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ABSTRACT Angiostatin, a fragment of plasminogen, has
been identified and characterized as an endogenous inhibitor
of neovascularization. We show that angiostatin treatment of
endothelial cells in the absence of growth factors results in an
increased apoptotic index whereas the proliferation index is
unchanged. Angiostatin also inhibits migration and tube
formation of endothelial cells. Angiostatin treatment has no
effect on growth factor-induced signal transduction but leads
to an RGD-independent induction of the kinase activity of
focal adhesion kinase, suggesting that the biological effects of
angiostatin relate to subversion of adhesion plaque formation
in endothelial cells.

Angiogenesis, formation of new vessels from preexisting mi-
crocapillaries, is recognized increasingly as a critical factor in
a broad spectrum of diseases (1). The potential for therapeutic
benefits from treatment of such diseases, e.g., tumors, with
antiangiogenic substances therefore is very high. Angiostatin,
a fragment encompassing the kringle region of plasminogen,
has been identified and characterized as a potent inhibitor of
neovascularization (2). Angiostatin has been shown to effi-
ciently inhibit the growth of a broad spectrum of murine and
human tumor models in mice (3). By inhibiting neovascular-
ization of the tumor, angiostatin treatment leads to increased
apoptosis of the tumor cells (4). In vitro, the proliferation of
capillary endothelial cells is inhibited by angiostatin (2). Its
mechanism of action has, however, remained unclear.

Because growth factors such as fibroblast growth factor-2
(FGF-2) and vascular endothelial growth factor (VEGF) have
been shown to induce angiogenesis in several experimental
situations, the antiangiogenic effect of angiostatin could result
from interference at any level with growth factor-induced
signal transduction in endothelial cells. Growth factors bind
with high affinity to cell surface-expressed receptors, which
dimerize, thus leading to activation of the intrinsic tyrosine
kinase, and to phosphorylation of receptor molecules. The
phosphorylated receptors bind Src homology 2 or phosphoty-
rosine-binding domain-containing signal transduction mole-
cules, whose intrinsic or associated activities are affected
through different mechanisms, upon binding to the receptors
(5). Such changes in enzymatic activities are propagated in
signaling chains that ultimately are established as specific
cellular responses, such as proliferation, death, migration, or
differentiation.

In this work, we have analyzed the molecular mechanism
whereby angiostatin inhibits endothelial cell function. Al-
though a spectrum of endothelial cell responses were inhibited

by angiostatin, we found that growth factor-induced signal
transduction was not affected. Rather, angiostatin induced
activation of focal adhesion kinase and apoptosis of endothe-
lial cells.

MATERIALS AND METHODS

Cell Culture. Human umbilical vein endothelial cells were a
generous gift from Michael Gimbrone (Brigham and Women’s
Hospital, Boston) and were grown on gelatinized plastics in
medium M199 (JRH Biosciences, Lenexa, KS) with 20%
heat-inactivated fetal bovine serum, 50 mgyml of endothelial
cell mitogen (Biomedical Technologies, Stoughton, MA) and
100 mgyml heparin. MS-1 cells, murine pancreas endothelial
cells immortalized by tsA58 simian virus 40 (SV40), was a kind
gift from Jack Arbiser, Harvard Medical School, Boston.
Murine brain endothelial cells (see ref. 6 for maintenance and
characterization) were derived form transgenic mice carrying
H-2 promoter-regulated tsA58 SV40 large T. Hollow tubes
were formed in the presence of FGF-2 within 12 h, when these
cells were cultured between two layers of collagen. Bovine
adrenal cortex capillary endothelial cells (BCE; ref. 7) were
cultured at 10% CO2 in DMEM, 10% newborn calf serum.
Porcine aortic endothelial (PAE)yFGFR-1 cells have been
characterized previously (8). Transfection of BCE cells with
different vector, wild-type, and mutated cDNAs was per-
formed by using Lipofectamine (GIBCOyBRL) according to
the manufacturer’s recommendations. Angiostatin treatment
of cells in general was performed by adding a final concen-
tration of 2.5 mgyml of angiostatin on cells in full growth
medium, for time periods indicated in the figure legends.
Angiostatin was purified from human elastase, as described
before (3). Cells were treated as indicated with growth factors,
either FGF-2 (human recombinant; Farmitalia) or VEGF165
(PeproTech, Boston).

Cell Migration. Cell migration was measured in a modified
Boyden chamber by using 8-mm Nucleopore polyvinylpyrroli-
done-free polycarbonate filters coated with 13.4 mgyml of
fibronectin (Organon Taknika–Cappel). The filter was placed
over a 48-well chamber (Neuroprobe, Cabin John, MD) con-
taining either vehicle (control), FGF-2, or VEGF165 (10 ngy
ml) in serum- and heparin-free M199 medium with 0.1% BSA
(fraction V; Sigma). Human umbilical vein endothelial
(HUVE) cells at passage 4 to 9 were pretreated with angiosta-
tin for 30 min at the indicated concentrations and then added
to the wells in the upper chamber (100,000 cellsy50 ml of
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serum-free medium). After incubation at 37°C for 5 h, the
filters were analyzed for number of cells that had migrated
through the filter, as described previously (9).

Immunoprecipitation and SDSyPAGE. Cells were lysed in
50 mM TriszHCl, pH 7.5y150 mM NaCly0.5% Triton X-100y1
mM phenylmethylsulfonyl f luoridey10 mM NaFy1 mM so-
dium orthovanadate on ice, the nuclei were pelleted, and
supernatants were either subjected to SDSyPAGE or used for
immunoprecipitation with antibodies against phosphotyrosine
(PY20; Transduction Laboratories, Lexington, KY) or focal
adhesion kinase (FAK; Transduction Laboratories). For Shb
immunoprecipitations, the supernatants from pelleting of the
nuclei were boiled for 2 min in 1% SDS and diluted 10-fold in
lysis buffer before immunoprecipitation with 5 mgyml affinity-
purified Shb antibody (ref. 10). When indicated, the immuno-
precipitates were incubated in kinase buffer (10 mM TriszHCl,
pH 7.5y0.01% Triton X-100y10 mM MnCl2) in the presence of
[g-32P]ATP (immune complex kinase assay). SDSyPAGE was
performed in 7% or 10% linear polyacrylamide gels. The gels
were used as indicated for wet transfer to membrane, followed
by immunoblotting of the filter. Blotting was performed by
using antibodies specifically recognizing activated mitogen-
activated protein kinase (New England Biolabs), or with
antiphosphotyrosine antibodies. Immunoreactive material was
detected by using ECL. When analyzing 32P-labeled material,
the gel was treated for autoradiography, by incubation in 2.5%
glutaraldehyde, to fix the gels, followed by incubation in 0.5 M
KOH, at 55°C for 45 min, to hydrolyze serine phosphorylation.

RESULTS AND DISCUSSION

Endothelial Cell Responses Are Inhibited by Angiostatin.
To understand the effect of angiostatin on growth factor-
induced endothelial cell responses, we analyzed migration and
tube formation in collagen gels of endothelial cells. Angiosta-
tin treatment of HUVE cells inhibited migration of cells
toward FGF-2 (Fig. 1A) and VEGF (Fig. 1B). HUVE cell
migration, measured by using a modified Boyden chamber
assay, was more efficient toward VEGF than toward FGF-2.
Angiostatin at 1 mgyml efficiently reduced migration of
HUVE cells toward FGF-2, to the level of basal migration. At
the same concentration of angiostatin, migration of HUVE
cells toward VEGF was reduced to 25% of that seen in the
absence of angiostatin. Increasing the concentration of an-
giostatin to 100 mgyml had no further significant effects on the
migration efficiency of growth factor-stimulated cells.

We have shown previously that FGF-2 treatment of murine
brain endothelial cells in three-dimensional collagen gels leads
to formation of hollow tube structures, which display tight
junctions between cells, and apical pinocytosis (6, 11). These
cells express VEGF receptor-1 (Flt-1) but not VEGF recep-
tor-2 (KDR) and fail to respond to VEGF with tube formation.
After 36 h of treatment of the cells with 2.5 mgyml of
angiostatin in the presence of 10% fetal calf serum, FGF-2-
induced tube formation was reduced by 79%, as compared
with FGF-2-treated control cultures (Fig. 1C). The presence of
serum was necessary for angiostatin to exert an inhibitory
effect (data not shown).

We further determined whether the angiostatin-induced
inhibition of endothelial cell proliferation (2) is because of a
decreased cell replication rate or an increase of programmed
cell death, apoptosis. TUNEL staining (12), which visualizes
nuclei containing fragmented DNA in cells undergoing apo-
ptosis, was performed on primary bovine adrenal cortex
capillary endothelial (BCE) cells treated with 2.5 mgyml
angiostatin for 3 days, in the presence of 10% calf serum (Fig.
2A). Angiostatin treatment led to a nearly doubled frequency
of stained, pyknotic nuclei (Fig. 2B). Under these conditions,
there was no effect of angiostatin on DNA synthesis (Fig. 2C),

suggesting that decreased proliferation of angiostatin-treated
BCE is caused by an increase in apoptosis.

Growth Factor-Induced Signal Transduction Is Not Af-
fected by Angiostatin. We addressed the possibility that the
biological effect of angiostatin is a result of an interference
with binding of growth factors to their cell surface receptors or
their downstream signal transduction. Iodinated VEGF was
added to cultures of BCE cells in the presence and absence of
2 and 5 mgyml angiostatin, followed by cross-linking to VEGF
receptors expressed on these cells. Similar levels of ligand–
receptor complexes were detected independently of whether or
not angiostatin had been added (data not shown). To test the
effect of angiostatin on signal transduction pathways down-
stream of the FGF receptor-1, tyrosine phosphorylation of the
adapter protein Shb was studied. In untreated BCE cells, the
Src homology 2- and Pro-rich-domain-containing protein Shb
(14) is tyrosine phosphorylated at a basal level. Stimulation
with FGF-2 for 10 min increased the level of tyrosine phos-
phorylation of Shb (Fig. 3 Upper). Pretreatment with 2.5 mgyml
angiostatin for 24 h had no effect on the FGF-2-stimulated Shb
tyrosine phosphorylation, although the basal phosphorylation
of Shb in the absence of FGF-2 was decreased. The decreased
basal tyrosine phosphorylation of the Shb adapter protein
could be of relevance for angiostatin-induced apoptosis, be-
cause Shb overexpression promotes apoptosis in NIH 3T3
fibroblasts in the absence of serum (10). In agreement, tran-
sient overexpression of Shb in BCE cells followed by angiosta-
tin treatment leads to a marked increase in apoptotic index
(see Fig. 5D). Furthermore, angiostatin did not inhibit the
growth factor-stimulated Ras pathway, because FGF-2-

FIG. 1. (A and B) Angiostatin attenuates migration of HUVE cells
toward FGF-2 (A) and VEGF (B). Cell migration was measured in a
Boyden chamber, and the cells migrating through the filter during a 4-h
incubation were stained and counted. (C) Angiostatin treatment of
murine brain endothelial cells leads to diminished formation of tubes
in three-dimensional collagen gels. Murine brain endothelial cells were
seeded out on a solidified collagen gel and covered with a second layer
of collagen. After 10 h of treatment in the presence or absence of
growth factor and angiostatin, the cells were examined for formation
of tube-like structures. The cells were treated as indicated with 10%
fetal calf serum alone (Left), with 10% fetal calf serum and 5 ngyml
FGF-2 (Center), or pretreated for 72 h with 2.5 mgyml of angiostatin
in Ham’s F-12, 10% fetal bovine serum, followed by inclusion of
angiostatin in the collagen gel and stimulation of tube formation by 5
ngyml FGF-2 (Right). Angiostatin treatment led to 79% decreased
formation of tubes, from 305 mm total tube length in the absence
(2angiostatin) to 65 mm total tube length in the presence (1) of
angiostatin. (3200.)
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induced activation of the p42 and p44 mitogen-activated
protein kinases was not affected by angiostatin treatment of
BCE cells for 3 days (Fig. 3 Lower).

Angiostatin Treatment Leads to Increased Tyrosine Phos-
phorylation. Because we were unable to detect marked effects
on the signal transduction molecules described above, we
analyzed total tyrosine phosphorylation in angiostatin-treated
cells and compared samples with those from growth factor-
stimulated cells. Fig. 4A shows an antiphosphotyrosine immu-
noblotting of whole cell extracts, from BCE cells treated or not
with angiostatin for 24 h, and with FGF-2 included as indicated
during the last 10 min of incubation. In FGF-2-stimulated cells,
a major tyrosine-phosphorylated species of 140 kDa was
induced, which was not affected by angiostatin (open arrow in
Fig. 4A). However, angiostatin treatment alone did, in a
reproducible manner, induce tyrosine phosphorylation of sev-
eral molecules, of which the most abundant ones were 250 and
45 kDa (solid arrows in Fig. 4A). We further analyzed the total
tyrosine kinase activity of porcine aortic endothelial (PAE)
cells expressing FGF receptor-1, after treatment with 2.5

mgyml angiostatin for 24 h, in the presence and absence of
FGF-2, which was included during the last 10 min of the
incubation. The PAE cells were chosen to allow increased
responsiveness. Cells were lysed and immunoprecipitation was
performed by using antiphosphotyrosine antibody. Kinase
assays in the presence of [g-32P]ATP were performed on the
immobilized samples. As seen in Fig. 4B, addition of FGF-2 to
the cultures resulted in the appearance of a number of
32P-labeled tyrosine-phosphorylated molecules, regardless of
whether or not the cells had been pretreated with angiostatin.
On the other hand, treatment with angiostatin alone for 24 h
induced a spectrum of 32P-labeled tyrosine-phosphorylated
components. By comparing the FGF-2-treated with the an-
giostatin-treated samples, it is obvious that certain, but not all,
of the 32P-labeled molecules appearing in FGF-2-treated cells
were detected, sometimes even more pronounced, in the
angiostatin-treated cells (indicated by solid arrows in Fig. 4B).

Induction of Focal Adhesion Kinase by Angiostatin. A
possible interpretation of the data presented above is that
angiostatin treatment leads to induction of growth factor-
independent signal transduction resulting in apoptosis. One
such growth factor-independent entry would be via interaction
with integrins. Integrins are known to couple to tyrosine kinase
activity localized in focal adhesions, e.g., focal adhesion kinase
(FAK) (15). We analyzed whether angiostatin treatment af-
fected the activity level of focal adhesion kinase by treating
PAE cells for different time periods, from 10 min to 36 h with
angiostatin, followed by immunoprecipitation with anti-FAK
mAb and kinase assays on the immobilized precipitates. As
seen in Fig. 5A, already 10 min of angiostatin treatment led to
an induction of kinase activity. Notably, three components of
130, 125, and 68 kDa showed a time-dependent increase in
labeling. Based on its predominance and migration, the 125-
kDa band is likely to correspond to FAK. The identities of the
other components are not known, although their migration
rates indicate that they could correspond to Crk-associated
substrate and paxillin, respectively. Similar results were ob-
tained when using the immortalized murine pancreas endo-
thelial cells (Fig. 5B). Again, 10-min treatment with angiostatin
led to a marked induction of kinase activity in the FAK
immunoprecipitates. However, unlike in the PAE cells, pro-

A

B C

− Angiostatin + Angiostatin

FIG. 2. (A) Angiostatin induces apoptosis but has no effect on
DNA synthesis in endothelial cells. BCE cells cultured in the presence
of 10% serum on coverslips were kept in the absence (2) and presence
(1) of 2.5 mgyml angiostatin for 3 days, at which point the cells were
fixed and processed for TUNEL staining (12), to detect cells under-
going programmed cells death. Cells stained positive in the TUNEL
assay are indicated by arrowheads. (B) Number of TUNEL-positive
cells in the untreated (open bar) and angiostatin-treated (solid bar)
cultures. Values are percentage of positive cells 6 SEM for four
determinations. p indicates P , 0.05. (C) Number of nuclei incorpo-
rating [3H]thymidine in the untreated (open bar) and angiostatin-
treated (solid bar) samples. Cells were plated on coverslips and
cultured in the presence of 10% newborn calf serum with or without
2.5 mgyml angiostatin for 3 days. During the last 2 h of culture, 1
mCiyml [3H]thymidine was present in the culture medium. The cells
were washed, fixed, and processed for autoradiographic determination
of [3H]thymidine incorporation. Values are percentage of labeled
nuclei 6 SEM for three determinations.

FIG. 3. Tyrosine phosphorylation of the adapter protein Shb and
activation of mitogen-activated protein (MAP) kinases in response to
FGF-2 occur in the presence of angiostatin. BCE cells in DMEy10%
newborn calf serum were cultured for 24 h with or without 2.5 mgyml
angiostatin, and in some cultures this was followed by 10-min stimu-
lation with 100 ngyml FGF-2. SDS-denatured cell lysates were immu-
noprecipitated by using affinity-purified anti-Shb antibodies, followed
by SDSyPAGE, transfer to filter, and immunoblotting with antiphos-
photyrosine antibodies (PY20, Upper). Immunoblotting of cell extracts
separated by SDSyPAGE was performed, followed by transfer to filter
and incubation with antibodies specifically recognizing activated MAP
kinases Erk 1 and 2 (Lower).
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longed exposure to angiostatin did not further potentiate FAK
kinase activity. Angiostatin treatment of Swiss 3T3 fibroblasts,
on the other hand, failed to activate the FAK kinase (Fig. 5B).
Because tyrosine kinases other than p125 FAK could be
present in the FAK immunoprecipitates, by virtue of their
ability to form complexes with FAK (16), we considered the
possibility that the cytoplasmic tyrosine kinase Src could be
responsible for the increased content of phosphotyrosine in
the FAK immunoprecipitates from angiostatin-treated cells.
We treated cells with angiostatin for increasing periods of time
and used cell lysates for immunoprecipitation of Src, followed
by kinase assays on the immobilized immunoprecipitate. Src
kinase activity was not appreciably affected in repeated ex-
periments (data not shown). FAK is activated in conjunction
with extracellular matrix-induced clustering of b1 integrins
(17). One binding motif for the b1 integrin is the tripeptide
RGD (18), which is present in fibronectin and other extracel-
lular matrix components. We tested the possibility that an-
giostatin might activate FAK or associated tyrosine kinases
through RGD-dependent clustering of b1 integrins, by incu-
bating PAE or BCE cells with angiostatin in the presence and
absence of 1 mM RGD-containing peptide, for 10 min at 37°C.
Neither the RGD peptide nor an RGE-control peptide was
able to inhibit the angiostatin-induced tyrosine kinase activity
in FAK immunocomplex assays in repeated experiments (Fig.
5C). To test the involvement of FAK in angiostatin-induced
apoptosis, BCE cells were transiently transfected with a mu-
tated FAK-Y397F, in which the major autophosphorylation
site is removed, thus generating a dominant-negative FAK that
is unable to protect cells from apoptosis (19). The cells were
cultured in the absence or presence of 2.5 mgyml angiostatin.
Angiostatin caused an increase in the apoptotic index of
mock-transfected cells to approximately 7% (Fig. 5D). Trans-
fection with wild-type Shb cDNA followed by treatment with
angiostatin increased the rate of apoptosis to more than 30%
(Fig. 5D). When the cells were transfected with the mutated
FAK-Y397F, alone or together with Shb, the rates of apoptosis
were between 32 and 39%, and there was no additional effect
of angiostatin (Fig. 5D).

Disturbance of FAK function, e.g., by inactivation of the
FAK gene (20), by inhibiting targeting of FAK to focal
adhesions (21, 22), or by treatment with antisense oligonucle-
otides (23), leads to decreased cell migration and increased
apoptosis of cells. One possible interpretation of the findings
in Fig. 5D is that FAK-Y397F and angiostatin are positioned
in the same pathway leading to apoptosis in endothelial cells.
To relate the angiostatin-induced increase in FAK kinase
activity with inhibition of cell migration and increased apo-
ptosis we suggest that angiostatin causes a flawed, integrin-
independent activation of FAK that perturbs the ordered
turnover of focal adhesion contacts induced by VEGF and
FGF-2. This mechanism involves a rerouting of FAK from the
integrinyfocal adhesion complexes to other intracellular sites
and thus functionally resembles the effects of FAK-Y397F (19)
or FAK displaced from focal adhesion complexes by peptides
(22) on cell viability. Experimental support for the inappro-
priate FAK activation hypothesis is provided by the fact that
the angiostatin causes RGD-independent FAK activation,

arrow indicates a 140-kDa tyrosine-phosphorylated species; solid
arrows indicate increased tyrosine phosphorylation in response to
angiostatin. PAE cells were similarly treated and cell lysates were used
for immunoprecipitation with antiphosphotyrosine antibodies, fol-
lowed by in vitro kinase assays on the immobilized beads in the
presence of [g-32P]ATP (B). The samples were separated by SDSy
PAGE, and the gel was treated with 1 M KOH to reduce phosphor-
ylation on Ser. Solid arrows indicate components with increased
32P-labeled radioactivity in response to angiostatin; open arrow indi-
cates a component that is not affected by angiostatin.

FIG. 4. (A and B) Angiostatin treatment leads to induction of
kinase activity and tyrosine phosphorylation. BCE cells were cultured
in the absence or presence of 2.5 mgyml angiostatin in the growth
medium for 24 h; during the last 10 min, cultures were treated with 100
ngyml FGF-2 as indicated. Samples of cell extracts were analyzed by
immunoblotting by using antiphosphotyrosine antibodies (A). Open
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does not involve coactivation of Src, and thus is not likely to
involve intergrin signaling.
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FIG. 5. (A and B) p125 FAK is activated in response to angiostatin treatment only in endothelial cells. PAEyFGFR-1 cells (A) and Swiss 3T3
cells and murine pancreas endothelial cells (MS-1; B) were treated as indicated with 2.5 mgyml of angiostatin for different time periods and processed
for immunoprecipitation by using a mAb against p125 FAK. The immobilized immunoprecipitates were subjected to in vitro kinase assays in the
presence of [g-32P]ATP and analyzed by SDSyPAGE. The migration of 130-, 125-, and 68-kDa components that could correspond to Cas, FAK,
and paxillin, respectively, as well as other angiostatin-induced phosphorylated components are indicated by arrows, and the relative masses of marker
proteins run in parallel are indicated to the left. (C) Treatment with 1 mM RGD-containing peptide fails to block angiostatin-induced FAK
activation. PAEyFGFR-1 cells or BCE cells were treated for 10 min with 2.5 mgyml of angiostatin in the presence and absence of 1 mM peptide
containing the RGD motif (Gly-Arg-Gly-Asp-Thr-Pro; Bachem) or with a control peptide containing RGE instead of RGD. The cells were lysed
and processed for immunoprecipitation with anti-FAK mAb, followed by in vitro kinase assay. (D) Effects of angiostatin and dominant-negative
FAK-Y397F on BCE cell survival. BCE cells were transfected by using the Lipofectamine procedure using lipofectamine alone (mock), Shb cDNA
in pcDNA1, and FAK-Y397F in pCMV (a kind gift from J. T. Parsons, University of Virginia) as indicated. The transfected cells were cultured
on coverslips in the absence or presence of 2.5 mgyml angiostatin for 3 days, after which the cells were processed for TUNEL staining and the
percentage of stained nuclei were counted.
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