk1 signaling (12, 15–17), whereas neuropilin-1
can enhance signaling through Flk1, but can inhibit angiogenesis by
binding to semaphorin ligands (18 –21).
Tyrosine phosphorylation of Flk1 in response to VEGF activates
numerous downstream signaling molecules, including the extracellular-related kinases 1 and 2 (ERK1/2). ERK1/2 activity is a known
mediator of endothelial cell proliferation, migration, and survival
during angiogenesis (22–24). Furthermore, Flk1 expression is upregulated on new blood vessels (25–27) and antagonists that block the
function of VEGF-A or Flk1 inhibit tumor growth and angiogenesis in
mice (9, 28 –32). Thus the level of Flk1 expression and the signaling
activity of this receptor are considered to be of central importance to
VEGF-specific angiogenesis.
Endothelial cells isolated from ␤3-null mice show elevated expression levels of Flk1. We proposed that these raised levels of Flk1
expression might facilitate an enhanced response to VEGF in ␤3-null
endothelial cells (7), explaining the enhanced tumor and VEGFspecific angiogenesis observed in these mice. In the current report, we
have used specific inhibitors of Flk1 to investigate this hypothesis in
vivo and in vitro. We show that not only are the enhanced angiogenesis and tumor growth observed in ␤3-null mice dependent on VEGF
binding to Flk1 in vivo, but that ␤3-null endothelial cells show
enhanced Flk1-dependent responses to VEGF in vitro. Furthermore,
enhanced responses to VEGF in ␤3-null endothelial cells requires
ERK1/2 signaling. These results have important implications for the
current understanding of how ␣v␤3 integrin regulates VEGF signaling
and tumor angiogenesis.
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PBS) or PBS vehicle control. This dose of DC101 has been shown previously g/mL fibronectin, and 30 g/mL Vitrogen in PBS. Endothelial cells were
to be the maximum effective dose in mice (28) and was selected to block all purified by magnetic immunosorting with a single negative sort for Fcg III/II
Flk1 receptor activity. Tumors were established by subcutaneous injection of receptor–positive macrophages and at least two positive sorts for ICAM-2–
1 ⫻ 106 B16F0 or CMT19T cells between the shoulders of wild-type and positive endothelial cells. Cells were cultured routinely in a 50:50 mix of
␤3-null animals on day 2. All animals received additional DC101 or PBS/IgG Ham’s F-12:DMEM medium supplemented with 20% FCS, 20 g/mL endocontrol injections on days 2, 5, and 8. Tumors were harvested on day 12 and thelial cell mitogen, 1 g/mL heparin, and antibiotics in flasks precoated as
photographed, and tumor volume was measured. Similar results were obtained described above. Temperature-conditional immortalized mouse lung endothein tumor assays regardless of whether we used a PBS vehicle or isotype- lial cells were cultured at 33°C in medium supplemented with 20 U/mL IFN-␥
to permit simian virus 40 T-antigen activity and switched to 37°C in the
matched IgG as the control injection.
Quantification of Blood Vessel Density in Tumor Sections. Size- absence of IFN-␥ 24 hours before use in experiments, to prevent T-antigen
matched tumors from wild-type and ␤3-integrin–null mice treated with or activity and therefore render the endothelial cells with a primary phenotype
without Flk1 inhibitor were snap-frozen and bisected, and cryosections were (37).
made. Frozen sections were brought to room temperature, fixed in 100%
Migration Assays. Temperature-conditional immortalized mouse lung enacetone at ⫺20°C, rehydrated in PBS for 10 minutes, and then blocked (PBS, dothelial cells were plated at a density of 10,000 cells per square centimeter in
1% bovine serum albumin, and 1:60 normal goat serum) for 45 minutes at precoated six-well plates. Cells were grown until a confluent monolayer was
room temperature. After a 5-minute wash in PBS, sections were incubated with achieved, and then the medium was exchanged for serum-free medium sup1:100 anti-laminin-1 or 1:100 anti-CD31 antibody in blocking buffer for 2 plemented with inhibitors, DC101 antibody, or control IgG as appropriate.
hours at room temperature. After three 5-minute washes in PBS, sections were After 1 hour, monolayers were scratched with a P-200 tip, and the scratches
incubated with Alexa 488-antirabbit or Alexa 488-antirat secondary antibody were photographed at three to five points along their length using the inverted
(Molecular Probes, Eugene, OR) diluted in blocking buffer. After three 5- microscope described above. The medium was then exchanged for a 50:50 mix
minute washes in PBS, sections were washed briefly with distilled water before of Ham’s F-12:DMEM supplemented with VEGF and inhibitors or antibodies
being mounted in mounting medium with antifade (Citifluor, Ltd., Leicester, as appropriate. After 8 hours of incubation at 37°C, scratches were rephotoUnited Kingdom). Immunofluorescence images were captured using an epif- graphed, and the percentage of migration was determined relative to the scratch
luorescence microscope (Carl Zeiss, Jena, Germany) equipped with a digital width at 0 hours.
camera (Hamamatsu Photonics, Ltd., Welwyn Garden City, United Kingdom)
Proliferation Assays. Primary mouse lung endothelial cells were plated at
using Open Lab v2.2 software (Improvision, Coventry, United Kingdom). The a density of 2500 cells per square centimeter in precoated six-well plates.
number of laminin-1– or CD31-positive blood vessels present across the entire Twenty-four hours later, the medium was changed for a 50:50 mix of Ham’s
area of each tumor section was counted and divided by the area of the section
F-12:DMEM supplemented with 1% FCS, 1 mg/mL heparin, and 50 ng/mL
to determine tumor blood vessel density.
VEGF with or without 3 mol/L SU5416, a Flk1 tyrosine kinase inhibitor
In vivo Matrigel Plug Assay. Matrigel plug assays were performed in age- (Calbiochem). This dose of SU5416 has been shown previously to be the
and sex-matched wild-type or ␤3-integrin– deficient mice. On day 0, animals maximum effective dose within several in vitro assays (32, 38) and was
received an intraperitoneal injection of DC101 or IgG control antibody (800 selected to block all Flk1 receptor activity. Cells were trypsinized from
g in 100 L of PBS). On day 2, each animal received an abdominal replicate wells every day for five days and counted using a hemocytometer.
subcutaneous injection in the left and right flank containing 200 L of
Western Blotting and Immunoprecipitation. Wild-type or ␤3-null temGFR-Matrigel mixed with 30 ng of VEGF. Animals received additional perature-conditional immortalized mouse lung endothelial cells were plated at
a density of 5,000 cells per square centimeter in 6- or 10-cm-diameter preDC101 or IgG control injections on days 2, 5, and 8. Matrigel plugs were
removed on day 9, fixed in formal saline, bisected, embedded in paraffin, and coated dishes and grown to 70 to 90% confluency. The medium was then
sectioned. Sections were stained with hematoxylin and eosin for analysis of exchanged for serum-free medium for 3 hours with addition of inhibitors or
blood vessel infiltration. Images of histological sections were captured using antibodies as appropriate during the last hour of serum starvation, after which
the microscope described above. The number of blood vessels present across cells were stimulated with 10 ng/mL VEGF. Stimulation was terminated by
the entire area of each Matrigel section was counted and divided by the area of transfer of the cells to ice, followed by washing three times with ice-cold PBS
and lysis in ice-cold lysis buffer: 10 mmol/L Tris (pH 7.3), 150 mmol/L NaCl,
the section to determine blood vessel density.
Ex vivo Aortic Ring Assay. Thoracic aortae were removed from 6- to 10 mmol/L EGTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 5
9-week-old wild-type or ␤3-integrin– deficient mice after cervical dislocation. mmol/L NaF, 1 mmol/L Na3VO4, 1 mmol/L phenylmethylsulfonyl fluoride,
Extraneous fat and other tissue was removed, and the aortae were sliced and protease inhibitor cocktail (Calbiochem). Cells were then incubated for an
transversely into ⬃0.5-mm-thick rings. Each ring was transferred to a 50 L additional 10 minutes on ice before scraping the cells off and pelleting
bed of polymerized GFR-Matrigel. An additional 50 L of GFR-Matrigel were insoluble material at 12,000 rpm for 10 minutes.
Alternatively, for immunoprecipitation of phosphorylated Flk1, serumthen applied over the ring and allowed to polymerize before adding 150 L of
basal medium: DMEM with 2% fetal calf serum (FCS). The medium was starved cells were preincubated for 10 minutes with serum-free medium
supplemented further with 30 ng/mL VEGF and inhibitors or antibodies as containing 1 mmol/L Na3VO4 and 1 g/mL heparin, followed by stimulation
appropriate. Where antibodies were used, the GFR-Matrigel was supplemented with 50 ng/mL VEGF in the same medium for 7 minutes at 37°C. Cells were
with 20 g/mL DC101 antibody or control IgG just before polymerization. then transferred to ice, washed with ice-cold PBS plus 1 mmol/L Na3VO4, and
This dose of anti-VEGFR2 antibody has been shown previously to be the lysed for 15 minutes in immunoprecipitation buffer: 20 mmol/L Tris (pH 7.5),
maximum effective dose within several in vitro assays (35) and was selected 150 mmol/L NaCl, 1 mmol/L Na3VO4, 1% NP40, 10% glycerol, and protease
to block all Flk1 receptor activity. Aortic rings were cultured at 37°C for 8 inhibitor cocktail, before scraping the cells off and pelleting insoluble material
days. Every 2 days, the medium including growth factors, inhibitors, or
at 12,000 rpm for 10 minutes. The supernatants were incubated with 5 g of
antibodies, if added, was replaced. On day 6, phase contrast photomicrographs anti-Flk1 antibody overnight at 4°C with end-over-end rotation, followed by an
of rings were taken using an inverted microscope (Carl Zeiss) equipped with additional 2 hours of incubation with protein A/G Sepharose beads (Autogen
a digital camera (Hamamatsu Photonics, Ltd.), and angiogenesis was quanti- Bioclear). The beads were then washed three times with lysis buffer before
tated by counting the numbers of capillary sprouts per ring.
boiling in SDS-PAGE sample loading buffer.
Isolation and Culture of Mouse Lung Endothelial Cells. Primary mouse
Lysates were subjected to SDS-PAGE and transferred to nitrocellulose
lung endothelial cells were isolated from the lungs of wild-type and ␤3membranes (Hybond ECL; Amersham Biosciences, Buckinghamshire, United
integrin– deficient mice on a 129Sv background, whereas temperature-condi- Kingdom) for Western blotting with antiphosphorylation site-specific antitional immortalized endothelial cells were isolated from the lungs of animals bodies, followed by stripping and reprobing with anti-ERK1/2 or anti-Flk1
crossed with H-2Kb-tsA58 “immorto” mice, which express a temperature- antibodies. Blots were probed for HSC-70 to determine the equality of protein
sensitive simian virus 40 large T-antigen (36). Lungs were minced, digested loading. Densitometry was performed using a gel acquisition and analysis
with collagenase type I (Gibco Invitrogen, Ltd., Paisley, United Kingdom), and set-up (UV Products, Ltd., Cambridge, United Kingdom). Band densities were
sieved through a 70 m-pore size cell strainer (BD Falcon, Bedford, MA); and normalized to HSC-70 levels to make quantitative measurements of protein
the cell suspension was plated on flasks precoated with 0.1% gelatin, 10 phosphorylation and total protein levels.
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Analysis of Statistical Significance. Data sets were analyzed for significance using Student’s t test. P ⬍ 0.05 was considered statistically significant.

RESULTS

Fig. 1. Flk1 inhibitor blocks enhanced tumor growth in ␤3-integrin–
deficient mice. Mice received intraperitoneal injections of a Flk1 inhibitory
antibody, DC101 (800 g in 100 L of PBS), or control 2 days before
subcutaneous injection of 1 ⫻ 106 B16F0 melanoma cells or 1 ⫻ 106
CMT19T mouse carcinoma cells. Additional intraperitoneal injections of
Flk1 inhibitor or control were carried out on the day of tumor cell injection
and every 3 days after. Tumors were removed 10 days after injection of cells,
size measured, and photographed. A, quantification of subcutaneous B16F0
melanoma tumor volume in wild-type (WT) and ␤3-null (⫺/⫺) animals
treated with Flk1 inhibitor or control; n ⫽ 10 animals per data point; ⴱ,
P ⬍ 0.05; ⴱⴱ, P ⬍ 0.03; n.s.d., no significant difference. B, photographs of
representative B16 melanomas. C, quantification of subcutaneous CMT19T
tumor volume in wild-type and ␤3-null animals treated with Flk1 inhibitor or
control; n ⫽ 5 animals per data point; ⴱⴱ, P ⬍ 0.03; n.s.d., no significant
difference. D, photographs of representative CMT19T tumors. Bars show
mean tumor volume in cubic millimeters ⫾ SEM. Scale bar ⫽ 5 mm.
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Flk1 Antagonist Blocks Enhanced Tumor Growth in ␤3-Null
Mice. To address the role that Flk1 plays in the enhanced angiogenesis observed in ␤3-null mice in vivo we used an antibody, DC101,
which is raised against the extracellular domain of Flk1 and antagonizes VEGF binding to the receptor. This Flk1 inhibitor has been
shown to block both tumor growth and angiogenesis in several mouse
models (28 –30). B16F0 melanomas grown in ␤3-null control mice
were significantly larger than those found in wild-type control mice
(P ⬍ 0.05; Fig. 1A and B), in agreement with our previous findings
(7). However, there was a significant reduction in tumor volume in
both wild-type and ␤3-null animals treated with Flk1 inhibitor, when
compared with control animals of the same genotype (P ⬍ 0.05; Fig.
1A and B). The same type of experiment was performed using the
mouse carcinoma cell line, CMT19T. Again, tumors grown subcutaneously in ␤3-null animals were significantly larger than those harvested from wild-type mice (P ⬍ 0.03 Fig. 1C and D), and administration of Flk1 inhibitor resulted in a significant reduction in tumor
volume in both genotypes (P ⬍ 0.03; Fig. 1C and D). Importantly, in
the presence of the Flk1 inhibitor, there was no significant difference
in the size of tumors observed in ␤3-null and wild-type mice
(P ⬎ 0.05; Fig. 1). Because neither tumor cell line used in this study
expresses Flk1 (data not shown), it is unlikely that the effect of the
Flk1 inhibitor is due to direct toxicity against the tumor cells. Moreover, these data suggest that the enhanced tumor volume observed in
␤3-integrin– deficient mice can be blocked by inhibiting Flk1 on
angiogenic blood vessels.
Flk1 Antagonist Blocks Enhanced Angiogenesis in ␤3-Null
Mice. To confirm the role played by Flk1 in ␤3-null angiogenic blood
vessels, we evaluated the effect that Flk1 inhibition has on tumor
angiogenesis in ␤3-null mice. Size-matched tumors removed from

wild-type and ␤3-null animals, treated with and without Flk1 inhibitor, were processed for histological examination. Blood vessel densities in tumors were determined by performing immunohistochemistry
for laminin-1 (Fig. 2A) or CD31 (data not shown) and counting the
number of blood vessels present across entire tumor sections. The
blood vessel density in tumors from ␤3-null mice was significantly
higher than in tumors from wild-type mice (P ⬍ 0.007; Fig. 2B).
However, in the presence of the Flk1 inhibitor, blood vessel densities
were significantly lower than in untreated animals (P ⬍ 0.007; Fig.
2B), and there was no significant difference in blood vessel density
between genotypes (Fig. 2B). Sections stained for CD31 gave identical results (data not shown). These results show that the enhanced
tumor angiogenesis observed in ␤3-null mice can be inhibited using a
Flk1 antagonist.
To confirm the role of Flk1 in an independent in vivo assay of
angiogenesis, wild-type and ␤3-null mice were implanted with VEGFcontaining Matrigel plugs (7). The mice were treated with or without
a course of Flk1 inhibitor, and the density of blood vessel infiltration
into the plugs was determined by histology (Fig. 2C and D). The
vessel density in plugs removed from ␤3-null mice was significantly
higher than that found in plugs from wild-type mice (P ⬍ 0.0005; Fig.
2D). However, in the presence of the Flk1 inhibitor, vessel densities
were significantly lower than in untreated animals (P ⬍ 0.0004; Fig.
2D), and there was no significant difference in vessel density between
genotypes.
Finally, we confirmed that similar results could be obtained in the
ex vivo aortic ring assay (7). Aortic ring segments from wild-type and
␤3-null mice were embedded in Matrigel and stimulated with or
without VEGF in the presence of Flk1 inhibitor or IgG control
antibody. Angiogenesis was quantified by counting the number of
microvessels that sprouted directly from the rings (Fig. 3A). VEGFdependent sprouting of ␤3-null rings was enhanced when compared
with rings without VEGF (P ⬍ 0.0003; Fig. 3B) and when compared
with wild-type rings incubated with VEGF (P ⬍ 0.0003; Fig. 3B).
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Furthermore, sprouting from ␤3-null rings was inhibited significantly
by the presence of Flk1 inhibitor (P ⬍ 0.0003; Fig. 3B) and was
equivalent to sprouting seen in the absence of VEGF or in wild-type
rings. Interestingly, we observed no increased stimulation of sprouting
in wild-type rings when VEGF was added. This observation highlights
the impact that ␤3-integrin– deficiency has on VEGF-specific angiogenesis.
Therefore, within three independent assays of angiogenesis, blockade of Flk1 function inhibited the enhanced angiogenesis in ␤3-null
mice.
Inhibition of Flk1 Blocks Enhanced Vascular Endothelial
Growth Factor-Mediated Migration and Proliferation of ␤3-Null
Endothelial Cells. Migration and proliferation of endothelial cells
are both required for de novo blood vessel formation (1). Because
VEGF stimulates enhanced angiogenesis in ␤3-null mice through
Flk1, we investigated whether ␤3-null endothelial cells exhibit enhanced migratory or proliferative responses to VEGF in vitro using
endothelial cells isolated from the lungs of wild-type and ␤3-null
mice.
Endothelial cell migration was assayed by measuring the extent of
closure during in vitro scratch assays (Fig. 4A and B). In the absence
of growth factors, migration of wild-type and ␤3-null endothelial cells
was equivalent. VEGF stimulated a significant increase in wild-type
endothelial cell migration when compared with growth factor–free
medium (P ⬍ 0.05; Fig. 4B), but ␤3-null endothelial cells migrated
significantly further than wild-type cells in response to VEGF
(P ⬍ 0.005; Fig. 4B). Furthermore, the Flk1 inhibitor reduced the
VEGF-dependent migration of both wild-type and ␤3-null endothelial
cells down to levels seen in growth factor-free medium. Importantly,

for both wild-type and ␤3-null cells, the Flk1 inhibitor had no effect
on basal migration levels or on migration induced by incubating cells
with 10% FCS (data not shown), indicating that the Flk1 inhibitor acts
specifically to block VEGF-mediated responses.
Endothelial cell proliferation in response to VEGF was assayed by
incubating cells with VEGF in the presence of 1% serum and counting
the number of cells every day for 5 days. Although these conditions
supported the survival of wild-type endothelial cells, no increase in
cell number was evident (Fig. 4C). In contrast, VEGF stimulated the
proliferation of ␤3-null endothelial cells. Within 3 days of beginning
the experiment, the number of ␤3-null cells measured was significantly greater than the number of wild-type cells (P ⬍ 0.001); and by
5 days, the number of ␤3-null endothelial cells was 4- to 6-fold greater
than the number of wild-type cells (P ⬍ 0.0004). Furthermore, application of SU5416, a Flk1 tyrosine kinase inhibitor (32), significantly
attenuated the VEGF-dependent proliferation of ␤3-null endothelial
cells (P ⬍ 0.001 at 3–5 days) but had little effect on the numbers of
wild-type cells recorded. Importantly, both wild-type and ␤3-null
endothelial cells proliferated in normal growth medium, containing
20% FCS and endothelial mitogen, and this was not affected by the
Flk1 inhibitor (data not shown). Taken together, these data demonstrate that ␤3-null endothelial cells show both enhanced migration and
proliferation in response to VEGF when compared with wild-type
cells and that inhibition of Flk1, using two independent Flk1 inhibitors, blocks these responses.
Enhanced Phosphorylation of Flk1 and Extracellular-Related
Kinase 1/2 in ␤3-Null Endothelial Cells. Given that VEGF-stimulated responses are enhanced in ␤3-null endothelial cells, we investigated whether intracellular signaling in response to VEGF also is
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Fig. 2. Flk1 inhibitor blocks enhanced angiogenesis in ␤3-integrin– deficient mice. Mice received intraperitoneal injections of Flk1 inhibitor (800 g
in 100 L PBS) or control 2 days before subcutaneous injection of 1 ⫻ 106
B16F0 melanoma cells or subcutaneous injection of Matrigel plugs (200 L
of Matrigel plus 30 ng of VEGF per plug). Additional intraperitoneal
injections of Flk1 inhibitor or control were carried out on the day of tumor
or Matrigel injection and every 3 days after. A and B. Melanomas were
removed 10 days after tumor cell injection and snap-frozen. Tumor blood
vessels were identified in cryosections from size-matched tumors by immunofluorescence staining for laminin-1 or CD31. A, representative images of
laminin-1 staining in tumor sections. B, quantification of tumor blood vessel
density (three tumors per data point); ⴱ, P ⬍ 0.007; n.s.d., no significant
difference. C and D. Matrigel plugs were removed 7 days after their injection, fixed in formalin, and embedded in paraffin; and sections were stained
with hematoxylin and eosin. C, representative images of Matrigel plug
sections stained with hematoxylin and eosin; arrowheads indicate blood
vessels. D, quantification of blood vessel densities in Matrigel plugs (15–20
plugs per data point); ⴱ, P ⬍ 0.0005; n.s.d., no significant difference. Bars
show the mean vessel number per square millimeter ⫾ SEM. Scale
bar ⫽ 100 m. WT, wild-type; ⫺/⫺, ␤3-null.
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response peaked at 5 minutes after stimulation and was downregulated to basal levels in both cell types by 15 minutes (Fig. 5D
and E). However, the levels of phosphorylated ERK1/2 detected in
␤3-null endothelial cells after VEGF stimulus were consistently
higher than those detected in wild-type cells (Fig. 5D and E).
ERK1/2 phosphorylation was blocked by application of the MEK1
inhibitor PD 098059 (Fig. 5F and G), indicating that the signaling
from Flk1 to ERK1/2 occurred via activation of MEK1. Impor-
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Fig. 3. Enhanced sprouting angiogenesis from ␤3-integrin– deficient aortic rings in
response to VEGF is blocked by Flk1 inhibitor. A and B, aortic rings from wild-type (WT)
and ␤3-null (⫺/⫺) mice were embedded in Matrigel and overlaid with medium. Cultures
were supplemented with or without 30 ng/mL VEGF in the presence of antibodies (20
g/mL DC101 or 20 g/mL control IgG) and incubated for 8 days at 37°C with
replacement of the medium every 2 days. A, representative photomicrographs of VEGFstimulated aortic rings after 6 days in culture. B, sprouting angiogenesis was quantified by
counting the number of microvessels that developed from aortic rings after 6 days in
culture (n ⫽ 15 rings per data point); ⴱ, P ⬍ 0.0003. Bars show mean microvessel number
per ring ⫾ SEM. Scale bar ⫽ 100 m.

enhanced. We have shown previously that ␤3-null endothelial cells
express 2- to 3-fold more Flk1 than wild-type endothelial cells (7).
Therefore, we examined whether VEGF stimulation of ␤3-null endothelial cells results in increased levels of phosphorylated Flk1. VEGF
stimulated the phosphorylation of Flk1 in both wild-type and ␤3-null
endothelial cells (Fig. 5A). Furthermore, densitometric analysis of
Western blots revealed that the levels of phosphorylated Flk1 induced
by VEGF were approximately 2-fold elevated in ␤3-null endothelial
cells when compared with wild-type cells (Fig. 5B). Densitometric
analysis of total Flk1 levels confirmed that total Flk1 levels were also
2-fold elevated in ␤3-null cells in this experiment (Fig. 5C). This
confirms that, upon VEGF stimulation, ␤3-null endothelial cells have
elevated levels of phosphorylated Flk1 when compared with wild-type
cells.
To investigate whether elevated levels of phosphorylated Flk1 in
␤3-null cells can be translated into an enhanced downstream signaling response, we investigated the phosphorylation of ERK1/2 in
response to VEGF. Several reports have shown that VEGF signaling through Flk1 activates ERK1/2 phosphorylation and that this is
required for migration and proliferation of endothelial cells in vitro
(10, 12). VEGF stimulated the phosphorylation of ERK1/2 in both
wild-type and ␤3-null endothelial cells (Fig. 5D and E). This

Fig. 4. Enhanced migration and proliferation of ␤3-null endothelial cells in response to
VEGF are blocked by Flk1 inhibitors. A and B. Wild-type (WT) or ␤3-null (⫺/⫺)
endothelial cells were grown to confluency in six-well plates. After preincubation with
serum-free medium plus antibodies (20 g/mL DC101 or 20 g/mL control IgG),
monolayers were scratched with a P-200 pipette tip. Cells were then incubated for 8 hours
with serum-free medium or medium plus 25 ng/mL VEGF with or without antibodies (20
g/mL DC101 or 20 g/mL control IgG). A, representative photomicrograph images of
wild-type and ␤3-null endothelial cell scratches at 0 hours and after 8 hours of migration
under different stimulation conditions. B, quantification of percentage migration displayed
by wild-type and ␤3-null endothelial cells under different stimulation conditions; ⴱ,
P ⬍ 0.05; ⴱⴱ, P ⬍ 0.005. Bars show percentage migration relative to 0 hours ⫾ SEM.
Scale bar ⫽ 100 m. C. Wild-type and ␤3-null endothelial cells were seeded at a density
of 2500 cells per square centimeter in six-well plates. After 24 hours, the medium was
exchanged for that containing 1% FCS and 50 ng/mL VEGF with 3 mol/L SU5416 or
vehicle control (day 0). Cells from representative wells were trypsinized and counted
every subsequent day for 5 days (days 1–5). Each data point represents the mean from five
counts, and bars show cell number ⫾ SEM; ⴱ, P ⬍ 0.001 when comparing significant
difference between number of wild-type and ␤3-null cells recorded in the presence of
VEGF without Flk1 inhibitor.
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tantly, phosphorylation of ERK1/2 was ablated in both wild-type
and ␤3-null cells when VEGF stimulation was performed in the
presence of Flk1 inhibitor, indicating that this response also depended on signaling through Flk1 (Fig. 5H and I). These data show
that VEGF stimulation results in elevated levels of phosphorylated
Flk1 in ␤3-null endothelial cells and that this is associated with
enhanced activation of ERK1/2 via MEK1.
Responses to Vascular Endothelial Growth Factor in WildType and ␤3-Null Endothelial Cells Involve Signaling via Extracellular-Related Kinase 1/2. Finally, we investigated whether the
activation of ERK1/2 is involved in the enhanced response of ␤3-null
endothelial cells to VEGF. The MEK1/2 inhibitor UO126 inhibited
VEGF-stimulated migration of both wild-type and ␤3-null endothelial
cells in a dose-dependent fashion (Fig. 6A). Furthermore, at the
nonsaturating doses of 0.05 and 0.1 mol/L, with which only partial
inhibition of migration was achieved, the migration of ␤3-null endothelial cells was still significantly greater than wild-type cells
(P ⬍ 0.05). This difference in sensitivity to the inhibitor may be a
consequence of the enhanced activation of ERK1/2 that occurs in
␤3-null endothelial cells. UO126, albeit at higher concentrations, was
also able to inhibit VEGF-induced microvessel growth from wild-type
and ␤3-null aortic rings in a dose-dependent manner (Fig. 6B), and at
the nonsaturating dose of 5 mol/L, sprouting from ␤3-null aortic
rings was significantly greater than wild-type (P ⬍ 0.05). Therefore,
the increased phosphorylation of ERK1/2 in ␤3-null endothelial cells
is involved in mediating the enhanced response of these cells to
VEGF.

DISCUSSION
We propose that Flk1-mediated responses to VEGF are enhanced in
␤3-null mice, leading to augmented angiogenesis and increased tumor
growth. Therefore, ␤3-integrin could be a negative regulator of VEGF
signaling.
Endothelial cell expression of ␤3-integrin and Flk1 can be upregulated during angiogenesis, and antagonists of both molecules
inhibit pathological angiogenesis in mice, suggesting a role for both
molecules in tumor neovascularization (10, 12, 39, 40). Moreover,
binding of ␤3-integrin to vitronectin enhances the phosphorylation of
Flk1 in response to VEGF, suggesting that ␤3-integrin can promote
Flk1 signaling during angiogenesis (41). However, studies in ␤3integrin– deficient mice show that this integrin is not required for
tumor or VEGF-specific angiogenesis (7), and we now show that
enhanced Flk1 signaling occurs in endothelial cells in which ␤3integrin is absent.
How does enhanced Flk1 signaling occur as a consequence of ␤3
integrin deficiency? ␣v␤3 integrin expression in endothelial cells can
suppress Flk1 expression, which results in at least 2-fold elevated
cellular levels of Flk1 in ␤3-null endothelial cells when compared
with wild-type cells (7). In concordance, when ␤3-null endothelial
cells receive a VEGF stimulus, the amount of phosphorylated Flk1
receptor that results is also 2-fold greater when compared with wildtype cells (Fig. 5). Although we have limited our in vitro studies to
stimulation with VEGF-A164, it is also possible that the other Flk1
ligands, i.e., VEGF-A120, VEGF-A144, VEGF-A188, VEGF-C, and
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Fig. 5. Enhanced VEGF-mediated signaling in ␤3-null endothelial cells.
A. Subconfluent wild-type (WT) or ␤3-null (⫺/⫺) endothelial cells were
serum-starved and then stimulated with 50 ng/mL VEGF for 7 minutes and
then lysed. Flk1 was immunoprecipitated from lysates and detected by
probing Western blots for phospho-Flk1 (p Flk1) and then stripping and
reprobing for Flk1 (total Flk1). The Western blot for HSC-70 was performed
on a parallel Western blot that was loaded with the same proportions of
lysate as used for each immunoprecipitation. B, densitometric quantification
of Flk1 phosphorylation levels in wild-type and ␤3-null endothelial cells in
response to VEGF. C, densitometric quantification of Flk1 total protein
levels in wild-type and ␤3-null endothelial cells. D, phosphorylation of
ERK1/2 (p ERK1/2) in wild-type and ␤3-null endothelial cells in response to
VEGF. E, densitometric quantification of ERK1/2 phosphorylation in wildtype and ␤3-null endothelial cells in response to VEGF. F, ERK1/2 phosphorylation in wild-type and ␤3-null endothelial cells in response to a
5-minute treatment with VEGF in the presence or absence of 5 mol/L PD
098059 (MEK1 inhibitor). G, densitometric quantification of ERK1/2 phosphorylation in wild-type and ␤3-null endothelial cells in response to VEGF
with and without pretreatment with 5 mol/L PD 098059. H, phosphorylation of ERK1/2 after 1 hour of preincubation with or without Flk1 inhibitor
(20 g/mL) and 5 minutes of stimulation with VEGF. I, densitometric
quantification of ERK1/2 phosphorylation in wild-type and ␤3-null endothelial cells in response to VEGF with and without pretreatment with Flk1
inhibitor (20 g/mL). Densitometry results in parts B, C, E, G, and I are
normalized to an HSC-70 loading control. The data are representative of
results obtained in three independent experiments.
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VEGF-D (10, 12), might also elicit the same effect. In any case, the
increased activation of Flk1 can lead to enhanced activation of downstream signaling molecules, such as ERK1/2 (Fig. 5) and augmented
endothelial cell responses to VEGF, such as enhanced cell migration
and proliferation (Fig. 4). Because Flk1 inhibition reduces the enhanced angiogenesis and tumor growth seen in ␤3-null mice (Figs.
1–3), enhanced Flk1 signaling may mediate the augmented angiogenesis and tumor growth seen in ␤3-null animals in vivo. Therefore, ␤3
integrin can enhance or inhibit VEGF signaling via different mechanisms: Vitronectin binding to ␤3-integrin promotes Flk1 phosphorylation and downstream signaling (41), whereas suppression of Flk1
expression by ␤3-integrin limits the total cellular levels of Flk1
available for phosphorylation and downstream signaling.
The 2- to 3-fold increase in Flk1 expression seen in ␤3-null endothelial cells (7) results in increased angiogenesis and tumor growth in
vivo, suggesting that the expression level of Flk1 is a major determinant of angiogenic potential in vivo. This is supported by data showing
that levels of endothelial Flk1 are spatially and temporally regulated
during developmental angiogenesis (27, 40) and increased during
pathologic angiogenesis (25, 26). Although beyond the scope of the
current study, it would also be interesting to determine whether the
levels and activity of other VEGF receptors are altered in ␤3-null
mice.
Other mechanisms may also contribute to the enhanced angiogenesis seen in ␤3-null mice. Firstly, because ␤3-integrin binding to
vitronectin can enhance Flk1 signaling in response to VEGF (41),
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