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Summary
Angiogenesis is critical for vascular remodeling during

migration in response to ephrin-Al in vitro. Ephrin-Al

development and contributes to the pathogenesis of stimulation induces PI3-kinase-dependent activation of
diseases such as cancer. Targeted disruption of several Racl in wild-type endothelial cells, whereas EphA2-

EphB class receptor tyrosine kinases results in vascular
remodeling defects during embryogenesis. The role of
EphA class receptors in vascular remodeling, however, is
not well-characterized. We recently demonstrated that
global inhibition of EphA receptors disrupts endothelial

migration induced by ephrin, VEGF or tumor-derived

signals, though the specific target remained undefined.
Here, we report that EphA2 regulates endothelial cell

deficient cells fail to activate Racl upon stimulation.
Expression of dominant negative PI3-kinase or Racl
inhibits ephrin-Al-induced endothelial cell migration.
Consistent with in vitro data, EphA2-deficient mice show a
diminished angiogenic response to ephrin-Al in vivo.
Moreover, EphA2-deficient endothelial cells fail to
assemble in vivo when transplanted into recipient mice.
These data suggest that EphA2 is an essential regulator of

assembly and migration through phosphoinositide (PI)
3-kinase-mediated activation of Racl GTPase in two
model systems: primary bovine and murine pulmonary
microvascular  endothelial  cells. EphA2-deficient
endothelial cells fail to undergo vascular assembly and

post-natal angiogenesis.
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Introduction expressed in arterial but not venous endothelial cells, results in

Angiogenesis is a complex, multi-stage process by which ne@mbryonic lethality because of defects in remodeling of
blood vessels are formed from pre-existing vasculature. TwBrimitive capillary beds into large and small vessels (Wang
critical steps in this process are endothelial cell migration anét al., 1998). Mice lacking EphB4 receptor, a marker for
assembly into new tubules. Over the last decade, a diverse argfjbryonic venous endothelial cells, phenocopy ephrin-B2
of molecular regulators that participate in the process ofeficiency, suggesting that these two molecules interact in the
angiogenesis have been identified. The Eph family of receptéegulation of angiogenesis during development (Gerety et al.,
tyrosine kinases (RTKs) is one such family of angiogenesi$999). Combined deficiency of EphB2 and EphB3 receptors
regulators that play a prominent role in endothelial celRlso results in death from angiogenic defects in approximately
assembly and migration. 30% of mutant embryos (Adams et al., 1999). These data
The Eph family of receptor tyrosine kinases and theisupport the crucial role for EphB-mediated regulation of
membrane-tethered ligands, known as ephrins, constitute tilevelopmental angiogenesis.
largest RTK sub-family, with at least 14 receptors and nine Class A Eph receptors have been shown to regulate post-
ligands (Cheng et al., 2002a; Kullander and Klein, 2002). Thigatal angiogenesis in adults. Earlier studies showed that
family is subdivided into class A receptors that bind GPl-ephrin-Al stimulates endothelial cell migration in culture and
tethered A class ephrins, and B class receptors that biridduces corneal angiogenesis in vivo (Pandey et al., 1994),
transmembrane-tethered B class ephrins. Gene targetisgggesting that activation of A class Eph RTK could regulate
studies have established several class B Eph family membergscular remodeling in mature tissues. The role of class A Eph
as key regulators of embryonic vascular development. Faeceptors in regulating endothelial cell migration and assembly
example, targeted disruption of ephrin-B2 ligand, which iss further supported by studies in which ephrin-Al ligand was
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shown to promote endothelial cell assembly into capillary-likeAldrich), anti-Racl and anti-cdc42 antibodies (1:250; Pharmingen),
structures (Daniel et al., 1996). Loss of EphA2 function byanti-phospho-p38 and anti-p38 MAPK antibodies (1:500; Cell
overexpression of a dominant negative receptor mutatiofignaling Technology), anti-p85 (1:1000; Upstate Biotechnology). A
inhibited endothelial cell assembly in vitro, suggesting thaffixture of polyclonal anti-EphA2 (0.51g; C-20, Santa Cruz
EphAZ RTK failaes angogenic remodelng (Ogawa et al Joeiens) 3 onoelrel oS (b B, Lo
2000). More Fec‘?”“y' we reported that blockade of class A Ep om endothelial cell lysates. Two micrograms of anti-p85 (Upstate
receptor activation through use of soluble EphA2-Fc OCE

s . ! : iotechnology) antibody was used to immunoprecipitate p85 from
EphA3-Fc receptors inhibited endothelial cell migration andyqothelial cell lysates. For immunohistochemical detection of CD31,

sprouting in response to ephrin-Al or in response to tumaip yg/ml anti-CD31 antibody (Pharmingen) was used as described
cells in co-culture assays (Brantley et al., 2002; Cheng et apreviously (Brantley et al., 2002). For immunohistochemical detection
2002b). Moreover, these soluble receptors also inhibited tumef Ki67 expression, a 1:500 dilution of anti-Ki67 antibody
angiogenesis and progression in vivo (Brantley et al., 200ZNovocastra Laboratories) was used.

Cheng et al., 2003). However, since ephrin-Al can bind and

activate multiple EphA receptors, and since soluble EprIE)isruption of the EphA2 gene via homologous recombination

receptors are capable of distupting signaling through mUItIpI%he mouseEphA2 genomic locus was isolated from a 129 strain

endogenous A class _Eph RTK, it is “”C'e"’?f Wh'Ch A clas enomic phage library. AEphA2replacement vector (pT1.ephA2)
receptor(s) is responsible for downstream signaling linked t ontained bacteriaheo and HSV-TK gene was used to disrupt the

angiogenic responses, particularly in adult animals. In additionspma2 gene within the extracellular domain [at a unidtiedill site
despite identification of multiple signaling molecules at nucleotide 1372 corresponding to amino acid residue 426; accession
downstream of EphA class receptors, signal transductiofumber NM_010139 (Ruiz and Robertson, 1994)]. filmllll site is
pathways that link EphA receptor activation to cell motility inlocated within an exon containing nucleotides 1076-1395 dpha?2
endothelial cells have not been delineated. cDNA. For simplicity, only the exon containing th&ndlll site is

In this report, we demonstrate that EphA2 RTK regulateshown in Fig. 1. The targeted gene is expected to encode a
vascular assembly and migration of primary microvasculafonfunctional protein truncate_d. at amino aC|d_ residue 425 (W!thln the
endothelial cells. Endothelial cells isolated from EphAZ_extraceIIuIar domain). The original mutant mice were maintained on

e . - . . O n 12%C57BL/6 mixed background, and were subsequently
g?f'(lz'en:jn}'cet.fa” to ﬁ‘c’.se'&nlbl.e(ljnto (aapl!laryt_llke_StrL_JtCtureS da.n@ackcrossed into the BALB/c genetic background for one generation
ISplay detective ephrin-A_-induced migration in vitré and iy, 1, oqce wild-type, heterozygous and null animals. The wild-type

vivo. Defects in migration and assembly were rescued bynq targeted alleles were distinguished by Southern blot analysis.
restoring EphA2 expression, demonstrating that EphA2 RTK

is required in endothelial cell migration. In addition, EphA2-

deficient mice display decreased angiogenesis in responsefadothelial cells

ephrin-Al in vivo. Ephrin-Al stimulation induces PI3-kinase-Bovine pulmonary microvascular endothelial cells (BPMEC; VEC
dependent activation of Racl in wild-type endothelial cellsTechnologies) were maintained in EGM medium (Clonetics) with
whereas EphA2-deficient cells fail to activate Racl uport0% fetal bovine serum (FBS; Hyclone) or in DMEM (Mediatech)
stimulation. Expression of dominant negative PI3-kinase oymth 1% FBS starvation medium where indicated. Murine pulmonary

Y . : : : .__“microvascular endothelial cells (MPMEC) were isolated from 1- to 3-

_I?gcl "g:'s?'is eph_rtljn—Al-:jndliceRd elndotf;.ellltal pell m'grat‘f“clm'.month-old EphA2-deficient mice, or wild-type and heterozygous

us, Inase-aependent acl actvity 1S essentia Iﬁ‘ttermates, as described previously (Pozzi et al., 2000) and
ephrin-Al-mediated endothelial cell migration. Taken togethetaintained in EGM-2 medium (Clonetics). Endothelial cell purity
these data suggest that EphAZ2 is a key regulator of angiogeRigs greater than 95% in these cultures, as determined by expression
remodeling in adult endothelium. of CD31 endothelial cell marker (data not shown). For transfection
experiments, BPMEC were seeded into six-well plates and transfected
. with 1 pg plasmid DNA using Lipofectamine-2000 (Invitrogen)
Mater.lals and Methods according to manufacturer’s instructions. For adenovirus-mediated
Plasmids, adenoviruses and reagents expression of EphA2 d@-galactosidaseBgal), BPMEC were seeded
The gain-of-function EphA2 receptor mutant (EphA2-Reuwas  into 10 cm dishes and transduced witl pfu/ml virus for 48 hours
generated by substituting the transmembrane domain of EphA2 witbrior to migration assays.
that from oncogenic neu/erbB2, which was generously provided by
Dr Alastair Reith (Ludwig Institute, London). The myc-tagged )
dominant negative EphA2 cytoplasmic domain truncation mutanth Vitro vascular assembly assay
(EphA2AC) was generated by PCR amplification of the extracellulatn vitro vascular assembly assays were performed as described
and transmembrane domain of EphA2 and subsequent subcloning irgeeviously (Daniel et al., 1996). Briefly, 12-well plates were coated
pcDNA 3.1 (Invitrogen). Expression constructs encoding dominantvith 100 pul of growth factor-reduced Matrigel (Becton-Dickinson).
negative myc-Racl-N17 and-p85 were described previously After 24 hours starvation in 1% FBS, 24,000 MPMEC were plated in
(Anastasiadis et al., 2000; Eder et al., 1998). Recombinant adenoviruglls in the presence or absence of ephrin-Alu¢lml; R&D
encoding wild-type EphA2 was generated using the Ad-Easy syste®ystems) and photodocumented after 9 hours. Images were acquired
according to the manufacturer's protocol (Qbiogene Incorporated)n an Olympus CK40 inverted microscope through an Optronics DEI-
(He et al., 1998). Recombinant adenovirus encofligglactosidase 750C CCD Video Camera using Scion Image 1.62c capture software.
was described previously (Cheng and Chen, 2001). Expression Dlegree of assembly was quantified by counting the number of
recombinant constructs and adenoviruses was confirmed by westéntersections between branches in assembled endothelial cell
blot analysis. Antibodies used for immunoblot include: anti-mycnetworks per 1R field in four random fields from each well, with
(1:500; Cell Signaling Technology), anti-EphA2 (1:500) andtriplicate samples per condition. For assembly rescue assays, MPMEC
phosphotyrosine antibodies (1:250; Santa Cruz Biotechnology), antivere transduced with 2@fu/ml EphA2 orBgal viruses for 48 hours
B-galactosidase (Chemicon, 1:500), anti-tubulin (1:1000; Sigmaprior to assembly assays.
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Migration assays judged to be greater than 95% in these cultures based on expression

Migration assays using 6.5 mmugn pore size Transwells (Costar) of CD31 endothelial cell marker (data not shown). Prior to
were performed as described previously (Brantley et al., 2002). Bofiiansplantation, the cells were transduced withpf0/ml Bgal virus,

sides of the transwell were coated with a 1/20 dilution of growthl dose/day for 2 days. MPMECXI(F cells) were suspended in 300
factor-reduced Matrigel, and blocked with 1% bovine serum albuminkl growth factor-reduced Matrigel and the mixture was injected
After 24 hours starvation in 1% FBS, cells (100,000/well) were seedegHbcutaneously into the dorsal flank of 6-week-old athymic nude mice
into the upper chamber of transwells in the presence or absence (bfarlan Sprague Dawley). Plugs were collected after 4, 7 and 10 days
ephrin-Al (5ug/ml) in the lower chamber. After 5 hours, cells on theand 10 um cryosections were prepared and examined [or
lower surface were counted in three random fields from each welgalactosidase activity by X-gal staining as described previously (Chen
with triplicate samples per condition. No differences in migration€t al., 1996). The sections were counterstained with Eosin, mounted
were observed in response to dimeric ephrin-Al-Fc versus ephrin-A®nd photodocumented. Images were acquired on an Olympus BX60
Fc pre-clustered using anti-human 1gG (R&D systems), neither wer@icroscope through an Optronics DEI-750C CCD Video Camera
there any differences in phosphorylation of EphA2 in response tgsing Scion Image 1.62c capture software. For immunohistochemical
dimeric versus clustered ephrin-Al-Fc (data not shown). For toxin Bnalysis, sections were stained first with X-gal and then processed for
studies, BPMEC were pre-treated with 100 nglaistridium difficle ~ CD31 immunohistochemistry as described previously (Brantley et al.,
toxin B (Calbiochem) for 1.5 hours prior to migration assay (Connolly2002). CD31 immunoreaction was detected by biotinylated secondary
et al., 2002). For LY294002 studies, BPMEC were pre-treated witAntibody (Pharmingen) and avidin-peroxidase (Vector Laboratories)
50 pm LY294002 (Calbiochem) or dimethyl sulfoxide (DMSO; reaction with 3,3diaminobenzidine tetrahydrochloride substrate

Sigma) vehicle control for 1 hour prior to the migration assay. (Zymed Laboratories). The sections were lightly counterstained with
Eosin, mounted and photodocumented as described above.

Immunoprecipitation and immunoblot analysis _ ) )

EphA2 immunoprecipitation was described previously (Brantley efroliferation and apoptosis assays

al., 2002). For Rac1 and cdc4? activation assays, BPMEC or MPMEEor quantification of proliferation and apoptosis, i cryosections
were serum-starved for 24 hours in 1% FBS followed by stimulatiodfrom plugs collected 4 and 10 days post-transplantation were
with ephrin-Al (1ug/ml). Lysates were prepared and incubated withstained with X-gal as described above and processed for Ki67
Pak-1 binding domain (PBD)-GST beads (Upstate Biotechnology) agimunohistochemistry or TUNEL analysis. Ki67 immunoreaction
described in the manufacturer's protocol to pull-down GTP-boundvas detected by biotinylated secondary antibody (Pharmingen)
Racl and/or cdc42. Activated Racl and cdc42 (or total Racl arthd avidin-peroxidase (Vector Laboratories) reaction with'- 3,3
cdc42 in lysates) was detected by immunoblot using anti-Rac1 or antliaminobenzidine tetrahydrochloride substrate (Zymed Laboratories).
cdc42 antibodies. For PI3K immunoprecipitation, mock transfected ofFUNEL analysis was performed using an Apoptag red in situ
A-p85-transfected cell lysates were incubated witlg2f anti-p85  apoptosis detection kit (Serologicals Corporation) as described
antibody for 1 hour followed by incubation with A/G Sepharose beadgreviously (Brantley et al., 2002). The percentagacf+/Ki67+ or
(Santa Cruz Biotechnology) for 1 hour &4 The beads were washed lacZ +/TUNEL+ nuclei relative to totdcZ+ nuclei in four random

in lysis buffer four times, then fractionated and probed for endogenou#)x fields/sample was calculated. Data are representative of three
p85 or truncatedA-p85 proteins (Eder et al., 1998). For PI3K independent samples/condition.

inhibition studies, cells were pre-incubated with 100 nM wortmannin,

50 pm LY294002, or DMSO vehicle control for 10 minutes prior to

stimulation/PBD-GST pull-down as described previously forResults

endothelial cells (Zeng et aI_.,_ 2002). Relative Ievels_ of GTP'bOU“EphAZ-deficiency impairs vascular assembly in

Racl and cdc42 were quantified by densitometry using Scion 'ma%sponse to ephrin-Al

1.62 ft lysis. . . . . . .
¢ software analysis To determine if EphA2 RTK is required for angiogenesis,

EphA2-deficient mice were generated by targeted disruption of
In vivo angiogenesis and vascular assembly assays the EphA2gene through homologous recombination (Fig. 1A).
Sponge assays for angiogenesis were performed as describBduthern analysis of genomic DNA confirmed the presence of
previously (McCarty et al, 2002). Briefly, gelfoam spongesthe targeted allele in heterozygous and null animals (Fig. 1B).
(Pharmacia & Upjohn) were cut into small pieces (2.5-3 mm wide Consistent with previous studies in which EphA2 was
5 mm long) and soaked with 1@0of PBS containing 1Qug ephrin- disrupted by gene trap mutagenesis (Chen et al., 1996),

Al or IgG. The sponges were then implanted into the subcutaneo A Afi . ; . .
dorsal flank of recipient mice. Each recipient received one ephrin-AlEsphAZ deficient animals were viable, fertile and displayed no

treated sponge and one control IgG sponge implanted in the opposﬂgert anomalies d“F'”g embryonic d_evelopment. Since EphAZ

flank. After 7 days, the mice were injected with a 2% TRITC-dextrarlS NOt expressed in the embryonic vasculature (Ruiz and
(M: 65)/PBS solution to label host blood vessels (Brantley et alRobertson, 1994), these results suggest that EphA2 is not
2002), and the sponges were collected and analyzed. Whole-mouigquired for angiogenesis during development.

images were acquired on an Olympus CK40 inverted microscope Expression of EphA2 has been detected in endothelium from
through an Optronics DEI-750C CCD Video Camera using Sciomature animals, suggesting that this receptor might regulate
Image 1.62c capture software. The sponges were then paraffijost-natal angiogenesis (Brantley et al., 2002; Cheng et al.,
embedded, and 7um sections prepared, rehydrated, andp002b; Daniel et al., 1996; Ogawa et al., 2000). To address this
counterstained with DAPI (Sigma). Fluorescent images were acquir pothesis, we isolated murine pulmonary microvascular

on an Olympus BX60 microscope through an Optronics DEI-750 . " afin ;
CCD Video Camera using Scion Image 1.62c capture software. ThendOtheIIaI cells (MPMEC) from adult EphA2-deficient mice,

TRITC and DAPI fields were merged using Adobe Photoshop 5.8° well as Wild-typ_e orheterozygous Contro_l _Iitterma_tes.
software. J 9 P >Endothelial cells  isolated from EphA2-deficient mice
In vivo vascular assembly assays were performed using MPMEEXpressed no deteptable EphA2 protein _(F|g- .2E), whereas
isolated fromEphA2’-or EphA2/-donor mice suspended in Matrigel abundant expression was observed in wild-type and
‘plugs’ (Brantley et al., 2002). As above, endothelial cell purity washeterozygous MPMEC (Fig. 3A). Consistent with previous
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data, endothelial cell proliferation and apoptosis/survival irexpression of a truncated, dominant negative EphA2 mutant

culture was not affected in the absence of EphA2 receptor [dal@cking the intracellular cytoplasmic domain (EphA@)

not shown (Cheng et al., 2002a)]. In contrast, endothelial cediignificantly impaired endogenous EphA2 autophosphorylation

assembly into capillary-like structures (vascular assembly) im response to ephrin-Al (Fig. 3D). Consistent with data from

response to ephrin-Al was significantly impaired in EphA2MPMEC, we observed a similar inhibition of ephrin-Al-induced

deficient MPMEC relative to the wild-type and heterozygousnigration in BPMEC expressing EphAL (Fig. 3E).

cells (Fig. 2A,B). Overexpression of wild-type EphA2 in Conversely, expression of EphA2-N&uenhanced basal level

EphA2-deficient cells via adenoviral transduction (Fig. 2E)BPMEC migration (Fig. 3E). These data demonstrate that

rescued assembly, even in the absence of ephrin-Al stimulati®@phA2 receptor activation and signaling regulate endothelial cell

(Fig. 2C,D), whereas contrddgal virus had no effect on migration in response to ephrin-Al stimulation.

assembly. Transduction efficiency approached 100%, as

verified by co-expression of green fluorescent protein (GFP ) . ) o

from an independent CMV-driven GFP cassette within th&phrin-Al/EphA2-induced endothelial cell migration is

adenoviral plasmid (Fig. 2C). These data indicate that EphAmediated by activation of Racl GTPase

RTK is necessary for ephrin-Al-mediated vascular assemblyWe next investigated the molecular mechanisms through
which EphA2 regulates endothelial cell migration. Dynamic
regulation of the actin cytoskeleton is critical in cell migration,

Loss of EphA2 receptor expression or modulation of and Rho family GTPases are known to be key regulators of
EphA2 kinase activity affects ephrin-Al-induced this process and have been shown to be necessary for
endothelial cell migration endothelial cell migration (Connolly et al., 2002; Ridley,

As vascular assembly depends upon endothelial cell migratioBD01; van Nieuw Amerongen and van Hinsbergh, 2001). To
we also assessed migration of MPMEC by transwell assaidentify the specific pro-migratory GTPase(s) activated by
While ephrin-Al stimulated migration of endothelial cells ephrin-Al, we stimulated heterozygous or EphA2-deficient
derived from wild-type and heterozygous mice, migration oMPMEC with ephrin-Al and assessed activation of Racl and
EphA2-deficient MPMEC was significantly impaired (Fig. cdc42. Cells were stimulated with ephrin-Al, and activated
3B). No differences in endothelial cell migration or GTP-bound Rac and cdc42 proteins were isolated from lysates
phosphorylation of EphA2 receptor in response to dimeriby precipitation with Pak-1 p21-binding domain (PBD)-GST
versus clustered ephrin-Al-Fc were observed (data not showrfijision proteins. Ephrin-Al induced activation of Racl and
Migration defects in EphA2-deficient cells were rescued bydc42 in heterozygous MPMEC within 2.5 minutes (Fig. 4A).
adenovirus-mediated expression of wild-type EphA2, but nofctivation of cdc42 was unaffected by loss of EphA2
control B-galactosidase protein (Fig. 3A,B). These dateexpression, suggesting other EphA receptor(s) may regulate
indicate that EphA2 RTK is required for ephrin-Al-mediatedcdc42 activity in response to ephrin-Al. In contrast, Racl
vascular assembly and migration. activation was blocked in EphA2-deficient MPMEC,
To further determine whether EphA2 receptordemonstrating that Racl is specifically activated downstream
phosphorylation and signaling are critical for endothelial celbf the EphA2 receptor upon stimulation with ephrin-Al.
migration, we expressed mutant EphA2 receptors that enhancAdtivation of Racl by ephrin-Al1 was also observed in
or diminished EphA2 kinase activity in BPMEC and assesseBPMEC, with maximal activation between 1 and 5 minutes
the effect of these mutants on ephrin-Al-induced migratiorpost-stimulation that was consistent with EphA2
Expression of an EphA2 receptor gain-of-function mutant witlphosphorylation induced by ephrin-Al (Fig. 4B). To
elevated kinase activity (EphA2-NEY) enhanced basal and determine the functional relevance of Racl in EphA2-
ephrin-Al-induced EphA2 autophosphorylation (Fig. 3C), whilemediated endothelial cell migration, we first examined ephrin-
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Fig. 2. EphA2-deficiency impairs ephrin-Al-induced vascular assembly in vitro. (A) Lung
microvascular endothelial cells (MPMEC) isolated from wild-type (+/+), heterozygous
(+/-), or EphA2-deficient (—/-) mice were plated on a thin layer of growth-factor-reduced
Matrigel in the presence or absence of ephrin-Al to examine and quantify vascular
assembly. After 9 hours, the endothelial cells were photographed. Scale |lnar, &) The numbers of intersections between endothelial cell
branches were counted. Four fields per culture were scored for each condition and data are meanszs.d. of three indepmedént exper
Significant differences in assembly phA2/-cells stimulated with ephrin-Al (¥) compared to other experimental conditions are indicated
for P<0.01 using ANOVA analysis. (C) EphA2-deficient (—/—=) MPMEC were transduced with recombinant adenoviruses encoding wild-type
EphA2 (Ad-EphA2) or contrgB-galactosidase (A@gal). After 48 hours, the cells were plated on a thin layer of growth factor-reduced
Matrigel in the presence or absence of ephrin-Al for vascular assembly assay and photographed after 9 hours. SoaleFoalVIEMEC

(/=) Ad-EphA2, the left hand panels show bright-field images, and the right hand panels show fluorescence images ofldientical fie
displaying co-expression of GFP from the adenovirus plasmid. (D) The numbers of intersections between endothelial celVémanches
counted. Four fields per culture were scored for each condition and data are presented as meanszs.d. of three indepeedént experi
Significant differences in assembly are indicated wRe®01 (using Studentistest) forEphA2/~Ad-EphA2 (**) versusEphA2/- Ad-Bgall

and forEphA2/- Ad-EphA2 + ephrin-Al (***) versu€phA2/- AdBgal + ephrin-Al. (E) Immunoblot analysis@dal or EphA2 expression in
lysates from MPMEC transduced with recombinant adenoviruses.

anti-Tubulin

Al-induced migration of BPMEC in the presence or absenc&TPase. Activation of the Racl pathway by ephrin-Al
of C. difficile toxin B, an inhibitor of Rho family small appears to be quite specific, as we did not observe activation
GTPases. Treatment with toxin B significantly inhibitedof RhoA, JNK or p38 MAPK, and inhibition of p38 MAPK
ephrin-Al-induced endothelial cell migration in mock- did not block endothelial cell migration in response to ephrin-
transfected BPMEC or in BPMEC expressing the gain-ofAl (data not shown).

function mutant EphA2-Né¥ (Fig. 4C). In addition,

expression of a dominant negative mutant of Racl [Rac1-N17 ) ) o
(Anastasiadis et al., 2000)] markedly impaired BPMECPI3-kinase re.gulates gphrln-Al induced Rac1l activation
migration in response to ephrin-Al (Fig. 4D), suggesting tha&nd endothelial cell migration

ephrin-Al- and EphA2-mediated migration requires RacPhosphoinositide 3-kinase (PI3K) is a well-documented
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ephrin-Al was quantified by transwell assay. EphA2-deficient
W= MPMECs were infected with recombinant adenoviruses encoding
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EphA2 immunoprecipitated from BPMEC lysates showing
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absence of ephrin-Al stimulation. (D) Immunoblot analysis of
immunoprecipitated EphA2 showing decreased tyrosine
phosphorylation of endogenous EphA2 after ephrin-Al stimulation
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c D (EphA2-NedM) or truncated, dominant negative EphA2 (EphA2-
EphA2- AC) in response to ephrin-Al was also quantified by transwell
EphA2  NeuTM assay. Significant differences in migration are indicate@<$@r.01

Mock ~_EphA2:AC using Student'$-test: ***P=0.0001 EphA2-NelM +/— ephrin-Al

anti-EphA2 t-EohAz  VErSUs mock unstimlulated, **F*=0.0005 EphA2AC + ephrin-Al
| ' . ‘ . “ ’ . . e versus mock + ephrin-Al. (F) Expression of EphA2-Néar

EphA2AC in BPMEC was confirmed by immunoblot analysis.
.a anti-PY - sy anti-PY
+ - +  Ephrin-A1 - + = *  Ephrin-A1
IP anti-EphA2 IP anti-EphA2 of pharmacologic inhibitors of PI3K, wortmannin or
LY294002, and examined activation of Racl. Ephrin-Al-
E induced activation of Racl was significantly impaired in the
180 - presence of either wortmannin or LY294002 (Fig. 5A).
160 | an .""°°" Moreover, LY294002 treatment significantly inhibited
& EphA2-NeuT™ BPMEC migration in response to ephrin-Al (Fig. 5B). As an
140 independent approach, we examined activation of Racl in
120 ﬁsphnz--«c BPMEC expressing a dominant negative form of the p85

regulatory subunit of PI3KA-p85 (Eder et al., 1998)].
Expression of A-p85 significantly inhibited ephrin-Al-
induced activation of Racl (Fig. 5C), suggesting PI3K is
necessary for ephrin-Al induction of Racl. Furthermore,
BPMEC expressing\-p85 displayed a significant reduction
in migration relative to mock-tranfected cells (Fig. 5D),
suggesting that PI3K is required for Racl activation and
endothelial cell migration.
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F EphA2- EphA2-deficient mice display impaired ephrin-Al-
Mock NeuTM Mook onAZ- induced angiogenesis in vivo
anti-EphA2 anthmye Based on the defects in assembly and migration of EphA2-

r — deficient cells ex vivo, we wished to determine if
—— i = & anti-tubulin angiogenesis is impaired in EphA2-deficient mice. To test
. + tubulin this, we implanted surgical sponges impregnated with control
IgG or ephrin-Al subcutaneously into the dorsal flank of
upstream regulator of Racl activation (Cantrell, 2001), and theontrol heterozygous mice and EphA2-deficient littermates.
p85 regulatory subunit of Pl 3-KINASE is known to associateAfter 7 days, we injected the mice intravenously with a
with activated EphA2 RTK (Pandey et al., 1994). To determin&@RITC-dextran solution to visualize host blood vessels
if EphA2-mediated activation of Racl is PI3K-dependent, weassociated with sponges. In heterozygous mice, we observed a
stimulated BPMEC with ephrin-Al in the presence or absencearked increase in surface vessels associated with ephrin-Al-
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. Mock ; anti-Myc Racl GTPase. (A) Active GTP-bound forms of Racl and cdc42

were analyzed by Pak-PBD pulldown followed by immunoblot in
anti-Tubulin  |ysates from heterozygous (+/-) or EphA2-deficient (—/=) MPMEC
stimulated with ephrin-Al. Total Racl and cdc42 levels within the
lysate prior to PBD-pulldown were detected by immunoblot. Data
are representative of four independent experiments. (B) Activation of
Racl induced by ephrin-Al stimulation was confirmed in BPMEC,
and occurred upon initiation of EphA2 autophosphorylation.

(C) Ephrin-Al-induced migration of mock transfected or EphA2-
Neu™-expressing BPMEC in the presence or absence of GTPase
inhibitor Toxin B was quantified by transwell assay. Significant
differences in migration are indicated wh&€0.01 using Student's
t-test: *#P=0.0001 mock + ephrin-Al versus mock + ephrin-Al/Toxin
B, **P=0.0005 EphA2-NelM versus EphA2-NetM/Toxin B.

(D) Migration of BPMEC transfected with an expression construct
encoding dominant negative Racl (Rac1l-N17) in response to ephrin-Al was also quantified by transwell assay by scorirgpbree field
transwell for each condition in triplicate samples. Data are meanszs.d. of three independent experiments. Significarg tiffargraten

are indicated wher<0.01 using Studentistest: ***P=0.0005 mock + ephrin-Al versus Rac1-N17 + ephrin-Al. Expression of Rac1-N17
was confirmed by myc immunoblot.

- + - 4+  Ephrin-A1

treated sponges relative to control IgG sponges (Fig. 6A). limto the sponge. These data suggest that EphA2 RTK is
contrast, EphA2-deficient mice showed a striking reduction imequired for ephrin-Al-mediated angiogenic remodeling in

surface vascular density in response to ephrin-Al-treatedvo.

sponges. We also observed host vessel penetration into the

periphery of ephrin-Al-treated sponges in heterozygous mice o . )

(Fig. 6B,C). Though host vessels were observed in the skiRPhA2 deficiency impairs vascular assembly and

surrounding IgG-treated sponges (Fig. 6C), no infiltration ofndothelial cell survival in vivo

these vessels into these control sponges was detected (Fur in vitro data suggest that the defect in ephrin-Al-

6B,C). Ephrin-Al-treated sponges collected from EphA2mediated angiogenesis in EphA2-deficient mice is probably
deficient mice also displayed little infiltration of host vesseldue to EphA2-deficiency in endothelial cells. Since all host
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Fig. 5.EphA2-mediated Rac1l activation and migration is o |
dependent on PI3K. (A) Active GTP-bound form of Racl wa R +
analyzed by Pak-PBD pull-down assay using lysates from

ephrin-Al-stimulated BPMEC in the presence or absence of PI3K inhibitors, wortmannin or LY294002. Total Racl levels lyihie the

prior to PBD-pulldown were detected by immunoblot. Data are representative of three independent experiments. (B) MigtatioAdf e
stimulated BPMEC, in the presence or absence of LY294002 PI3K inhibitor, was quantified by transwell assay by scoringtpege field
transwell for each condition in triplicate samples. Data are meanszs.d. of three independent experiments. Significarg tliffargraten

are indicated where<0.01 using Studentistest: #?=0.0005 vehicle + ephrin-Al versus LY294002 + ephrin-Al. (C) Activation of Racl was
determined by Pak-PBD pull-down assay in BPMEC expressing a dominant negative p85 PI3K regulatoryAsp®bih(response to
ephrin-Al stimulation. (D) Migration of BPMEC transfected wip85 in response to ephrin-Al was quantified by transwell assay by scoring
three fields per transwell for each condition in triplicate samples. Data are meanszs.d. of three independent experiringants dSfgrences

in migration are indicated wheRx0.01 using Studentistest: **P=0.0005 mock + ephrin-Al versidsp85 + ephrin-Al. Expression 6fp85

was confirmed by immunoprecipitation of p85 (endogenous and truregu@s) followed by p85 immunoblot.

- +  Ephrin-A1

tissue are deficient for EphA2, however, it is possible thathe cell nucleus. The cells were resuspended in growth-factor-
other host cell types contribute to this impaired angiogeniceduced Matrigel and injected subcutaneously into the dorsal
response in null mice. As EphA2 deficiency impairsflank of nude mice to create a solid ‘plug’ (Brantley et al.,
endothelial cell assembly and migration in vitro, we wished002). The plugs were surgically removed after 4, 7 or 10
to determine the effect of EphA2 deficiency on endothelial celilays, and sections were subjected to X-gal staining to identify
assembly in vivo. Previous studies have demonstrated thakogenous endothelial cells and to score vascular assembly in
exogenous endothelial cells will undergo vascular assemblivo. Comparable numbers ¢gal-positive (LacZ-positive)
and mimic vessel morphogenesis when immobilized in a solidells were detected in plugs harboriBghA2/~ and EphA7-
matrix and transplanted into immunocompromised mice (NOMPMEC after 4 days (Fig. 7A). After 7 or 10 days, however,
et al., 2001a; Nor et al., 2001b). We used a similar technigdewer EphA2-deficient MPMEC were detected in the plugs
to assess the ability of EphA2-deficient MPMEC to undergaelative to MPMEC derived from heterozygous mice
assembly in vivo relative to control MPMEC derived from (Fig. 7A,B). The LacZ-positve MPMEC derived from
heterozygous donors. MPMEC were isolated from donor micheterozygous mice displayed an elongated cell morphology
and transduced with adenoviruses encodifggalactosidase typical of endothelial cells in vivo, and appeared to be
construct in whichB-galactosidase expression is targeted taassembled into vessel-like structures (Fig. 7B). In contrast, the
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Fig. 6. EphA2-deficiency impairs
ephrin-Al-induced angiogenesis
in vivo. (A) Sponges impregnated
with ephrin-Al or IgG were
subcutaneously implanted into
the dorsal flank of EphA2
heterozygous (EphA2+/-) or
EphA2-deficient (EphA2—/-)
mice. After 7 days, mice were
injected intravenously with
TRITC-dextran to visualize host
B blood vessels associated with
Whole-mount TRITC-Dextran Sections TRITC-Dextran/DAPI Co-stain sponges. Fewer surface vessels
were associated with ephrin-Al-
Ephrin-A1 (40X) IgG (10X) treated sponges EphA’-animals relative t&EphA”- controls. Scale bar, 5 mm.

S Arrowheads indicate surface blood vessels covering sponges. (B) Sponge sections
were counterstained with DAPI to visualize nuclei relative to TRITC vessel
labeling. Vessel infiltration in the ephrin-Al-treated sponge periphery was detected
in controlEphA~animals, but not iEphA’- animals. Scale bar, 10n. Dashed
line indicates the boundary between adjacent host skin tissue (left) and sponge
(right). Arrows indicate TRITC-positive vessels that have infiltrated into the
ol . e sponge, and (*) indicate vessels within the host skin tissue. (C) Left panel displays

EphA2 +/- higher magnification (4€) of the upper left panel in B. Scale baprb. Right
panel displays low magnification (£pof the lower left panel in B, demonstrating
the distance of host vessels relative to the boundary of IgG-treated spoEgagin animals. Scale bar, 1 mm. Data are a representative of
results from three independent mice per genotype.
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small number of LacZ-positive cells derived from EphA2-Discussion
deficient mice were rounded in morphology, and did noEphA receptors and their ligands of the ephrin-A family
appear to coalesce and assemble into vessel-like structutesnsduce short-range signals, regulating endothelial cell
(Fig. 7B). While both heterozygous and EphA2-deficientmigration and assembly during angiogenesis. However,
MPMEC retained expression of the endothelial cell-specifibecause multiple ephrin-A ligands and EphA receptors can
marker CD31, EphA2-deficient MPMEC failed to associatdnteract promiscuously, the precise A class receptor(s) that
with adjacent host endothelium (Fig. 7C). These data suggefsinction in endothelial cell migration and assembly remains
that endothelial EphA2 RTK regulates vascular assembly inndefined. Indication of involvement of the EphA2 receptor
vivo. came from studies performed in our laboratory (Cheng et al.,
The apparent reduction in the number of EphA2-deficienR003; Cheng et al., 2002b) and others (Ogawa et al., 2000),
MPMEC detected in 7 and 10 day plugs may be the result afsing either an antisense oligonucleotide or expression of a
defects in migration and coalescence such that the celllominant negative EphA2 receptor to inhibit EphA2 function
remained dispersed throughout the plug. Thus, fewer Lac4n endothelial cells. In this report, using EphA2-deficient
positive cells are detected in each field relative to coalescingndothelial cells, we demonstrate that EphA2 is a major
EphA2/- cells. Alternatively, defects in proliferation and/or regulator of angiogenic processes in adult endothelial cells.
survival may also result in decreased MPMEC cell density ifephA2-deficient endothelial cells fail to undergo cell migration
EphA2-deficient plugs. To test this hypothesis, we assessemd vascular assembly in response to ephrin-Al in vitro. These
proliferation in LacZ-positive MPMEC by quantifying nuclear defects can be rescued by restoring EphA2 expression through
expression of Ki67, a marker of proliferation for several celladenovirous-mediated transduction. EphA2-deficient mice also
types, including endothelial cells (Fig. 8A) (Kalashnik et al.,display impaired angiogenesis in response to ephrin-Al
2000) in plugs collected 4 and 10 days post-transplantatiostimulation in vivo. Furthermore, while heterozygous control
The numbers of LacZ-positive/Ki67-positive nuclei weredonor endothelial cells can spread, coalesce, and associate with
comparable ifEphAZ/-versusEphA2'~-MPMEC at each time host endothelium in vivo, EphA2-deficient cells display
point (Fig. 8A), suggesting that loss of the EphA2 receptodecreased survival and fail to spread and assemble when
does not affect endothelial cell proliferation in vivo. We alsotransplanted into recipient mice. Taken together, these data
determined apoptosis in LacZ-positive MPMEC by TUNEL suggest that EphA2 RTK is required for angiogenic remodeling
analysis. As shown in Fig. 8B, we observed a significanin mature tissues, particularly in response to ephrin-Al.
increase in LacZ-positive/TUNEL-positive nuclei in plugs Because EphA2 deficiency results in a comparable inhibition
harboring EphA2-deficient endothelial cells ver&ighA2/~  of endothelial cell migration and assembly to that induced by
cells. These data indicate that, in addition to vascular assembsgluble EphA-Fc receptors (Brantley et al., 2002; Cheng et al.,
EphA2 RTK is also required for endothelial cell survival in2002b), the EphA2 receptor is probably a major target.
vivo. Investigation of ephrin/Eph receptor-mediated signal
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- e v . ; Fig. 7.EphA2-deficiency impairs vascular
l%." P o 5 assembly in vivo. (A) Lung microvascular
ofErEess L ¥ : endothelial cells (MPMEC) isolated from
Rt N e heterozygous (+/-) or EphA2-deficient (—/-)
B ) : mice were transduced with adenoviruses
LacZ Stain LacZ Stain encoding nuclegB-galactosidase, suspended
o in growth-factor-reduced Matrigel, and
. transplanted into nude mice to examine
p— MPMEC (T’(“)“_ ______MPMEC(/) — Matrigel Only vaSCLE)Iar assembly in vivo. (A) After 4 and 10
R . i ¥ \f-f SRt e %- 3 days, Matrigel plugs were collected and
B A S MUY . ieea Rt © kY cryosections were X-gal stained to detect
i % LR 0N A e R ] exogenous endothelial cells. Scale band0
}‘*’-;’; ek’ N Baayng L) (S st 9 Arrowheads indicate LacZ-positive exogenous
PR :“f': PADNER RO, v e T = MPMEC. (B) Assembled vascular structures
"'?‘ oA ar -] Be (I Ml S were detected iEphA2/-plugs, but not in
St 1 R e sl e AL — EphA2/-plugs, after 7 days. Scale bar in
. ; Ry BN " upper panels, 1Am; lower panels, Him.
. Ly, s g -, Arrowheads indicate LacZ-positive exogenous
e .4? J, - - - it % . MPMEC. No LacZ-positive cells were
B g, =B - i ! | detected in plugs containing Matrigel only.
3 t 48 s \* . - (C)Cryosections from MPMEC plugs were
. | ’ > ¥ ¥ - | co-stained for LacZ expression and CD31.
%_ X 5 = re | Both heterozygous and EphA2-deficient
LacZ Stain LacZ Stain LacZ Stain MPMEC were positive for CD31 staining

(arrows), though EphA2-deficient MPMEC
lacked the elongated, endothelial morphology observed in heterozygous MPMEC. LacZ-positive, exogenous MPMEC from heteigzygous m
associated with host endothelium (asterisk), while EphA2-deficient MPMEC did not. Scal@ipaiData are representative of six
independent plugs per genotype derived from three independent donor mice from each genotype.

transduction mechanisms that regulate cellular responses stimulation of vascular smooth muscle cells with ephrin-Al
various cell types has been centered on Rho-family GTPaseshibits cell spreading via inactivation of Racl and PAK
For example, whereas EphB2 facilitates dendritic spinédDeroanne et al., 2003). In endothelial cells, however, we
outgrowth and morphogenesis through activation of cdc42 inbserved activation of Racl and induction of migration in
hippocampal neurons (Irie and Yamaguchi, 2002), ephrin-Agphrin-Al-treated endothelial cells (Figs 3, 4). This seeming
stimulation leads to activation of RhoA and inhibition of Raclcontradiction in activation of Racl GTPase between
in cultured retinal ganglion cells, which is accompanied byendothelial cells and vascular smooth muscle cells, however, is
chemorepulsive axonal growth cone collapse (Wahl et al., 200@onsistent with functions of respective cell types in the process
Ephrin-A5 also stimulates cell-rounding and loss of adhesion iof angiogenesis. In order for endothelial cells to sprout from
EphA3-expressing 293T cells, which involves activation of Rhqre-existing vessels, the first step required is to relax the
(Lawrenson et al., 2002). Activation of EphA4 stimulates RhoAinteraction between endothelial cells and perivascular
activity in developing neurons (Shamah et al.,, 2001) andupporting cells, allowing endothelial cells to proliferate and
vascular smooth muscle cells (Ogita et al., 2003), facilitatingnigrate towards angiogenic cues. Thus, ephrin-Al stimulation
growth cone collapse and contractility, respectively. By contrasteads to inhibition of Racl activation and cell spreading in
activation of EphA4 inXenopusembryos is associated with smooth vessel cells in the vessel wall to destablize blood
RhoA inhibition and loss of cell-cell adhesion and polarityvessels. In contrast, ephrin-Al activates Racl and induces cell
(Winning et al., 2002), demonstrating that individual Eph RTKamigration and vascular assembly in endothelial cells,
can activate or repress Rho GTPase signaling in different cgdtomoting new capillaries to sprout and branch from pre-
types and processes. These observations illustrate the complexagisting vessels.
in Eph-mediated signal transduction and highlight the need to In the present study, we propose a model in which EphA2-
study ephrin-mediated Rho family GTPase responses in specifitediated endothelial cell migration proceeds through PI3K-
cell types and physiological contexts. mediated activation of Racl. Several lines of evidence suggest
Deroanne et al., have shown that in the vasculaturéhat EphA2 receptor activation modulates Racl GTPase
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(A) Matrigel plugs harboring MPMEC isolated from heterozygous 0
(+/-) or EphA2-deficient (—/-) mice were collected 4 days (not shc

or 10 days post-transplantation and co-stained for LacZ expressiti i
the proliferation marker Ki67. Arrows indicate LacZ+/Ki67+ nuclei, and the asterisks indicate LacZ+/Ki67— nuclei. Scaqubar(Right)
The percentage of LacZ+/Ki67+ nuclei relative to total LacZ+ nuclei in each field was calculated to quantify proliferatgenouwex
endothelial cells. (B) Matrigel plugs were also subjected to staining for LacZ followed by TUNEL assay to detect apoptdaigsafeift).
Arrows indicate LacZ+/TUNEL+ nuclei, and the asterisks indicate LacZ+/TUNEL- nuclei. Scalednar(Right) The percentage of
LacZ+/TUNEL+ nuclei relative to total LacZ+ nuclei in each field was calculated to quantify apoptosis in exogenous enétithdlataare
meanszs.d. of three independent samples/condition. Significant differences in percentage of apoptotic nuclei are indid2t@d0d/hesiag
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activity. First, ephrin-Al stimulation increased levels of GTP-RhoGEF (Ogita et al., 2003). GEFs such as Tiam-1 or Vav are
bound active Racl proteins, and this increase was blocked potentially interesting candidates that could couple EphA2
EphA2-deficient endothelial cells, as judged by the PBD-pulRTK to Racl activation, as they are expressed in endothelial
down assay. Second, Toxin B, an inhibitor of small GTPasesglls (Georgiades et al., 2002; Lampugnani et al., 2002).
or a dominant negative mutant of Racl, Rac1-N17, blockeAlternatively, GEF activity can also be modified as a result of
ephrin-Al-induced cell migration. Finally, inhibition of Racl EphA2-induced regulation of PI3-kinase signaling. This
activity by PI3K inhibitors, wortmannin or LY294002, or by a hypothesis is supported by the fact that EphA2 binds the p85
dominant negative\-p85 mutant, impaired endothelial cell subunit of PI3-kinase (Pandey et al., 1994), and PI3-kinase lipid
motility in response to ephrin-Al stimulation. Taken togetherproducts have been shown to regulate the activity of GEFs such
these findings suggest that Racl plays an important role as Vav and Tiam-1 (Cantley, 2002; Cantrell, 2001). In addition,
EphA2 receptor-mediated endothelial cell migration. as shown in Fig. 5, inhibition of PI3-kinase activity by either
The EphA2 receptor-induced change in Racl activity couldvortmannin/LY294002 or a dominant negatix¢p85 mutant

be regulated by at least two mechanisms. One possibility is thiatocked ephrin-Al-induced Racl activation and cell migration.
activated EphA2 receptor directly interacts with and changes thaurther studies utilizing specific pharmacologic and dominant-
phosphorylation state of guanine nucleotide exchange factoregative reagents, as well as more detailed structure-function
(GEFs) and/or GTPase activating proteins (GAPS). For examplanalyses, should help to elucidate the mechanism of regulation
EphA4 receptor stimulates RhoA activity in developing neuronsf Racl activation by EphA2 receptor.

through binding directly to ephexin (Shamah et al., 2001), and Embryonic angiogenesis is regulated by B class Eph
in vascular smooth muscle cells via direct interaction with Vsmreceptor signaling, as targeted disruption of EphB2, EphB3,
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or ephrin-B2 results in embryonic lethality and vascular Mol, M., Wu, Y., Bono, F., Devy, L., Beck, H. et al(2001). Synergism
remodeling defects (Adams et al., 1999). While ephrin-Al is between vascular endothelial growth factor and placental growth factor

expressed in the embryonic vasculature during deve|opment,contr_it_)utes to angiogenesis and plasma extravasation in pathological
| - f EphA2 is not observed durin conditions.Nat. Med.7, 575-583.
vascular expression o p S not observe UrN@hen, J., Nachabah, A., Scherer, C., Ganju, P., Reith, A., Bronson, R.

embryogenesis (McBride and Ruiz, 1998; Ruiz and and Ruley, H. E. (1996). Germ-line inactivation of the murine Eck
Robertson, 1994). Moreover, no vascular defects in receptor tyrosine kinase by gene trap retroviral inser@mcogenel?,
embryonic angiogenesis have been reported in EphA4 or979-988.

_ i ; . heng, N. and Chen, J(2001). Tumor necrosis factor-alpha induction of
EphA8-deficient mice (Coonan et al., 2001; Park et al., 1997? endothelial ephrin Al expression is mediated by a p38 MAPK- and

It is therefore possible that EphA? RTK, and perhaps Othe_r SAPK/JNK-dependent but nuclear factor-kappa B-independent mechanism.
A class Eph RTKs, may preferentially regulate angiogenesis J. Biol. Chem276, 13771-13777.
in adults. Similarly, targeted disruption of other regulatorscheng, N., Brantley, D. M. and Chen, J(2002a). The ephrins and Eph

of angiogenesis, such asl integrin and placental growth Chrec‘aptors in a"|9i°ge”esey‘°ki”e Growth FaCtorlRe‘B' 7(5:'85-
. . . . Cheng, N., Brantley, D., Fang, W. B., Liu, H., Fanslow, W., Cerretti, D. P.,
factor (CarmeIIEt et al., 2001; Pozzi et al, 2000)' result in Bussell, K. N., Reith, A., Jackson, D. and Chen, §2003). Inhibition of

angiogenic d_efECtS in_ mature animals without affecting vEGF-dependent multistage carcinogenesis by soluble EphA receptors.
embryogenesis, providing precedence for molecular Neoplasias, 445-456.
regulation of post-natal, but not developmental, angiogenesfdeng. N., Brantley, D. M., Liu, H., Lin, Q., Enriquez, M., Gale, N.,

; ; ; B Yancopoulos, G., Cerretti, D. P., Daniel, T. O. and Chen, J2002b).
by certain S|gnallng pathways. In addition, EphA2 receptor Blockade of EphA Receptor Tyrosine Kinase Activation Inhibits Vascular

function may regulate tumor angiogenesis. EphA2-deficient g,qoihelial Cell Growth Factor-Induced AngiogeneMisl. Cancer ResL,
endothelial cells show similar defects in ephrin-Al-induced 2-11.
migration as that elicited by soluble EphA receptor fusiorConnolly, J. O., Simpson, N., Hewlett, L. and Hall, A(2002). Rac regulates
proteins, which also inhibit tumor angiogenesis in vivo gzggthelial morphogenesis and capillary asserdiy. Biol. Cell13, 2474-
(Brantley et al., 2002; Cheng .Et al". 2002b'_ Cheng et aICoonan, J. R., Greferath, U., Messenger, J., Hartley, L., Murphy, M.,
2003). Thus, these EphA2-deficient mice provide an excellentgoyd, A. W., Dottori, M., Galea, M. P. and Barflett, P. F.(2001).
model system in which to investigate the function of EphA2 Development and reorganization of corticospinal projections in EphA4
in tumor neovascularization. deficient miceJ. Comp. Neurol436, 248-262.
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