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Abstract. Angiogenesis depends on growth factors and
vascular cell adhesion events. Integrins and growth fac-
tors are capable of activating the rass/M AP kinase path-
way in vitro, yet how these signals influence endothelial
cells during angiogenesis is unknown. Upon initiation
of angiogenesis with basic fibroblast growth factor
(bFGF) on the chick chorioallantoic membrane
(CAM), endothelial cell mitogen-activated protein
(MAP) kinase (ERK) activity was detected as early as 5
min yet was sustained for at least 20 h. The initial wave
of ERK activity (5-120 min) was refractory to integrin

antagonists, whereas the sustained activity (4-20 h) de-
pended on integrin avB3, but not B1 integrins. Inhibi-
tion of MAP kinase kinase (MEK) during this sus-
tained avB3-dependent ERK signal blocked the
formation of new blood vessels while not influencing
preexisting blood vessels on the CAM. Inhibition of
MEK also blocked growth factor induced migration but
not adhesion of endothelial cells in vitro. Therefore, an-
giogenesis depends on sustained ERK activity regu-
lated by the ligation state of both a growth factor recep-
tor and integrin av3.

and adhesion proteins associated with the extra-

cellular matrix (ECM).! The induction of angio-
genesis is characterized by vascular cell proliferation, mi-
gration, and differentiation, which depends on contacts
with the ECM. While it is assumed that ECM-derived sig-
naling events are required for angiogenesis (Ingber and
Folkman, 1989; Klagsburn and D’Amore, 1991; Folkman
and Shing, 1992; Brooks et al., 1994a,b), little is known re-
garding which signaling pathways initiate or maintain the
angiogenic phenotype of vascular cells in vivo.

Recently, we demonstrated that antagonists of integrin
avB3 could disrupt angiogenesis induced by bFGF in vari-
ous animal models (Brooks et al., 1994a; Friedlander et al.,
1995). This was based on the finding that antagonists of
avB3 induced p53-dependent endothelial cell apoptosis
during angiogenesis (Stromblad et al., 1996). These find-
ings suggest that during angiogenesis integrin avp3 and
the receptor for bFGF cooperate to promote signaling
events necessary for vascular cell survival, thereby facili-
tating the induction and/or maintenance of the angiogenic

GNGIOGENESIS is influenced by both growth factors
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phenotype. Cell survival has been shown to be dependent
on adhesion to the ECM requiring specific intracellular
signaling events (Meredith et al., 1993; Brooks et al., 1994b;
Montgomery et al., 1994; Frisch et al., 1996). In fact, recent
evidence has implicated various mitogen-activated protein
(MAP) kinases (ERK) in cell survival in vivo. For exam-
ple, activation of ERK and the suppression of p38 and
JNK MAP kinases promotes increased cell survival (Xia et
al., 1995). While growth factor receptors (Boulton et al.,
1991; Cobb et al., 1991; Berrou et al., 1996; Molloy et al.,
1996) as well as integrins can lead to the activation of the
MAP kinase cascade in vitro (Chen et al., 1994; Morino et
al., 1995; Schlaepfer et al., 1995; Miyamoto et al., 1995,
1996; Klemke et al., 1997), how these signaling events con-
tribute to a complex biological process such as angiogene-
sis is poorly understood.

In vitro, both cell adhesion events and growth factors in-
duce a rapid yet transient (5-60 min) activation of MAP
kinase. However, little is known about the kinetics and
regulation of MAP kinase activity in vivo, where the more
complex extracellular matrix environment in a tissue may
influence both the level and duration of this activity. Since
both growth factor receptors and integrins activate MAP
kinase in vitro, we examined the role of MAP kinase and
the requirement for integrin ligation during angiogenesis
in vivo. Specifically, we investigated the ability of integrin
avB3 and bFGF to influence MAP kinase activity in angio-
genic blood vessels within the chick chorioallantoic mem-
brane (CAM). Evidence is provided that bFGF promotes
two MAP kinase signals that are distinguished both by
their kinetics of activation and their dependency on avp3
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ligation. Initiation of angiogenesis is characterized by a
rapid induction of MAP kinase that is avp3 independent,
which is followed by a late acting sustained signal lasting
for at least 20 h that is dependent on av33 ligation.

Materials and Methods

Antibodies and Reagents

A rabbit polyclonal antibody, C-14, raised against rat ERK2 was used for
immunoprecipitation and Western blotting (Santa Cruz Biotechnology,
Santa Cruz, CA). An affinity-purified rabbit polyclonal antibody to the
phosphorylated form of ERK2 was used for immunofluorescence to local-
ize the phosphorylated ERK (New England Biolabs, Beverly, MA and
Promega Corp., Madison, WI). The commercially available phospho-spe-
cific antibodies used in this study were affinity purified to recognize the
phosphotyrosine in the T-E-Y recognition site in ERK2 and the phospho-
threonine and phosphotyrosine in the T-E-Y sequence, respectively. The
antiphosphotyrosine antibody, 4G10, was used for Western blotting (Up-
state Biotechnology, Inc., Lake Placid, NY). Antiactin antibody was ob-
tained from Sigma Chemical Co. (St. Louis, MO) for Western blotting
control. mAb LM609 (anti-avB3) has been previously described (Cheresh
and Spiro, 1987). The anti-B3 COOH-terminal antibody (8275) used for
immunoblots was a gift from M. Hemler (Harvard University, Boston,
MA). mAb CSAT (anti-B1) was obtained from Dr. C. Buck (Wistar Insti-
tute, Philadelphia, PA). FITC and rhodamine-labeled secondary antibod-
ies were obtained from BioSource (Camarillo, CA). Cyclic peptides 66203
(cyclo-RGDfV; f = p-phenylalanine) directed to avB3 and control pep-
tide 69601 (cyclo-RADfV) (Pfaff et al., 1994; Freidlander et al., 1995)
were provided by Dr. A. Jonczyk (Merck KGaA, Darmstadt, FRG).
PD98059 (2-[2'-amino-3'methoxyphenyl]-oxanphthalen-4-one) is a com-
pound that specifically inhibits MEK by binding directly to MEK via a
proline rich region on MEK, allosterically blocking MEK activity and its
ability to phosphorylate and activate ERK (Alessi et al., 1995). PD98059
was the kind gift of Dr. A. Saltiel (Parke-Davis, Ann Arbor, MI). Recom-
binant bFGF was kindly supplied by Dr. J. Abraham (Scios Inc., Moun-
tain View, CA). Myelin basic protein (MBP) was from Upstate Biotech-
nology, Inc.

Chicken Embryos and Treatments

Fertilized chick embryos (standard pathogen free grade; SPAFAS, Pres-
ton, CT) were incubated for 10 d at 37°C with 70% humidity. A small hole
was made with a drill (Dremel, Emerson Electric, Racine, WI) directly
over the air sac at the end of the egg. The embryos were candled to deter-
mine a location to drill a second hole directly over embryonic blood ves-
sels. The CAM was separated from the egg shell by applying vacuum to
the original hole. A 1.0 X 1.0-cm square window was cut in the egg shell
over the dropped CAM with a grinding wheel, exposing the CAM to di-
rect access for experimental manipulation. Cortisone acetate—treated fil-
ter disks were soaked with 250 ng of bFGF or 20 pl of 250 ng of bFGF in
PBS or in serum and growth factor-free M199 medium (GIBCO BRL,
Gaithersburg, MD) added directly to the CAM. The windows were sealed
with tape and incubated at 37°C. Blocking antibodies (50 wg), peptides
(100 p.g), or the MEK inhibitor (50 nM) were added in a volume of 50 pl
directly on the cytokine application point 1 h before harvest for ERK
phosphorylation or kinase activity. The concentrations of the bFGF,
blocking antibodies, and blocking peptides were chosen based on previ-
ously published experiments (Brooks et al., 1994b). Doses of PD98059
were based on previously published results (Alessi et al., 1995; Klemke et
al., 1997). We have not been able to wash out the inhibitor from the CAM
tissue since the effects of the bFGF and PD98059 remain as they have
thoroughly soaked into the CAM tissue during the course of the experi-
ment. None of these inhibitors detectably influenced the preexisting blood
vessels or the preexisting levels of endogenous ERK activity.

Cell Culture

Early passage primary human umbilical vein endothelial cells (HUVEC;
Jaffe et al., 1973) were maintained in M199, 20% FBS, 10 mM Hepes, 9
mg/ml heparin, 3 pg/ml endothelial cell growth supplement (ECGS; H-Neu-
rext; Upstate Biotechnology Inc.), and 50 pg/ml gentamicin. Cells were
starved for 24 h by replacing serum-containing culture media with FBS
and ECGS-free media.
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Immunofluorescence and Microscopy

Cryosections of CAMs treated with bFGF were examined for the tissue
distribution of phosphorylated ERK using a primary antibody directed to
phosphorylated ERK peptide (New England Biolabs and Promega
Corp.). CAM sections were removed from embryos treated with PD98059
or controls were washed, embedded in OCT (Sakura Finetek, Torrance,
CA), and snap frozen in liquid nitrogen. Sections of CAM tissue 4 um in
thickness were cut, fixed in acetone for 30 s, and stored at —70°C until use.
Tissue sections were prepared for immunostaining by a brief rinse in PBS,
block in 2.5% BSA, incubation in a 1:50 dilution of the phospho-ERK
rabbit polyclonal antibody, or 5 pug/ml of control primary antibodies for
2 h. After 20 min of PBS washes, FITC- or rhodamine-labeled secondary
antibodies were incubated for 2 h at 1:200. Slides were mounted, and im-
ages were collected on a microscope (model Axiovert 100; Carl Zeiss, Inc.,
Thornwood, NY) with a 20X 0.7 NA lens with a cooled CCD camera
(model CE200A;Photometrics, Tucson, AZ) as 12-bit, 512 X 384 pixel ar-
rays using rhodamine and fluorescein filter sets from Chromatech (Brat-
tleboro, VT). Fluorescence images were processed using ONCOR Image
(Gaithersburg, MD), and Adobe Photoshop (Mountain View, CA).
Quantitation of vessel staining intensity was performed in the BDS Image
program (Gaithersburg, MD) on a Macintosh computer (Apple Computer
Co., Cupertino, CA). The final specific values for the pixel intensity of
immunostaining on the vessels was derived from the result of the raw pixel
intensity values of regions on the vessel subtracted by the pixel intensity
values of surrounding nonvascular tissue. Using the surrounding tissue
from at least three specimens in each treatment as an internal control, we
measured significant changes in pixel intensity values between different
treatments. CCD images were contrast stretched and exposure matched
between experimental treatments (Castleman, 1989). Data are expressed
as the mean intensity + SD.

Immunoprecipitation and Immunoblotting

CAM tissue was harvested and snap frozen in liquid nitrogen before ho-
mogenization. Samples were homogenized with a motorized grinder in a
modified RIPA buffer containing 100 mM Tris pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% deoxycholic acid, 1% Triton X-100, 0.1% SDS, 2 mM PMSF,
and the phosphatase inhibitors NaF (500 mM) and vanadate (1 mM). Two
to three CAMs were homogenized in 1 ml of the RIPA buffer and then
centrifuged for 15 min at 15,000 g. The total amount of protein was deter-
mined using the BCA protein assay reagent (Pierce, Rockford, IL).
Equivalent amounts of protein were immunoprecipitated (400-700 pg)
with anti-ERK antibody bound to protein A-Sepharose beads. Whole cell
lysates or immunoprecipitates were washed in RIPA and PBS and then
separated by 12% SDS-PAGE (SDS-PAGE), transferred to nitrocellu-
lose with a semidry transfer apparatus, and blocked in 3% BSA in TBST.
Antiphosphotyrosine, anti-ERK, anti-phospho-ERK, or anti-B3 antibod-
ies used as primary antibodies were detected with horseradish peroxi-
dase—conjugated goat anti-mouse or rabbit secondary antibodies and de-
tected using the Enhanced Chemiluminescence (ECL; Amersham Corp.,
Arlington Heights, IL) system and Kodak x-ray film (Rochester, NY).
The tyrosine phosphorylation of ERK in the Western blots was quanti-
tated by laser scanning densitometry (Molecular Dynamics, Sunnyvale,
CA) of ERK bands in the linear range of sensitivity of the x-ray film after
ECL. The measurements of the bFGF-induced ERK phosphorylation
with PD98059 or antiintegrin antagonists were assayed on at least three
trials containing two to three CAMs from separate embryos. Gel shifts of
the phosphorylated ERK were detected when using 12% SDS-PAGE
(Fig. 1, top), but not by 10% SDS-PAGE (Fig. 1, bottom). The changes in
ERK phosphorylation observed in chick CAM tissues were confirmed by
in vitro kinase assays (below).

In Vitro Kinase Assays for MAP Kinase

The kinase activity of endogenous MAP kinase was assessed by the ability
of immunopurified ERK to phosphorylate MBP in an in vitro assay, as de-
scribed previously (Boulton and Cobb, 1991). ERK was immunoprecipi-
tated with anti-ERK antibodies conjugated to protein A-Sepharose from
500 wg of whole cell extract of bFGF and antagonist treated CAM tissue.
Immunoprecipitates were washed with RIPA and then washed in 0.1 M
NaCl with 50 mM Hepes, pH 8.0, and finally the beads were resuspended
in reaction buffer containing 0.5 wCi [y-**P]ATP, 10 mM MgCl,, 50 pM
ATP,1 mM DTT, 1 mM benzamidine, 0.3 mg/ml MBP, and 25 mM Hepes,
pH 8.0, for 15 min at 30°C. Boiling SDS loading buffer was used to stop
the reaction, and the samples were fractionated by 15% SDS-PAGE,
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stained with Coomassie blue, dried, and exposed to x-ray film overnight.
For quantitation, radioactive gels were exposed to Phosphoimager screens
(Molecular Dynamics) and analyzed with ImageQuant for the PC (Molec-
ular Dynamics). The kinase data in Figs. 1 and 3 were normalized to
mock-treated CAM tissue. These data were representative of at least
three trials and significant as measured by the Student ¢ test (P < 0.05).

Enzyme-linked Immunoadsorbent Assay for av33

An ELISA was performed to measure the endogenous levels of avB3 in
the CAM after bFGF treatment. Briefly, CAMs were treated with bFGF
as described above and homogenized in PBS, and 2-4 ng of total protein
as determined by BCA protein assay was coated in triplicate in each well
of a 96-well plastic dish. The plates were dried at 37°C, blocked in PBS/5%
BSA, incubated with anti-avB3 (LM609, 1 pg/ml), washed with ELISA
wash buffer (10 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.2% Tween 20,
0.01% Thimerosal), incubated with HRP goat anti-mouse secondary
(Bio-Rad Laboratories, Hercules, CA), and developed in o-phenylenedia-
mide (Sigma Chemical Co.). Plates were read in an ELISA scanner at 492
nm. To assure that measurements were performed in the linear range, a
standard curve with various amounts of CAM homogenates were ana-
lyzed in parallel. Whole tissue extracts of CAMs as prepared above for
measurements of ERK phosphorylation and activity were used for immu-
noblotting to identify B3 protein.

bFGF-induced Angiogenesis Assay

Angiogenesis was induced with bFGF as described above with bFGF-
soaked filter disks. After 20 h, 50 uM PD98059 was added to filter disk.
The doses and time of addition of bFGF and PD98059 were based on pre-
vious observations (Brooks et al., 1994a; Klemke et al., 1997). 48 h later,
CAMs were removed, and the tissue underlying the filter disks was exam-
ined for the number of blood vessel branch points as previously described
(Brooks et. al., 1994b; Friedlander et. al., 1995). Photographs were taken
at 4X magnification. Each bar represents the mean branch points + SD of
triplicates as determined in a double blind manner. PD98059 treatment
produced a significant reduction in the angiogenic index as measured by
the Student’s 7 test (P < 0.05).

Cell Migration Assays

The modified Boyden chamber (Costar Corp., Cambridge, MA) migra-
tion assays of the HUVEC were performed as previously described
(Klemke et al., 1997). The serum-starved HUVECs were induced to mi-
grate toward a gradient of bFGF (25 ng/ml) or vascular endothelial growth
factor (VEGF) (25 ng/ml) placed in the bottom chamber and harvested
after 2 hours. The top and bottom surface of the chamber membrane was
coated with vitronectin (10 wg/ml). Cells that had migrated to bottom of
the chamber were enumerated by counting random 10X fields of crystal
violet-stained cells as previously described (Klemke et al., 1997).

Statistical Analysis

Statistical analysis was performed with Statworks (Cricket Software, Phil-
adelphia, PA), a program for the Macintosh computer, as previously de-
scribed by Brooks et al. (1994b).

1 hr 3 hr

8 hr

Results

Induction of MAP Kinase in Blood Vessels
during Angiogenesis

To examine the role of MAP kinase during angiogenesis,
we measured the kinetics of ERK activity in 10-d-old chick
CAMs that were stimulated with bFGF. Detergent lysates
of these CAMs were evaluated for ERK activity by immu-
noprecipitation with an anti-ERK antibody followed by
phosphotyrosine immunoblotting. Increased phosphoryla-
tion of ERK was detected in these tissues within 5 min af-
ter their exposure to bFGF, and this was maintained for at
least 20 h (Fig. 1, top). These findings were confirmed by
immunoblotting with anti-ERK antibody, which identifies
activated ERK as a band shift (Fig. 1 bottom). In fact,
ERK activity was directly demonstrated in these lysates by
an in vitro kinase assay using myelin basic protein as a sub-
strate. As shown in Fig. 1, within 5 min after exposure to
bFGF, ERK activity was sevenfold over nonactivated con-
trol tissue, and much of this activity remained detectable
for at least 20 h. A single ERK species was observed in
these tissues that comigrated with human ERK 2 (data not
shown) consistent with that observed in chick embryo fi-
broblasts (Sanghera et al., 1992). Together, these findings
demonstrate that bFGF activates an immediate ERK ac-
tivity, which is sustained for at least 20 h in these tissues.

Phosphorylated ERK Immunolocalized to Blood Vessels

To identify the localization of active ERK in these tissues,
CAMs were resected at 2 (early) or 20 h (late) after bFGF
treatment, and cryostat sections were examined for immu-
noreactivity with an antibody directed to an ERK-derived
phosphopeptide that reacts specifically with the phosphor-
ylated (activated) form of ERK as described in the Materi-
als and Methods. Activated ERK was localized to blood
vessels (Fig. 2 A, arrowheads) in these tissues within 2 h of
bFGF stimulation (Fig. 2 A, middle), compared with un-
stimulated CAMs (Fig. 2 A, top), and was blocked with a
synthetic inhibitor (PD98059) of MEK (Fig. 2 A, bottom),
which prevents phosphorylation and activation of ERK in
vitro and in vivo (Alessi et al., 1995). The immunolocaliza-
tion of the phosphorylated ERK after 20 h of bFGF treat-
ment was identical to that observed in CAMs treated for 2 h
with bFGF. The uniform immunostaining of the phosphor-
ylated ERK observed in these tissues at time points be-
tween 2 and 20 h of bFGF treatment suggested that the ac-

20 hr Figure 1. Kinetics of bFGF-
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> = + induced ERK phosphoryla-
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disks were placed on the
CAM of 10-d-old chick em-
bryos. At various times

—P-ERK

kinase activation: 7x 3.5x 2.9x

3.1x

thereafter, CAMs were re-
sected, lysed in detergent,

5.3x

and subjected to immunoprecipitation with an antibody to ERK. The immunoprecipitated material was subjected to SDS-PAGE and
immunoblotting with an antiphosphotyrosine antibody (top). Band shifts of phosphorylated ERK in bFGF-treated CAMs was detected
by immunoblotting with an anti-ERK antibody of parallel lysates (bottom). The relative increase in kinase activation of endogenous ERK
after bFGF treatment compared with CAMs not treated with bFGF was measured by phosphorylation of myelin basic protein in an in
vitro kinase assay using anti-ERK immunoprecipitates of CAM tissues as described in the Materials and Methods.
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Figure 2. Localization of bFGF-
induced ERK phosphorylation
in the CAM. (A) Cryosections
(4 pm) of bFGF-treated (2 h) or
control CAMs treated without
growth factors incubated in the
presence or absence of the
MEK inhibitor, PD98059 (50
pM), were examined for phos-
phorylated ERK, by indirect im-

munofluorescence using a primary antibody directed to the phosphorylated ERK peptide (New England Biolabs) as described in the
Materials and Methods. Arrowheads indicate blood vessels. The edge staining of the tissues reflects nonspecific signal, which is rou-
tinely observed with secondary antibody alone in these cryopreserved CAM tissues. (B) Quantitation of immunofluorescence staining
intensity with antiphosphorylated ERK antibody after bFGF treatment for 2 or 20 h, in the presence or absence of PD98059 by digital
image analysis, as described in the Materials and Methods. (C) Phosphorylated ERK (top) and total ERK (middle) in bFGF-treated (20 h)
CAM tissue lysates, in the presence or absence of PD98059, was detected by immunoprecipitation with an anti-ERK antibody followed
by immunoblotting with either antiphosphotyrosine antibody to detect phosphorylated ERK (top) or anti-ERK antibody (middle) to
show levels of ERK protein in the same lysate. Actin content of these CAM tissue extracts was detected by immunoblotting with an an-

tiactin antibody (bottom). Bar, 50 pm.

tivation of ERK in vascular cells within these vessels was a
synchronized, uniform response to bFGF. Blocking MEK
activity eliminated the bFGF-induced phosphorylation of
ERK in these bFGF-treated blood vessels after both short
(2 h) and long term (20 h) exposure to bFGF (Fig. 2), as
measured by fluorescence image intensity analysis (Fig. 2
B). The ERK phosphorylation in parallel CAMs treated
with bFGF for 20 h was blocked with a 1-h treatment with
PD98059, as measured by an immunoprecipitation with an
anti-ERK antibody followed by immunoblotting with an
antiphosphotyrosine antibody. This immunoblot was stripped
and reprobed with an anti-ERK antibody to demonstrate
that there was not a detectable change in ERK protein lev-
els. An immunoblot of whole CAM tissue lysates detected
with an antiactin antibody suggests that changes in ERK
phosphorylation were not due to a general change in pro-
tein levels since the quantity of both ERK and actin re-
mained the same for at least 20 h after exposure to bFGF
(Fig.2 O).

Requirement of Integrin av33 Ligation for Sustained
ERK Activity

Since both peptide and antibody antagonists of av33 block
bFGF-mediated angiogenesis (Brooks et al., 1994a.,b), we
examined whether avB3 ligation might contribute to the
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ERK activity induced by bFGF. CAMs were treated with
bFGF (1-20 h) and either a cyclic peptide antagonist of
avB3 (RGDfV) or a control peptide (RADfV) for 1 h be-
fore harvest. The levels of ERK phosphorylation were
measured by immunoprecipitation with anti-ERK anti-
body followed by antiphosphotyrosine immunoblotting.
Administration of RGDfV to CAMs treated with bFGF
between 4 and 20 h specifically blocked this late and sus-
tained ERK phosphorylation (Fig. 3 A), yet it had no ef-
fect on the early ERK phosphorylation measured at 1 h
(Fig. 3 A). ERK activity was then measured in lysates of
bFGF-treated CAMs exposed to RGDfV or RADfV us-
ing an in vitro kinase assay with MBP as a substrate (Fig. 3
B). We also tested the effects of the RGDfV and RADfV
antagonists in the absence of bFGF on ERK activity in the
CAM after a 1-h treatment and observed no significant
difference or inhibition of ERK activity (data not shown).
Consistent with the effect of RGDfV on ERK phosphory-
lation, this peptide specifically blocked bFGF-induced sus-
tained ERK activity (8, 12, and 20 h; inset, 20 h) but had
little effect on ERK activity measured within 1 or 2 h after
bFGF stimulation (Fig. 3 B). These data suggest that avp3
ligation selectively influences the late/sustained ERK ac-
tivity (>4 h) induced by bFGF during angiogenesis.

To evaluate the specificity of avB3 in the activation of
ERK in these tissues, CAMs exposed to bFGF for either 2
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percent of ERK activity of RGDfV-treated CAMs relative to CAMs treated with control peptide (RADfV). Each bar represents the
mean + SD (n = 3). (Inset) A representative kinase assay from lysates derived from CAMs treated with buffer or bFGF, for a total of 20 h,
in the presence or absence of RGDfV or RAD({V for 1 h before harvest as described in the Materials and Methods. (C) ERK phosphor-
ylation was detected in bFGF-treated CAMs in the presence of either mAb CSAT (50 pg/50 wl) directed to chick B1 or LM609 directed
to avB3. Data are expressed as the percentage of ERK phosphorylation relative to control (no antibody). Each bar is the mean * SD
(n = 3). Open bar, LM609; black bar, CSAT. (D) Expression of avB3 in CAM tissue after bFGF stimulation in whole tissue lysates was
measured for the expression of avB3 at each time point indicated by ELISA. Expression of B3 protein was measured by Western blot-
ting of whole tissue extracts (inset) using a primary antibody to the COOH terminus of B3 as described in Materials and Methods. For
the ELISA assay, protein extracts from control or bFGF-treated CAM tissue were immobilized on ELISA plates and detected with an
anti-avB3 primary antibody (LM609) and a horseradish peroxidase-conjugated anti-mouse secondary antibody. Data are expressed as
the mean concentration of avB3 = SD (n = 3) and represent arbitrary units of avB3 reactivity measured by OD 490.

or 20 h were treated with function-blocking monoclonal
antibodies to either avp3 (LM609) or chick integrin 1
(CSAT; Buck et al., 1986). 2 h after exposure of cells to
bFGF, neither integrin antibody impacted the ERK phos-
phorylation in these tissues (Fig. 3 C) as measured by im-
munoprecipitation of ERK followed by immunoblotting
with an antiphosphotyrosine antibody. However, LM609
caused a significant decrease in the sustained ERK phos-
phorylation (20 h), while CSAT had no effect (Fig. 3 C).
These data were supported by an in vitro kinase assay us-
ing MBP as a substrate (data not shown). Although the
MEK inhibitor PD98059 blocked ERK phosphorylation
and activity, other kinase inhibitors such as calphostin C,
which disrupts protein kinase C, or LY294002, which
blocks phosphatidylinositol-3 kinase, did not measurably
impact the sustained ERK activity (data not shown). The
failure of CSAT to influence MAP kinase was not due to
its lack of reactivity with these tissues as this antibody
readily localized to both preexisting and angiogenic blood
vessels in the chick CAM (Brooks et al., 1994a). These
findings are consistent with previous studies demonstrat-
ing that both LM609 and RGDfV, but neither CSAT nor
RAD({V, blocked bFGF-induced angiogenesis on these
CAMs when added up to 20 h after addition of bFGF
(Brooks et al., 1994b). Importantly, these avB3 antago-
nists did not influence preexisting blood vessels on these
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CAMs nor were they toxic to the embryo (Brooks et al.,
1994a,b, 1995; Friedlander et al., 1995). Together, these
data suggest that both «avB3 antagonists, LM609 or
RGDfV, can block the late-acting and sustained ERK ac-
tivity that is critical for angiogenesis.

Kinetics of av33 Expression during Angiogenesis

While bFGF initiates angiogenesis, it also leads to in-
creased expression of integrin avp3 on vascular cells
(Cheng and Kramer, 1989; Brooks et al., 1994a,b) based
on its ability to first induce expression of the Hox D3 ho-
meobox gene (Boudreau et al., 1997). Blood vessels from
the CAMs of 10-d-old embryos expressed detectable avp3,
which was increased fourfold after 72 h of bFGF exposure
(Brooks et al., 1994a). Thus, a simple increase in avB3 ex-
pression on vascular cells could account for this late/sus-
tained ERK signal. To address this possibility, 10-d-old
CAMs were exposed to bFGF for various times, and ly-
sates prepared from these tissues were examined for avp3
expression. The avB3 level remained unchanged in these
tissues for at least 12 h after bFGF treatment as deter-
mined by ELISA (Fig. 3 D). In addition, we observed no
increase in the level of B3 protein in these tissues as mea-
sured by Western blot analysis (Fig 3 D, inset). That antag-
onists of av3 blocked the level of ERK phosphorylation
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4 h after addition of bFGF (Fig. 3 A), before de novo ex-
pression of avB3, demonstrates that preexisting levels of
avB3 could potentiate the late-acting ERK signal in these
blood vessels. Thus, the sustained level of ERK activity in
these tissues was not simply the result of increased avp3
expression.

Requirement of ERK Activity for av33-mediated
Endothelial Cell Migration In Vitro

Angiogenesis is highly dependent on endothelial cell inva-
sion and motility. Therefore, we tested the possibility that
activation of MAP kinase may be involved in endothelial
cell migration in response to angiogenic growth factors.
Endothelial cells were serum starved, treated with either
bFGF or VEGF, and then allowed to migrate on a vit-
ronectin-coated substrate in the presence or absence of
the MEK inhibitor, PD98059. As shown in Fig. 4, bFGF
and VEGF stimulated endothelial cell MAP kinase activ-
ity and promoted their migration on vitronectin, and this
was blocked with the MEK inhibitor even though it had no
effect on the ability of these cells to attach and spread on a
vitronectin substrate (data not shown). These results sug-
gest that during angiogenesis, sustained MAP kinase activ-
ity may be required for endothelial cell migration, an
event critical for the formation of new blood vessels.

Requirement of Sustained ERK Activity for
Angiogenesis In Vivo

To establish whether the avB3-dependent sustained ERK
activity in blood vessels was required for angiogenesis in
vivo, we applied PD98059 to CAMs that had been pre-
treated with bFGF for 18 h. 48 h later, CAMs were resected
and photographed. bFGF induced extensive neovascular-
ization, and this was blocked by addition of PD98059 (Fig.
5), which inhibited the ERK phosphorylation in endothe-
lial cells associated with these tissues (Figs. 1 and 2). While
local administration of the MEK inhibitor blocked bFGF-
induced angiogenesis, it had no measurable impact on pre-
existing blood vessels or embryo viability (data not
shown). In fact, embryos treated in this manner appeared
to develop normally as determined by a gross morphologi-
cal examination 48 h after administration of the inhibitor
(data not shown). Therefore, blocking the late acting sus-
tained ERK signal during angiogenesis by inhibiting MEK
directly or by antagonizing avB3 can disrupt the angio-
genic cascade.

Discussion

In this report, we focused on the role of ras/MAP kinase in
angiogenesis since integrins such as avp3, which have been
linked to angiogenesis (Brooks et al., 1994a,b), are known
to regulate MAP kinase activity in vitro (Chen et al., 1994;
Schlaepfer et al., 1994; Miyamoto et al., 1995; Morino et al.,
1995; Zhu and Assoian, 1995). Several lines of evidence
suggest that two kinetically distinct MAP kinase-mediated
signaling events are required for angiogenesis. Exposure
of preexisting blood vessels to bFGF resulted in an imme-
diate relatively short-term activation of MAP kinase that
was resistant to integrin antagonists. This was followed by
a sustained MAP kinase activity, maintained for at least 20 h,
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Figure 4. The role of ERK activity on endothelial cell migration.
Endothelial cell migration on vitronectin in modified Boyden
chambers of serum-starved HUVECs was induced with bFGF (25
ng/ml) or VEGF (25 ng/ml) in the presence or absence of 50 puM
PD98059 for 2 h as described in Materials and Methods. ERK ac-
tivity as detected by phosphorylation of MBP in an in vitro kinase
assay was measured in parallel HUVEC cultures after treatment
with bFGF, VEGF, or PD98059 for 30 min as described in the
Materials and Methods. Migration data are expressed as the
mean number of cells quantitated in at least three 10X micro-
scope fields = SD (n = 3). The kinase data are from a representa-
tive experiment.

that was selectively blocked by antagonists of integrin
avB3. Antibody or cyclic peptide antagonists of avB3
added during this late-acting sustained ERK signal blocked
angiogenesis (Brooks et al., 1994b; Friedlander et al.,
1995). In contrast, CSAT, a function-blocking antibody to
chick B1 integrins, failed to influence angiogenesis in the
CAM even though it readily reacted with both preexisting
and angiogenic blood vessels in these tissues (Brooks et
al., 1994b). Using an in situ marker of activated ERK
(anti-phospho MAP kinase antibody), we determined that
most if not all of the activated MAP kinase in these tissues
was associated with bFGF-stimulated angiogenic blood
vessels. The MEK inhibitor, PD98059, used to disrupt an-
giogenesis, also blocked the phosphorylation of MAP ki-
nase detected in blood vessels in situ. Importantly, local
administration of PD98059 or avB3 antagonists had no ef-
fect on blood vessels in other areas of the CAM and did
not cause toxicity to the embryo. Taken together, these
findings support a model in which avB3 ligation on the
surface of angiogenic vascular cells promotes a late-acting
sustained ERK signal that is critical for angiogenesis (Fig. 6).

Expression of integrin avp3 is increased on endothelial
cells after exposure to bFGF in vitro (Cheng and Kramer,
1989; Senger et al., 1996; Boudreau et al., 1997) and angio-
genic blood vessels in vivo (Brooks et al., 1994a,b, 1995).
In addition, integrin avB3 expression on chick CAM an-
giogenic blood vessels has been linked to the ability of
bFGF to promote expression of the Hox D3 homeobox
gene in these tissues (Boudreau et al., 1997). While avB3
was detectable on preexisting blood vessels in 10-d-old
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p
Figure 5. The effects of PD98059 on bFGF-induced angiogenesis. (A) 10-d-old chick CAMs were exposed to filter paper disks saturated
with bFGF (20 h) or buffer for 20 h and then incubated for an additional 48 h with or without PD98059 (50 .l of 50 uM). Photomicro-
graphs were taken at 4X with a stereomicroscope and are representative of each group of treated CAMs. (B) The level of angiogenesis

in bFGF-treated CAMs in the absence or presence of PD98059 was quantified by counting blood vessel branch points double blind as
previously described (Friedlander et al., 1995).

chick CAMs, avB3 levels were not significantly increased
above this baseline level for at least 12 h after bFGF treat-
ment. This suggests that the preexisting levels of avp3 are
sufficient to initiate this sustained phase of MAP kinase
activity in these blood vessels and that the requirement of
avP3 ligation for the sustained MAP kinase activity in
blood vessels within 4 h was independent of an increase in
the total expression of avB3 protein.

To support the model that integrin-mediated MAP ki-
nase activity contributes to biological events associated
with angiogenesis, endothelial cells stimulated to migrate
on vitronectin with bFGF or VEGF were treated with the
MEK inhibitor, PD98059. This treatment blocked growth
factor—induced cell migration but not av3-dependent ad-
hesion or spreading on vitronectin. Moreover, expression
of a mutationally active form of MEK promotes cell mi-
gration on vitronectin in the absence of growth factors,
and this is also sensitive to PD98059 (Klemke et al., 1997).
These findings suggest that the sustained MAP kinase ac-
tivity is dependent on avp3 ligation during angiogenesis,
and this may contribute to endothelial cell migration or
other processes critical for angiogenesis.

Previous studies have suggested that the duration of
MAP kinase signaling profoundly influences the biological

bFGF+
PD98059

(%]
o
1
—

Angiogenic index
(2]
<

101
bFGF - + +
PD98059 - - +

responses of cells (Marshall, 1995). For example, exposure
of PC12 cells to epidermal growth factor induces a rapid
and transient MAP kinase activity leading to cell prolifera-
tion, while nerve growth factor induces cell differentiation
because of a sustained MAP kinase activation (Heasley
and Johnson, 1992; Traverse et al., 1992; Nguyen et al.,
1993). Therefore, it is likely that both immediate and late-
acting ERK signals contribute to distinct biological events
necessary for angiogenesis such as cell proliferation, mi-
gration, and differentiation (Traverse et al., 1994; Mar-
shall, 1995). These results may clarify the role of integrin
avB3 in angiogenesis. For example, signals potentiated by
this integrin, through downstream signaling molecules
such as focal adhesion kinase (FAK) (Schlaepfer et al.,
1994; Chen et al., 1994; Clark and Hynes, 1996) and Shc
(Buday and Downward, 1993; Obermeier et al., 1994;
Stephens et al., 1994; Wary et al., 1996), cooperate with
growth factor receptor signals to mediate the sustained
MAP kinase activity during angiogenesis. However, av3
antagonists used did not appear to influence FAK activity
in these tissues. This is presumably due to other integrin-
mediated adhesion events supporting endothelial cell in-
teraction with the extracellular matrix (data not shown).
At present it is not clear how avR3 and growth factor re-

Figure 6. Model depicting ki-

netics of MAP kinase activity
during angiogenesis and the
distinct requirements for li-
gation of integrin avp3 for
immediate versus sustained
MAP kinase activity. A rapid
increase in bFGF-induced
MAP kinase activity that is
independent of integrin av33

Immediate ERK activity Sustained/late ERK activity
>N avp3-independent ovp3-dependent
= .
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is followed by a sustained
MAP kinase activity which
requires av(33 ligation.
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ceptors function together to promote a sustained signaling
event. Recent studies suggest that the clustering of inte-
grins, with growth factor receptors on the surface of cells
(Ruoslahti and Engvall, 1997), appears to contribute to in-
tracellular signal transduction events, including the activa-
tion of MAP kinases (Miyamoto et al., 1995, 1996). The ki-
netics of MAP kinase activation may also be regulated by
MAP kinase phosphatases, which have been shown to sup-
press MAP kinase activity in vascular smooth muscle cells
(Duff et al., 1995). In such a case, the sustained MAP ki-
nase activity may be associated with a decrease in MAP ki-
nase phosphatase activity which, in turn, is influenced by
the ligation state of av3.

We propose that during angiogenesis, ligation of av3
through appropriate matrix contacts may provide the posi-
tional or molecular cues necessary for sustained ERK ac-
tivity. This would allow prolonged cell survival as well as
migration and differentiation of only those cells that are in
the appropriate matrix microenvironment. The fact that
antagonists of avp3 caused increased p53 activity and apop-
tosis of angiogenic endothelial cells (Brooks et al., 1994b;
Stromblad et al., 1996) suggests that the avB3-mediated
MAP kinase activity may influence p53 activation and cell
survival. In such a case, avB3-mediated sustained MAP ki-
nase activity may suppress p53 activity long enough to en-
sure vascular cell survival leading to the invasion and mat-
uration of newly sprouting blood vessels.
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