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ABSTRACT

We recently showed that normal fibroblasts mediate capillary-like differentiation of human
microvascular endothelial cells (HMVEC) in a 3-D angiogenesis model. Here, we show that a
collaborative effect of VEGF-A and ay[33 integrin is critical in fibroblast-mediated angiogenesis
because enhancement of both VEGF production by fibroblasts and 3 integrin expression in
HMVEC can rescue capillary-like endothelial differentiation under reduced serum conditions. To
investigate the downstream signaling mechanisms, we compared N-Ras and Rho/Rac/Cdc42, as
well as phosphatidylinositol 3-kinase (PI3-K) and Akt, for their involvement in the capillary-like
network formation. The dominant-negative mutant of N-Ras (N-Ras™'"), but not the mutants of
Rho/Rac/Cdc42, suppressed network formation. Overexpression of a constitutively active form
of PI3-K rescued the network formation, which was inhibited by a dominant-negative 3
integrin; however, an active form of Akt failed to rescue the inhibition but induced a phenotypic
change in HMVEC. Moreover, PI3-K is a downstream target of N-Ras because it could be co-
immunoprecipitated with N-Ras, and its active form could rescue the inhibitory effect of N-Ras
N7 Thus, our data indicate the existence of N-Ras- and PI3-K-dependent but Rho/Rac/Cdc42-
and Akt-independent signaling mechanisms for the synergistic effect of VEGF-A and avf33 on
fibroblast-mediated microvascular network formation.

Key words: angiogenesis * VEGF-A « ay[33 integrin * N-Ras ¢ PI3-K

several normal physiological events such as embryonic vascular development, wound

healing, and reproduction. It is also involved in pathological processes, including tumor
growth, diabetic microvascular disease, and rheumatoid arthritis (1, 2). Angiogenesis depends on
input from growth factors and vascular cell adhesion signals (3, 4). Among angiogenic growth
factors and adhesion molecules, vascular endothelial cell growth factor-A and its receptor
(VEGF-A/VEGFR) and a,f; integrin, respectively, are two well-established representatives. To
date, VEGF-A is the only growth factor proven to be specific and critical for blood vessel

ﬁ ngiogenesis, the formation of new capillaries from preexisting vessels, is essential for



formation (5, 6). The importance of o3 in angiogenesis has been underscored based on the
findings that o33 is prominently expressed on the surfaces of endothelial cells and is highly up-
regulated on angiogenic blood vessels such as those in solid tumors and in granulation tissue at
the base of healing wounds (7). Antagonists of o,f3 such as blocking antibodies or RGD
peptides inhibit angiogenesis in vivo (8). However, the role of a,[B; in angiogenesis has been
disputed by a recent report of enhanced tumor angiogenesis in mice lacking o,f3 or ayfs (9),
underscoring the need for further evaluation of the role of o,; in angiogenesis.

VEGF-A/VEGFR and o,f; integrin may collaborate to regulate vessel formation. However, the
mechanisms of cross-talk between VEGFR and o33 remain undefined. The interplay of VEGFR
and the o3 integrin is believed to involve a physical interaction between VEGFR2/KDR and
the B3 integrin subunit in human vascular endothelial cells from umbilical cord veins (HUVEC)
(10). In addition, VEGFR2 and o,,3 share common downstream intracellular signaling pathways
(11). A recent study indicates that VEGF activates integrin in HUVEC, and the activation likely
involves an inside-out signaling mechanism that is transmitted via a phosphatidylinositol 3-
kinase (PI3-K)/Akt/PTEN signaling axis (12).

The activation of VEGF-A/VEGFR and a,,f3; integrin leads to the initiation of downstream signal
transduction events in endothelial cells. Binding of VEGF-A to VEGFR leads to tyrosine
phosphorylation of the dimerized VEGFR and subsequent phosphorylation of SH2-containing
intracellular signaling proteins, including phospholipase Cyl (PLCyl), Src family tyrosine
kinases, PI3-K, adaptor molecules, SHC, NCK, and Ras GTPase-activating protein (p120°*")
(13-16). Similarly, ligation with extracellular matrix (ECM) and integrin clustering results in
activation of o3 integrin and evokes outside-in signaling pathways, such as FAK, calpain, NF-
kB, and Rac (17). Integrins can also be activated through a unique inside-out mechanism
involving small GTPase proteins (18). The role of Ras seems to depend on the particular
isoform, because H-Ras and R-Ras have opposite functions in the regulation of integrin activity
(19, 20). The mechanisms by which VEGFR and o,[3; integrin activation induce angiogenesis
are not well understood, especially regarding the contribution of individual signaling molecules
upon activation of VEGF-A/VEGFR and o33 integrin.

We recently developed a novel in vitro 3-D angiogenesis model that closely mimics the in vivo
physiological conditions of non-neoplastic angiogenesis by incorporating cell-cell and cell-
matrix components (21). In the present study, we used this model to examine the role of a3
integrin in modulating fibroblast-induced differentiation of endothelial cells into capillary-like
structures in vitro. We also addressed the collaboration of a3 with VEGF-A/VEGFR in this
process, focusing on the contribution of two groups of signaling molecules, small GTP binding
proteins and PI3-K pathway components, as well as the potential linkage between them.
Comparison of two families of small GTPase, N-Ras and Rho/Rac/Cdc42, as well as PI3-K and
Akt, for their relative biological effects on capillary-like network formation reveals the
involvement of N-Ras- and PI3-K-dependent but Rho/Rac/Cdc42- and Akt-independent
mechanisms in regulating the angiogenic program of HMVEC stimulated by VEGF-A and avf3;
integrin.



MATERIALS AND METHODS
Reagents

Mouse monoclonal anti-human von Willebrand Factor VIII antibody (anti-vWF VIII, clone
F8/86) was purchased from NeoMarkers (Fremont, CA). Fluorescein isothiocyanate (FITC)-
conjugated goat anti-mouse IgG was purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA). Anti-avB3 blocking antibody (LM609) was kindly provided by D. A.
Cheresh (The Scripps Research Institute, La Jolla, CA). Type I collagen was purchased from
Organogenesis (Canton, MA). Fibronectin and vitronectin were from Invitrogen (Carlsbad, CA).

Cells

Primary HMVEC, kindly provided by D. Fraker (University of Pennsylvania, Philadelphia, PA),
were isolated from normal human dermis and cultured as previously described (22, 23) on plates
coated with type I collagen (I mg/ml) and maintained in modified MCDB131 medium
supplemented with bovine brain extract (12 pg/ml), recombinant human epidermal growth factor
(10 ng/ml), fetal bovine serum (FBS, 5%), hydrocortisone (1 pg/ml), gentamycin (0.02 pg/ml),
and amphotericin B (5 pg/ml) (all from BioWhittaker, Walkersville, MD; “EGM-MV Bullet”
catalog #CC-3125). Primary human dermal fibroblasts (FF) were initiated as explant cultures
from trypsin-treated and epidermis-stripped neonatal foreskin (24) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with glutamine (Gibco-BRL, Gaithersburg, MD), 8§ mM
HEPES (Sigma, St. Louis, MO), and 10% FBS (Hyclone, Logan, UT). We obtained 293 cells,
which are immortalized and transformed by adenovirus E1A and E1B genes, from the Vector
Core of the Institute for Human Gene Therapy (IHGT) (University of Pennsylvania) and grew
them in DMEM with 10% FBS. All cells and co-cultures were incubated at 37°C in 98%
humidified air containing 5% COs.

Recombinant adenoviruses

Recombinant adenoviruses were generated by homologous recombination (25). LacZ/Ad5 was
obtained from IHGT. VEGF,,;/Ad5 was generated as previously described (21). Recombinant
adenoviruses containing wild-type (WT) or dominant-negative (DN) mutants of small GTPases,
RhoA/AdS, Rac/AdS, and Cdc42/AdS as well as RhoA™"/AdS, Rac™'"/AdS, and Cdc42"'7/AdS
were gifts from A. E. Sutherland and S. Aeder (University of Virginia Health System). The
mutations were confirmed by sequencing. WT N-Ras/Ad5 and mutant N-Ras"''/Ad5 were
obtained from J. R. Nevins (Duke University Medical Center, Durham, NC). Myr-p110/Ad5 and
Myr-Akt/Ad5 were provided by W. Ogawa (Kobe University, Japan) and described elsewhere
(26-28). WT human B; integrin was constructed as previously described (29). An adenoviral
construct of dominant-negative mutant 3; integrin was derived using a CDM8 plasmid carrying a
G-T point mutation that results in an Aspl19-Tyr119 (D119Y) substitution in the B3 subunit
(30), which was kindly provided by Dr. M. H. Ginsberg (The Scripps Research Institute). A 3.8-
Kb Xbal fragment containing the Bs>'"*" gene was subcloned into the pShuttle-CMV vector, and
the correct orientation of insert was determined by restriction endonuclease analyses. The
pShuttle-CMV containing the Bs>'"*Y gene and a pAdEasy-1 plasmid were co-transformed into
Escherichia coli BJ5183 cells. Recombinants were selected for kanamycin resistance, and
homologous recombination was confirmed by multiple restriction endonuclease analyses.



Sequencing of the PCR fragment of the Bs>'"*" gene confirmed the G-T point mutation. Before

infection of endothelial cells, adenoviruses were titrated to determine plaque-forming units (pfu)
as previously described (31). Subconfluent cells were infected with virus(s) for 4 h at 37°C in
serum-free MCDB131 medium. Viral suspensions were then replaced by modified MCDB131
medium as mentioned above.

Cell adhesion assay

HMVEC were grown to 80% confluency on type I collagen-coated plates and transduced with
LacZ/Ad5, WT-B3/Ad5, or DN-B5 (B52''?Y)/Ad5, each at 20 pfu/cell, or not transduced. HMVEC
not transduced with any vector were included as controls. At 48 h after transduction, HMVEC
were used in the adhesion assay. Briefly, ELISA plates (96 well) were coated with 100 pl of
PBS, 0.5% BSA in PBS, fibronectin (10 pg/ml), or vitronectin (5 pg/ml) and incubated overnight
at 4°C. Wells were rinsed with PBS followed by adding 100 pl of 0.5% BSA in PBS to each well
and incubation at 37°C for 3—4 h. Adenovirus-transduced HMVEC were detached and seeded on
precoated plates at 0.5 x 10° cells/ml in 50 pl of endothelial growth medium per well. After 60
min incubation at 37°C, the unattached cells were removed by washing with PBS. The remaining
attached cells were fixed in 3% paraformaldehyde for 10 min at room temperature and stained
with 0.5% crystal violet (Sigma) in 20% methanol/80% water for 10 min at room temperature.
After rinsing with distilled water to remove any excess stain, cells were solubilized in 100 ul of
1% SDS. Optical density was measured at 595 nm.

In vitro 3-D network formation assay

Reconstruction of vessel-like structures in 3-D collagen gels under serum reducing conditions
and subsequent fluorescent staining of networks/cords in whole-mount gels were performed as
previously described (21). Briefly, HMVEC transduced 24 h (for sequential transduction, first
transduction was 48 h) earlier with various recombinant adenoviruses were cultured as
monolayers on bovine type I collagen-coated 24-well plates at 1 x 10° cells/well for 24 h and
overlaid with acellular collagen mixed in 10x Medium 199 (Invitrogene) with heparin (100
U/ml), vitamin C (50 pg/ml), and FBS (1%). After polymerization of the collagen gels, the cells
were further overlaid with a second collagen layer containing 5 x 10° cells/ml FF, which were
transduced 24 h earlier with various recombinant adenoviruses. Wells were then filled with
MCDBI131 containing 1% FBS. The reconstructs were incubated at 37°C for 5 days. To prepare
for staining, medium was removed, and the collagen gels were fixed in Prefer (Anatech LTD,
Battle Creek, MI) for 4 h at room temperature. Gels were processed as whole-mounts. After
blocking with 10% goat serum, gels were stained with monoclonal anti-vWF VIII Ab followed
by a FITC-conjugated second Ab (Jackson Immunoresearch Laboratories). Staining of
endothelial cell networks/cords was examined by inverted fluorescence microscopy, and gels
were photographed.

Immunoprecipitation and Western blot analysis

Cells were lysed in ice-cold lysis buffer as previously described (32). Insoluble material was
removed by centrifugation at 15,000¢ for 10 min at 4°C. Total protein concentration was
determined using BCA Protein Assay Reagent Kit (Pierce, Rockford, IL). For co-
immunoprecitation of PI3-K and N-Ras, PI3-K was immunoprecipitated from aliquots of cell



lysates containing equal amounts of total protein (200 pg), using anti-p85 Ab (#P13020, BD
Bioscience) conjugated to protein A-sepharose beads (Pharmacia). After successive washings,
the pellets were resuspended in 25 pl of Laemmli buffer. For Western blot, samples (100 pg)
were separated under reduced conditions by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) for detection of Akt and PI3-K, and by 12% SDS gels for detection
of both N-Ras (10% SDS gel for detection of N-Ras in co-immunoprecipitation experiment) and
c-Myc-tagged small GTPase proteins. These proteins were then transferred to a PVDF
membrane. After blocking with 5% nonfat dry milk, membranes were probed with Abs to N-Ras
(C-20, Santa Cruz Biotechnology, Santa Cruz, CA), c-Myc (9E-10, Santa Cruz), Akt (#9272,
New England Biolabs), or phosphor-Akt (Ser473/Thr308, #9916, New England Biolabs)
followed by horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG or goat-anti-rabbit
IgG  (1:1,000; Jackson Immunoresearch Laboratories) and subjected to enhanced
chemiluminescence (Amersham, Piscataway, NJ) according to the manufacturer’s instructions.
When necessary, membranes were stripped with 2% SDS, 62.5 mM Tris-HCI (pH 6.7), and 100
mM 2-mercaptoethanol before reblotting.

PI3-K assay

PI3-K activities were assessed based on the in vitro phosphorylation of phosphatidylinositol.
Cells were lysed in ice-cold lysis buffer as mentioned above. PI3-K was immunoprecipitated as
mentioned above by using anti-p85 Ab conjugated to protein A-sepharose beads. After
successive washings, the pellets were resuspended in 50 pl of a reaction mixture containing 0.2
mg/ml L-a-phosphatidylinositol-3-P, 20 mM HEPES, pH 7.1, 0.4 mM EGTA, 0.4 mM sodium
phosphate, 10 mM MgCl, (all reagents were from Sigma), 50 uM ATP, and 10 uCi/ul [y->* P]-
ATP (Amersham). After incubation for 15 min at 25°C, the reaction was stopped by addition of
15 ul of 4 N HCI and 130 pl of chloroform:methanol (1:1 vol/vol). Samples were mixed for 30 s
and centrifuged, and 30 ul of the lower phase was applied to a Silica Gel 60 plate (Merck).
Products of  phosphatidyl-inositol-3,4,5-trisphosphate ~ (PIP;)  were  separated in
methanol:chloroform:ammonia:water (300:210:45:75) by thin-layer chromatography (TLC).
Plates were developed, and radioactivity in the spots was quantified by Phosphorlmager
(Molecular Dynamics, Sunnyvale, CA).

Immunostaining

Chamber slides were coated with collagen (1 mg/ml) and then plated with HMVEC. Cells were
grown to ~70-80% confluency and then were transduced with M,y-p110/Ad5 and M.y-
AKT/AdS, respectively, at the same condition as that for 3-D reconstruction. 48 h later, cells
were fixed in Prefer for 10 min and then treated with 70% ethanol. After washing with PBS, cells
were permeabalized on ice with 0.1% Triton X-100 in 0.1% sodium citrate on ice for 2.5 min,
washed, and blocked with 1:10 diluted goat or rabbit serum for 30 min. Cells were then
incubated with either anti-p110a (sc-1332, Santa Cruz Biotechnology) or anti-Akt (#9272, New
England Biolabs) respective to the original infection (both Abs were 1:40 diluted with PBS) for 2
h and washed. After incubation with the second Ab, cells were incubated with DAB substrate
solution, and nuclei were stained with hematoxylin (Sigma). Cells were progressively dehydrated
with ethanol and xylene (Sigma) and were observed with a microscope and photographed.



RESULTS
Role of ayf3; integrin in fibroblast-induced angiogenic response

To determine the functional significance of the ayf3; integrin on capillary-like network formation
of endothelial cells induced by fibroblasts, we used a recombinant adenovirus-mediated gene
transfer approach to render HMVEC overexpressing DN-f3 or WT-B5 integrin subunit. We
hypothesized that introduction of a DN-f; chain would significantly interfere with the activity of
native ayfs heterodimers on the cell surface. We first transduced HMVEC with recombinant
adenoviruses encoding DN-; or WT-; integrin subunit at 20 pfu/cell and harvested cells 2 days
later to perform an adhesion assay to test the effect of DN-B; integrin on endothelial cell
adhesion to extracellular matrix (ECM). DN-f;-transduced cells showed significantly reduced
adhesion of HMVEC to two well known ayfs integrin ligands, fibronectin and vitronectin,
compared with the cells transduced with WT-B3 integrin or lacZ (Fig. la), indicating the
functional efficiency of the DN-[35 construct in inhibiting cell adhesion of HMVEC. We then
used these recombinant adenoviruses to transduce HMVEC and subsequently employed
transduced cells in the 3-D angiogenesis model to investigate the functional effect of B3 integrin
on capillary-like network formation. In the presence of complete endothelial cell growth medium
(5% FBS), overexpression of WT-f3 did not further enhance the fibroblast-induced angiogenic
response, suggesting that the effect of native a3 integrin is sufficient. Overexpression of DN-
B3, however, significantly suppressed the angiogenic response (Fig. 15), strongly suggesting a
role for B; integrin as a positive mediator of fibroblast-induced angiogenic effects. Significant
inhibition of capillary-like network formation upon addition of anti-oyf; blocking antibody
LM609 at saturating concentrations (20 pg /ml) further demonstrated the critical role of aw[3;
integrin in modulating fibroblast-induced network formation of HMVEC in vitro.

Cooperative effect of VEGF-A and 33 integrin on microvascular network formation

To determine whether VEGF-A exerts its angiogenic regulatory function completely through the
activation of integrins, as previously suggested (12), or through an alternative collaborative
mechanism, we assessed the effect of VEGF-A overexpression by transduced fibroblasts on
capillary-like networks formation by various HMVEC transductants grown under the reduced
serum condition (1% FBS) (Fig. 2). In this 3-D model, cultured HMVEC monolayers are able to
differentiate into capillary-like networks by supplementing with regular concentration of serum
(5% FBS) in complete medium. Under reduced serum conditions, capillary-like network
formation was completely inhibited without inducing cellular apoptosis, and the inhibition was
partially rescued by overexpression of VEGF-A. Addition of LM609 suppressed this effect,
suggesting the involvement of ayf3; in the VEGF-A-mediated rescue. Although overexpression
of WT-f3 integrin on HMVEC alone failed to restore capillary-like network formation under low
serum conditions, simultaneous expression of VEGF-A in fibroblasts and WT-f3; integrin on
HMVEC significantly restored network formation. VEGF-A and B3 integrin worked in a
synergistic manner, implying a collaborative effect between the angiogenic factor VEGF-A and
B3 integrin on capillary morphologic differentiation of endothelial cells. When WT-f; was
replaced with DN-f5 in endothelial cells, rescue efficiency was similar to that of VEGF-A alone,
indicating an important and specific role for 3 integrin in this collaborative effect. The ability of



the LM609 to inhibit the rescue effect of VEGF-A/WT-f5 integrin further indicates the specific
role of oy integrin. Together, these data demonstrate the synergistic action of VEGF-A and

oyPs in inducing microvascular network formation from endothelial cell monolayers supported
by fibroblasts.

Differential roles of N-Ras and Rho/Rac/Cdc42 in modulating microvascular network
formation

Small GTPase proteins can be activated by either VEGFR or B; integrin (33, 34). However, the
effect of Ras, in particular N-Ras, on vascular network formation has remained unclear, and little
is known about the potential involvement of another small GTPase family, Rho
(Rho/Rac/Cdc42), in the VEGF-A-mediated activation of integrins or the modulation of
angiogenic processes. To address these questions, we introduced DN mutants of N-Ras" '’ as
well as RhoAN", Rac™'’, and Cdc42™" into WT-B3-HMVEC, which were engineered to express
WT-f; integrin simultaneously. We then used these cells in our 3-D model in which fibroblasts
had been transduced with recombinant adenovirus (VEGF;,1/Ad5) and cultured in reduced serum
conditions to see whether any of these mutants was able to interfere with VEGF-induced and 33
integrin-mediated microvascular network formation. The WT forms of N-Ras, RhoA, Rac, and
Cdc42 were also transduced into WT-f3-HMVEC and compared with LacZ/Ad5-transduced
WT-B3-HMVEC. Expression of both exogenous WT and DN mutants of N-Ras and
RhoA/Rac/Cdc42 in HMVEC was confirmed by Western blot analysis (Fig. 3a). As shown in
Figure 3b, formation of microvascular capillary-like networks was significantly inhibited in
HMVEC expressing N-Ras™'’, whereas expression of RhoAN"/Rac™'’/Cdc42N"”, N-Ras, or WT-
RhoA/Rac/Cdc42 did not affect vascular network formation. These data indicate the presence of
a N-Ras-dependent but RhoA/Rac/Cdc42-independent mechanism that mediates the synergistic

effect of VEGF-A and 33 integrin on fibroblast-induced angiogenesis.
Role of PI3-K, but not Akt, in modulating formation of microvascular networks

The activation of PI3-K upon ligation of VEGF-A with VEGFR in endothelial cells has been
well demonstrated (14), but it is not known whether activation of ayf3; integrin results in an up-
regulation of PI3-K activity. To determine whether PI3-K is activated upon ligation of ECM
components with ay 3 integrin in HMVEC, we assessed endogenous PI3-K activity of HMVEC.
Vitronectin binds with ayf; integrin (Fig. 1), whereas collagen is not a specific ligand of oy[33
integrin (35). HMVEC cultured on collagen-coated plates were detached and washed with PBS
three times. Equal numbers of HMVEC were subsequently cultured on vitronectin (5 pg/ml)-
coated or collagen (20 pug /ml)-coated plates for 1 h and were then harvested and subjected to a
PI3-K assay. As shown in Figure 4a, PI3-K activity was similar regardless of the type of ECM
components, suggesting that the PI3-K pathway does not account for outside-in signaling
delivered through the avfs integrin in HMVECs. Thus, the PI3-K pathway is most likely not
shared between VEGF-A/VEGFR and ECM/awy3; integrin in HMVEC.

To investigate the contribution of the PI3-K pathway to the collaborative effect of VEGF-A and
3 integrin on the formation of capillary-like networks from endothelial cells, we focused on PI3-
K and its downstream effector, Akt. We first examined whether expression of a constitutively
active form of PI3-K (Myr-p110) activates endogenous Akt. As shown in Figue 4b, an increased



phosphorylation of Akt was observed in Myr-p110-transduced HMVEC, indicating that Akt can
be activated by PI3-K in these cells. Strong Akt activity was also observed when HMVEC were
transduced with Myr-Akt/AdS (Fig. 4c, 4d). Next, we tested Myr-p110 and Myr-Akt for their
ability to rescue the DN-fB3-induced defect in vascular network formation in our 3-D model. To
this end, Myr-p110 or Myr-Akt mutant was transduced into DN-f3-HMVEC, which were
engineered to express DN-B; integrin simultaneously. Both the Myr-p110 and the Myr-Akt
mutants are constitutively active forms because of a membrane-targeting myristylation sequence
attached to the N terminus of the p110 subunit of PI3-K or Akt, respectively, which causes their
translocation to the inner membrane and subsequent activation.

The cells were then used in our 3-D model in which fibroblasts had been transduced with
VEGF21/AdS and cultured in reduced serum conditions. The effect of active mutants of PI3-K
and Akt on WT-Bs;-mediated vascular network formation was also tested by introduction of Myr-
pl10 and Myr-Akt into WT-B3-HMVECs and compared with LacZ/Ad5-transduced WT-f3s-
HMVECs. As shown in Figure 4e, the formation of microvascular networks by DN-B3-HMVEC
in our 3-D model could be rescued by Myr-p110 but not by Myr-Akt. Consistent with these
findings, expression of Myr-p110 but not Myr-Akt further increased the number of vascular
networks formed by WT-B3-HMVEC (Fig. 4f).

To be certain that the incapability of Myr-Akt in mediating network formation is not due to the
low efficiency of Myr-Akt transfection, we compared the percentage of Akt and pl10
overexpressing cells after transducing them with Myr-p110/Ad5 and Myr-Akt/AdS, respectively.
Immunohistochemistry staining demonstrated that the percentage of cells overexpressing Akt is
comparable to that of cells overexpressing p110. Cells overexpressing either Akt or p110 could
be detected by intense staining above background (the background reflects endogenous p110 or
Akt). However, the morphology of some of Myr-Akt-transduced cells was changed and was
different from that of Myr-p110-transduced and nontransduced HMVEC (Fig. 4g), suggesting
that Myr-Akt might cause a phenotypic change in HMVEC that does not favor network
formation. Together, these data indicate a differential role for PI3-K vs. Akt, and implicate the
involvement of a PI3-K-specific pathway that is independent of Akt in the regulation of VEGF-
A- and ayf3 integrin-mediated angiogenesis.

PI3-K functions as a downstream target of N-Ras in HMVEC

Because our data indicated that VEGF-A and avyf; integrin-induced capillary-like network
formation of HMVEC is a PI3-K- and N-Ras-dependent process, and PI3-K has been
demonstrated to be a target of Ras in other cell lysates (see Discussion), we further investigated
the potential linkage between PI3-K and N-Ras in HMVEC. We first performed a co-
immunoprecipitation experiment to examine whether there is an interaction between N-Ras and
PI3-K in HMVEC transduced with lacZ/Ad5 and N-Ras/AdS, respectively. PI3-K was
immunoprecipitated with anti-p85 Ab, and the samples were separated in 10% SDS gel and
immunoblotted with anti-N-Ras Ab. As shown in Figure 54, N-Ras could be co-
immunoprecipitated with p85 in HMVEC transduced with N-Ras/Ad5, indicating an association
between PI3-K and N-Ras. However, compared with the level of N-Ras detected in N-Ras/Ad5-
transduced HMVEC (Fig. 3a), only a small portion of N-Ras is associated with p85, suggesting
that N-Ras has partner(s) other than PI3-K.



We next examined whether Myr-p110 could rescue the effects of the DN mutant N-Ras™'” on

microvascular network formation. We sequentially co-transduced HMVEC with both N-Ras™"’
and Myr-p110 and performed 3-D angiogenesis assay. We first transduced with N-Ras"''/Ad5
and 1 day later with Myr-p110/Ad5 or vice versa. We found that Myr-p110 is able to drastically
rescue the capillary-like network formation (Fig. 5b) regardless of the order of transduction
(Data not shown). Therefore, our data implicate that PI3-K is a downstream signal transducer of
Ras in HMVEC. In addition, a PI3-K-independent pathway(s) is likely also present, because
Myr-p110 could only partially rescue the inhibitory effect of N-Ras-DN on network formation
and there was only a fraction of N-Ras associated with p85. Moreover, overexpression of WT-N-
Ras by itself does not enhance the network formation, suggesting either that association between
p85 and nonactivated N-Ras is insufficient to activate PI3-K or that a small amount of activated
PI3-K is below the threshold of biological response.

DISCUSSION

Previous analysis of the mechanism by which VEGF-A exerts its biological angiogenic function
has established a linear interrelationship between VEGF-A and integrins, that is, VEGF-A can
activate integrins and thus acts upstream of integrin signaling (12). Using our unique in vitro 3-D
angiogenesis model, we observed synergistic angiogenic effects exerted by VEGF-A and B3
integrin on fibroblast-mediated angiogenesis in human microvascular endothelial cells, and these
effects depend on both N-Ras and PI3-K but not on Rho/Rac/Cdc42 or Akt (Fig. 6).

The role of B3 integrins in promoting tumor angiogenesis has recently become less clear due to
reported pathological angiogenesis even in mice lacking B3 integrins (9). The seemingly
discrepant findings on 33 integrins might rest in the functional status of these molecules because
unligated integrin can act as a negative regulator of cell survival, initiating a process of “integrin-
mediated death” (35). In our assay system, 3 integrins are presumably in an activated state
because of VEGF-A released from the transduced fibroblasts. Our observations in the 3-D model
supports the notion that 33 integrin is indeed a critical factor in mediating human endothelial cell
angiogenesis.

Small GTPases of the Ras and Rho families are of special interest because they act as molecular
switches by coupling changes in the external environment to intracellular signal transduction
pathways in mammalian cells (36). The Ras family consists of five isoforms: Harvey (Ha); N;
two splice variants of the Kirsten (K) gene, K(A) and K(B); and R, which are highly homologous
in the N-terminal 165 amino acids (37, 38). Studies using recombinant proteins suggest that all
of the Ras isoforms can bind the same effectors with similar affinities (39). We neither
characterized the particular endogenous Ras isoform expressed in HMVEC nor determined
whether different isoforms of Ras share the same function in modulating vascular network
formation. These questions will be investigated in the future; however, the effect of exogenous
N-Ras on vascular network formation points to a critical role for Ras proteins, at least for N-Ras,
in mediating the synergistic effect of VEGF-A and B3 integrin on angiogenesis. Thus, in addition
to the importance of Ras activation in tumor initiation (40), this GTPase is also a key molecule in
synergistic VEGF-A- and avf3 integrin-mediated angiogenic responses that occur in most
tumors.



The Rho family of proteins, Rho/Rac/Cdc42, is believed to participate in cell motility through
regulating specific aspects of cytoskeletal reorganization. Rho stimulates cytoplasmic stress fiber
formation and actomyosin-based contractility; Rac induces membrane ruffling and extension of
lamellipodia; and Cdc42 induces the extension of membrane protrusions (filopodia) and is also
involved in chemoattractant gradient sensing (41, 42). The VEGF-A-induced migration of
endothelial cells has been shown to depend on Rho family GTPases (43, 44). The fact that
introduction of DN form of RhoA, Rac, or Cdc42 does not affect vascular network formation in
our 3-D model suggests that interference with a single member of the Rho family is insufficient
to inhibit HMVEC motility. Our efforts thus far to test whether suppression of the entire Rho
family might lead to inhibition of cell motility and vascular network formation have been
hampered by the difficulty in introducing all three DN forms of Rho family proteins
simultaneously into a given cell without sacrificing the expression levels of each. Moreover,
each member of the Rho family has its isoforms, such as RhoA, RhoB, RhoC, Racl, and Rac2,
and different isoforms might compensate for others.

Ras transmits its signal through interactions with numerous downstream target proteins,
including the Raf kinases (Raf-1, B-Raf, and A-Raf) (45-50), PI3-K(51), and RalGDS family
members (52, 53). Other candidate Ras effector proteins have been identified and include AF-6,
Canoe, Rin-1, Nore-1, PKC £, and PLCe (54-57). The downstream target(s) involved in
transmitting Ras signaling to control the biologic behavior of endothelial cells remains unknown.
Our data indicate that microvascular network formation is also a PI3-K-dependent process, and
this N-Ras-dependent vascular network formation proceeds, at least partially, through PI3-K
because a constitutively active mutant of PI3-K can drastically rescue the inhibitory effect of N-
RasN”, and there is a direct interaction between N-Ras and PI3-kinase in HMVEC, which is
consistent with an observation made in other cell lysates (51, 58).

Akt is a serine/threonine protein kinase that is activated by several growth factors and cytokines
in a PI3-K-dependent manner. It is a critical regulator of PI3-K-mediated cell survival and
regulates other aspects of cellular function, including migration, glucose metabolism, and protein
synthesis. However, the role of Akt in vascularization is not well-defined, although some
evidence suggests that it is a positive regulator of angiogenesis (59). An unexpected finding in
our study was the inability of Akt, unlike PI3-K, to rescue the deficiency induced by DN-B33
integrin or to promote WT-3 integrin-mediated vascular network formation. This inability does
not appear to rest in either insufficient exogenous expression or nonspecific toxicity induced by
recombinant adenovirus because (i) both Western blotting assay and immunostaining
demonstrated strong protein expression, phosphorylation of Myr-Akt as well as equal
percentages of transduction of HMVEC with Myr-p110 and Myr-Akt, and (ii) the viability of
Myr-Akt/AdS- transduced HMVEC remained normal and comparable to that of control cells.

An interesting observation made in our study is that Myr-Akt causes phenotype changes in some
transduced HMVEC, which likely undergo a morphologic differentiation. This could potentially
explain the inability of Akt in rescuing capillary-like network formation, although the exact
mechanism behind this phenomenon remains unclear and will be of interest in further studies.
Alternatively, the PI3-K-dependent but Akt-independent mechanism observed in our study could
suggest that diverse signaling pathways downstream of PI3-K exist that are parallel to the Akt
pathway and critical for vascular network formation. In fact, activation of PI3-K results in
production of PIP3, which can activate not only Akt, but also protein kinase C-C and p70 S6



kinase (60). Additional studies are needed to determine whether protein kinase C-{ and/or p70
S6 kinase, or another unknown pathway(s) downstream of PI3-K, is responsible for regulating
PI3-K-dependent vascular network formation of HMVEC. Studies using DN mutants to inhibit
the endogenous Akt protein or using other types of constitutively active mutants of Akt and
employing different types of endothelial cells in our assay system might also shed further light
on an Akt-independent mechanism in modulating endothelial cell vascular network formation.

Our data point to the requirement for the PI3-K and Ras pathways in the cooperative effect of
VEGF-A and avps integrin on endothelial cell vascular network formation. Findings derived
from approaches of this type might have important implications for the understanding of the
signaling mechanisms involved in modulating vasculogenesis and angiogenesis. Moreover, such
studies might serve in identifying novel targets with clinical implications for regulating normal
and/or neoplastic neovascularization.
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