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ABSTRACT

Abundant data now demonstrate that the growth of new blood vessels, termed angiogenesis,
plays both pathological and beneficial roles in human disease. Based on these data, a tremendous
effort has been undertaken to understand the molecular mechanisms that drive blood vessel growth
in adult tissues. Tie2 recently was identified as a receptor tyrosine kinase expressed principally on
vascular endothelium. Disrupting Tie2 function in mice resulted in embryonic lethality with defects
in embryonic vasculature, suggesting a role in blood vessel maturation and maintenance. Based on
these studies, we undertook a series of studies to probe the function of Tie2 in adult vasculature that
will form the focus of this chapter. Consistent with a role in blood vessel growth in adult vasculature,
Tie2 was upregulated and activated in the endothelium of rat ovary and in healing rat skin wounds,
both areas of active angiogenesis. Moreover, Tie2 was upregulated in the endothelium of vascular
“hot spots” in human breast cancer specimens. Surprisingly, Tie2 also was expressed and activated
in the endothelium of all normal rat tissues examined, suggesting a role in maintenance of adult
vasculature. To determine the functional role of Tie2 in tumor vasculature, a soluble Tie2 extracel-
lular domain (ExTek) was designed that blocked the activation of Tie2 by its activating ligand,
angiopoietin 1 (Angl). Administration of recombinant ExTek protein or an ExTek adenovirus
inhibited tumor growth and metastasis in rodent tumor models, demonstrating a functional role for
Tie2 in pathological angiogenesis in adult tissues. To begin to understand the endothelial signaling
pathways and cellular responses that mediate Tie2 function, we identified signaling molecules that are
recruited to the activated, autophosphorylated Tie2 kinase domain. Two of these molecules, SHP2
and GRB2, are part of the pathway upstream of mitogen-activated protein kinase (MAPK) activation,
a pathway that may be responsible for morphogenetic effects of Tie2 on endothelial cells. Another
signaling molecule, p85, is responsible for recruitment of phosphatidylinositol 3 kinase (P13-K) and
activation of the Akt/PI3-K pathway. Akt/PI3-K has emerged as a critical pathway downstream of
Tie2 that is necessary for cell survival effects as well as for chemotaxis, activation of endothelial
nitric oxide synthase, and perhaps for anti-inflammatory effects of Tie2 activation. Taken together,
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these studies and many others demonstrate that the Tie2 pathway has important functions in adult
tissues, in both quiescent vasculature and during angiogenesis, and help to validate the Tie2 pathway
as a therapeutic target.

I. Introduction

Angiogenesis is the complex and dynamic process by which blood vessels
are assembled and remodeled to form a functional vasculature. A large body of
evidence has shown that angiogenesis is a crucia event for norma embryonic
development. In adulthood, the vasculature is notably quiescent but angiogenesis
is required for normal female reproductive function and likely is required for
wound healing. Importantly, however, angiogenesis contributes to the pathogen-
esis of a number of diseases, including cancer, arthritis, obesity, atherosclerosis,
and two common causes of blindness, diabetic retinopathy and macular degen-
eration (Folkman, 2001). Conversely, other diseases (e.g., coronary artery dis-
ease, peripheral vascular disease) are characterized by failure of the compensa-
tory angiogenic response. Involvement of angiogenesis, or failure of
angiogenesis, in these important diseases has led to a tremendous effort on the
part of academic and industry researchers to define the molecular mechanisms
that drive blood vessel assembly and remodeling.

Of the molecular mechanisms identified to date, activation of endothelial
receptor tyrosine kinases (RTKs) by polypeptide growth factors appears to play
a pivotal role in blood vessel growth and differentiation (Y ancopoulos et al.,
2000; Conway et al., 2001). Indeed, growth factors such as fibroblast growth
factor, hepatocyte growth factor, platelet-derived growth factor, and the ephrins have
been shown to modulate angiogenesis, suggesting that signaling by multiple RTKsis
required for the proper assembly of blood vessels. Despite the role of these factorsin
angiogenesis, the expression of their cognate RTK's outside of the vasculature has
dampened enthusiasm for these pathways as therapeutic targets. Importantly, RTKs
for two families of angiogenic growth factors — the vascular endothelia growth
factor family (VEGF) and the angiopoietin (Ang) family — are expressed predom-
inantly on vascular endothelial cells, making them attractive targets for both pro- and
anti-angiogenic therapy (Y ancopoulos et al., 2000; Conway et al., 2001; Jones et al.,
2001a; Loughnaand Sato, 2001). Thisreview will focus on work from our laboratory
to elucidate the role of the Ang RTK, Tie2, in adult vasculature. The elegant and
important work from our colleagues is cited where it has provided context for our
studies and where it has confirmed or extended our work.

I1. Function of Ang/Tie2 Signaling in the Embryonic Vasculature

Tie2 originally was described as the second member of an orphan RTK
subfamily expressed predominantly in the embryonic endothelium (Dumont et
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al., 1992; Iwama et al., 1993; Maisonpierre et al., 1993; Runting et al., 1993;
Sato et al., 1993; Schnurch and Risau, 1993; Ziegler et al., 1993). Tiel, the
origina member of the subfamily, and Tie2 share an identical domain structure,
with an unusual N-terminal ligand-binding domain, a single transmembrane
domain, and an intracellular tyrosine kinase domain (Figure 1). Tie2 was found
to be highly conserved across vertebrate species, predicting the importance of its
biological function. In fact, the domain structure of Tie2 is highly conserved
from zebrafish to human, with the greatest amino acid homology occurring in the
kinase domain (Figure 2) (Lyons et al., 1998).

Consistent with its expression pattern, disrupting the function of Tie2 in
transgenic mice resulted in early embryonic lethality secondary to vascular
abnormalities (Dumont et al., 1994; Sato et al., 1995). Grossly, the patterning of
large vessels such as the dorsal aorta was normal. However, Tie2-/- embryos
failed to develop the normal hierarchy of vascular elements, suggestive of a
failure of vascular branching and differentiation. Ultrastructurally, vessels of
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FIG. 1. Tie2 is a receptor tyrosine kinase with a unique extracellular ligand-binding domain
comprised of immunoglobulin (IG) domains, epithelial growth factor (EGF) repeats, and fibronectin-
like 3 (FN3) repeats.
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FIG. 2. Tie2 is highly conserved among vertebrate species from zebrafish to human, with the
highest homology in the kinase domain.

Tie2-/- embryos showed a decreased number of endothelial cells and decreased
contact between endothelial cells and the underlying perivascular cells (pericytes
and smooth muscle cells), suggesting arole in the maturation and stabilization of
the embryonic vasculature.

Tie2 was deorphanized with the discovery of the angiopoietins, Angl and
Ang 2 (Davis et al., 1996; Maisonpierre et al., 1997). As s the case with other
RTKs, Angl binding stimulated autophosphorylation of the kinase domain of
Tie2. However, unlike activation of most growth factor RTKs, Angl activation
of Tie2 did not stimulate mitogenesis, suggesting a novel role in endothelial
biology. In contrast to Angl, Ang2 did not stimulate Tie2 autophosphorylation
but instead blocked Angl-mediated Tie2 activation and endothelial migration,
suggesting that Ang2 was a naturally occurring inhibitor of Tie2 activation
(Maisonpierre et al., 1997; Witzenbichler et al., 1998; Teichert-Kuliszewska et
al., 2001). Consistent with this finding, mice lacking functional Angl expression
and mice overexpressing Ang2 both displayed a phenotype similar to Tie2-/-
mice (Suri et al., 1996; Maisonpierre et al., 1997). Recently, however, it has been
demonstrated that, under some circumstances, Ang2 can stimulate Tie2, suggest-
ing that the action of Ang2 as a Tie2 agonist or antagonist is context dependent
(Kim et al., 2000b; Teichert-Kuliszewska et al., 2001; Gale et al., 2002). Two
other Tie2 ligands have been identified that have disparate effects on Tie2
activation (Vaenzuela et al., 1999). Demonstrating their selectivity, none of the
Tie2 ligands identified to date bind to or activate the closely related Tiel RTK.
Taken together, these findings indicate that the Ang/Tie2 pathway is a finely
regulated one that plays crucia roles in the remodeling and maturation/stabili-
zation of the embryonic vasculature. Based on these studies, we hypothesized
that Tie2 signaling would have important roles in the normally quiescent adult
vasculature.

I11. Role of Tie2 in the Normal Adult Vasculature

To beginto exploretherole of Tie2 signaling in adult vasculature, it wasfirst
necessary to determine the pattern of Tie2 protein expression (Wong et al.,
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1997). As anticipated from studies in mouse embryos, immunohistochemical
analysis demonstrated that Tie2 was expressed in adult rat tissues undergoing
angiogenesis. For example, during ovarian folliculogenesis, Tie2 was expressed
in the neovessels of the developing corpus luteum. Interestingly, Maisonpierre
and colleagues found that Angl and Ang2 also were expressed in the corpus
luteum, with Ang2 localizing to the leading edge of proliferating vessels and
Angl localizing diffusely behind the leading edge (Maisonpierre et al., 1997).
Based on this pattern of expression, it was suggested that Ang2-mediated
inhibition of Tie2 activation serves to “destabilize” the vessel, to make it
responsive to other angiogenic growth factors such as VEGF. Subsequently,
Angl-mediated activation of Tie2 would trigger remodeling and stabilization of
the neovasculature.

Similar to the ovary, Tie2 was expressed on the endothelium of neovessels
in skin wounds. By western analysis and RNase protection assay, Tie2 was
expressed in normal skin, upregulated during active wound angiogenesis, and
downregulated as newly formed vessels regressed. As an indicator of Tie2
activation, Tie2 phosphorylation could be detected in skin wounds at al stages
of the healing process. Somewhat surprisingly, however, Tie2 also was expressed
and phosphorylated in quiescent vasculature of normal skin. Taken together, the
expression pattern in the ovary and in healing skin wounds suggested that, asin
embryonic vasculature, the Tie2 pathway played a role in the development and
remodeling of neovessels in adult vasculature.

The expression and apparent activation of Tie2 in the normally quiescent
skin vasculature prompted a broader survey of Tie2 in normal adult tissues. By
immunohistochemistry, Tie2 was found to be expressed in endothelium of all
adult tissues examined and in most, if not all, blood vessels, including arteries,
veins, and capillaries. Studies in transgenic mice expressing marker transgenes
driven by the Tie2 promoter have confirmed the broad expression of Tie2 in adult
vasculature (Schlaeger et al., 1997; Motoike et al., 2000). In fact, Tie2-cre
transgenic mice now serve as a powerful tool to examine the role of more-broadly
expressed genes, specifically in endothelium (Kisanuki et al., 2001; Theis et al.,
2001; Forde et al., 2002; Takahashi et al., 2003; Vicent et al., 2003). In addition
to its broad endothelial expression pattern, Tie2 phosphorylation was detected in
every normal adult tissue examined, strongly suggesting a role for Tie2 in the
maintenance of quiescent adult vasculature.

Indeed, more-recent studies in transgenic and knockout (KO) mice suggest
acritical role for Tie2 in later stages of embryonic vascular development and in
adult vasculature. Conditional expression of Tie2 in endothelium of mice
homozygous for aTie2 null alele partially rescued the embryonic lethality of the
Tie2 null phenotype (Jones et al., 2001b). Unfortunately, embryos were viable
only until embryonic day (E) 15.5 and demonstrated signs of necrosis and
vascular hemorrhage, suggesting that this approach did not allow afull rescue of
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the Tie2 null phenotype. However, turning off Tie2 expression with doxycycline
in “rescued” animals dramatically increased the number of apoptotic endothelial
cells, compared to doxycycline-treated, wild-type littermates. In support of these
findings, mice chimeric for wild-type and doubly homozygous Tie2 and Tiel null
alleles lack mutant endothelia cellsin the vasculature from E15.5 into adulthood
(Puri etal., 1999). In contrast, endothelial cells doubly heterozygous for Tie2 and
Tiel null alleles could be found in the embryonic vasculature but were com-
pletely absent in the adult vasculature. These findings demonstrate the impor-
tance of Tie2 signaling in the later stages of embryonic development and strongly
suggest arole for Tie 2 in the adult vasculature. However, further studies using
conditional null aleles or perhaps more-effective “rescue”’ strategies are required
to fully assess the role of Tie2 in quiescent adult vasculature.

V. Role of Tie2 in Pathological Angiogenesis

The expression and activation of Tie2 during angiogenesis in normal adult
vasculature suggested arole in pathological angiogenesis. To begin to understand
the role of Tie2 in pathological neovascularization, Tie2 expression was assessed
in a large number of human breast cancer tumor specimens (Peters et al., 1998).
Consistent with results in adult rat vasculature, Tie2 was expressed in the
vascular endothelium in both normal breast tissue and in breast tumors. However,
the proportion of Tie2-positive tumor microvessels was increased in tumors,
compared to normal breast tissue. Moreover, Tie2 expression was concentrated
in “vascular hot spots’ at the leading edge of invasive tumors. Subsequently,
expression of Tie2 in human breast tumors has been confirmed and Tie2
expression has been shown in a number of other human tumors, including
ovarian tumors, hepatocellular tumors, and glioblastoma (Stratmann et al., 1998;
Hayes et al., 2000; Hata et al., 2002; Tanaka et al., 2002).

The expression of Tie2 in tumor vasculature suggested a role for Tie2 in
tumor angiogenesis and in other settings where pathological angiogenesis con-
tributes to disease progression. However, elucidating the functional significance
of Tie2 expression in pathological angiogenesis required development of a
specific inhibitor of Tie2 activity (Lin et al., 1997,1998a). Since angiopoietins
bind with high affinity to the Tie2 extracellular domain, we reasoned that a
soluble, recombinant Tie2 extracellular domain should be an efficient inhibitor of
angiopoietin-mediated Tie2 activity (Figure 3A). To explore this idea further, a
fusion protein consisting of the full-length Tie2 extracellular domain with a6-His
tag (ExTek.6His) was constructed in a baculovirus expression vector and pro-
duced in insect cells. Purified ExTek.6His inhibited Angl and Ang2 binding to
immobilized Tie2 very potently, with 1Cgs of 110 nM and 159 nM, respectively
(Figure 3B). ExTek.6His aso inhibited Angl-mediated Tie2 phosphorylation
and cell survival but had no effect on proliferation of arat mammary tumor cell
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FIG. 3. ExTek isapotent inhibitor of Tie2 activation. (A) ExTek has two potential mechanisms
of action. ExTek could simply sequester angiopoietin (Ang) and prevent binding to Tie2. Alterna-
tively, ExTek could have a dominant-negative effect by binding both Ang and Tie2, to prevent proper
oligomerization and activation of Tie2. (B) ExTek inhibited Angl* binding to immobilized Tie2
extracellular domain. Binding of Angl* (800 ng/ml) to immobilized Tie2-Fc was done in the
presence of increasing ExTek concentrations. The Tiel-Fc was used as a control to demonstrate the
specificity of the binding inhibition. (C) ExTek inhibited Angl-stimulated Tie2 autophosphorylation.
Serum-starved EAhy926 cells were stimulated with Ang1* (150 ng/ml) plus the indicated amount of
ExTek protein or control protein, ExFms (extracellular domain of c-fms). Tie2 and Tie2 phosphor-
ylation levels then were detected by Tie2 immunoprecipitation and western blotting with anti-Tie2
and antiphosphotyrosine antibodies, respectively.

line. These results suggested that, as is the case for other RTKs, ligand-mediated
dimerization was required for activation of Tie2 and that ExTek should be an
effective inhibitor of Tie2 activation in vivo.

As an initial attempt to explore the role of Tie2 in tumor angiogenesis, a
single dose of recombinant ExTek was applied directly to rat mammary tumors
grown in a transparent cutaneous window chamber (Lin et al., 1997). In this
setting, ExTek-treated tumors grew more slowly (i.e., more than 75% reduction
in tumor volume) and were less vascular (i.e., 40% reduction in tumor vessel
length density) than tumors treated with a control protein. Confirming these
results, systemic administration of ExTek using an adenoviral vector inhibited
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the growth and metastasis of two different murine tumors, amammary carcinoma
and a melanoma (Lin et al., 1998b). In particular, ExTek adenovirus markedly
reduced the number and size of lung metastases when co-injected intravenously
with tumor cells or when administered in a model of spontaneous metastatic
tumor development. Interestingly, corneal angiogenesis induced by tumor cell-
conditioned medium was inhibited by recombinant ExTek, despite the presence
of VEGF. Moreover, mammary tumor growth in the tumor window model was
significantly inhibited by either recombinant ExTek or a recombinant VEGFR2
extracellular domain (Lin et al., 1997,1998a). These results suggest that Ang/
Tie2 and VEGF pathways are both pivotal ones that are either independent or
interdependent for tumor angiogenesis. Other studies independently employing
different versions of the Tie2 extracellular domain have shown similar effectsin
different tumor models (Siemeister et al., 1999; Stratmann et al., 2001; Tanaka
et al., 2002). Taken together, these findings indicate that Tie2 signaling plays an
important role in the development of the tumor vasculature and suggest that this
pathway may be involved in the pathogenesis of other angiogenic diseases.

In light of these studies, it is surprising that Angl is not upregulated in most
tumors. In fact, overexpression of Angl in tumor models has resulted in
decreased tumor growth, an effect possibly related to Angl-mediated stabiliza-
tion of the tumor vasculature, making it resistant to angiogenic stimuli (Hayes et
al., 2000; Shim et al., 2001,2002; Hawighorst et al., 2002; Stoeltzing et al.,
2002,2003). These findings suggest that the inhibition of tumor angiogenesis by
ExTek may not be due to a blockade of Angl-mediated Tie2 activation. Rather,
a number of studies have shown that Ang2 is upregulated in the tumor vascu-
lature (Stratmann et al., 1998; Tanakaet al., 1999; Koga et al., 2001). Consistent
with an active role in tumor angiogenesis, Ang2 is localized in the endothelium
of proliferating neovessels at the interface between tumor and normal tissue
(Holash et al., 1999; Zagzag et al., 1999). Based on these findings, it is possible
that ExTek might function to inhibit some positive angiogenic function of Ang2
in tumor vasculature.

Consistent with this notion, recent studies have demonstrated that, in
cultured endothelial cells, with longer exposures times or at higher concentra-
tions, Ang2 can act as a Tie2 agonist (or perhaps a partial agonist) (Kim et al.,
2000g; Teichert-Kuliszewska et al., 2001). In addition, mice carrying a homozy-
gous Ang2 null alele have profound defects in the growth and patterning of
lymphatic vasculature and a failure of remodeling and regression of the hyaloid
vasculature that surrounds the neonatal lens (Gale et al., 2002). When the Ang2
gene was replaced with Angl, the lymphatic defects, but not the vascular
remodeling defects, were rescued, suggesting that Ang2 functions as a Tie2
antagonist in blood vasculature but as a Tie2 agonist in developing lymph
vasculature. These findings suggest that the context dependence of Ang2 may be
vascular bed specific. Whereas Ang2 normally is expressed in arterial smooth
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muscle, it appears to be expressed in endothelium only under conditions of
vascular remodeling. Arterial expression of Ang2 suggests an as-yet-unknown
role in arterial endothelial maintenance that may be related to its agonist effects
during lymphatic remodeling. Interestingly, VEGFR3, areceptor that normally is
expressed predominantly in adult lymphatic vasculature, was found to be up-
regulated in vascular endothelium of breast tumors (Valtola et al., 1999). It is
tempting to speculate that at least some tumor vessels may take on a more-
lymphatic phenotype and thus respond to Ang2 as an agonist instead of an
antagonist. Clearly, further work will be required to fully understand the biology
of the Ang/Tie2 pathway in tumor vasculature.

The efficacy of ExTek in tumor models suggested a role for Tie2 in other
angiogenic diseases. Similar to the tumor vasculature, Tie2 and Ang2 are
upregulated in human retinain eyes from patients with ischemic retinal disorders
(Takagi et al., 2003). In a mouse model of ischemic retinopathy, Ang2 expres-
sion was markedly upregulated in the ischemic retina and closely associated with
retinal neovasculature (Hackett et al., 2000). In this setting, either local delivery
of a recombinant, soluble Tie2-Fc by intravitreal injection or systemic delivery
of ExTek by intramuscular injection of AJEXTek inhibited retinal neovascular-
ization (Hangai et al., 2001; Takagi et al., 2003). Similar results were obtained
with AdExTek in a murine model of laser-induced choroidal neovascularization
(Hangai et al., 2001). These findings, together with results using tumor models,
establish a role for the Tie2 pathway in pathological angiogenesis and suggest
that modulation of the Tie2 pathway could have broad application in the myriad
of angiogenesis-dependent diseases.

V. Tie2 Activation and Signal Transduction

Clarification of the role of Tie2 in normal vasculature and in pathological
angiogenesis will require a deeper understanding of the molecular and cellular
mechanisms of Tie2 activation and signal transduction. It is now generaly
accepted that RTK activation and signaling are initiated by ligand-mediated
receptor dimerization (Schlessinger, 2000). Receptor dimerization results in
cross-phosphorylation of each member of the dimer pair on specific tyrosine
residues. Receptor cross-phosphorylation has a dual effect on receptor function:
first, to further enhance the receptor’s kinase activity and second, to provide
binding sites for signaling molecules possessing phosphotyrosine binding do-
mains (i.e., SH2 and PTB domains) (Pawson, 2002). The complement of
signaling molecules that is recruited to any given RTK dictates the cellular
responses that follow receptor activation and thereby the biological activity of the
pathway.

With this background, it was apparent that determining sites of receptor
phosphorylation on Tie2 and the signaling molecules that associate with these
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sites would yield insights into the molecular and cellular functions of Tie2. To
begin to identify signaling molecules that associate with Tie2, we constructed a
recombinant Tie2 kinase domain fused to glutathione-S-transferase (GST) at the
N-terminus and to a heart muscle kinase phosphorylation site (RRASV) at the
C-terminus (Huang et al., 1995). This fusion protein, termed GTEKH, could be
purified efficiently on a glutathione sepharose column and *?P-labeled to high
specific activity. Importantly, GTEKH was heavily tyrosine phosphorylated after
purification, while amutated, kinase-inactive GTEK remained unphosphorylated,
strongly suggesting that GTEKH phosphorylation was due to autophosphoryla-
tion. Using radiolabeled, autophosphorylated GTEKH as an affinity reagent to
probe an E. coli expression library yielded two src homology 2 (SH2) domain-
containing proteins, the adaptor protein GRB2 and the protein tyrosine phospha-
tase SHP2. Confirming the findings in cloning experiments, endogenous GRB2
and SHP2 from endothelial lysates associated with wild-type GTEK immobilized
on glutathione agarose beads. Since phosphotyrosine residues in the C-tail of
other RTKs are common sites of interaction with downstream signaling mole-
cules, three tyrosine residues in the C-terminal tail of Tie2 were mutated to
phenylalanine (Y1101F, Y 1107F, and Y 1112F) (Figure 4). The Y 1101F muta-
tion markedly reduced the association of GRB2, while the SHP2 association
remained intact. Conversely, the Y 1112F mutation markedly decreased associ-
ation of SHP2 but left GRB2 association intact. Similarly, synthetic phosphopep-
tides encompassing Y 1101 and Y 1112 specifically blocked association of GTEK
with GRB2 and SHP2, respectively.

These findings indicated that GRB2 and SHP2 associate with autophospho-
rylated Tie2 at distinct tyrosine residues and strongly suggested a role for these
signaling molecules in Tie2-mediated cellular responses and biological activity.
Abundant evidence has shown that both GRB2 and SHP2 play important rolesin

GRB2
p85 Dok-R Shp2
Kinase Domain 1101 1107 1112

Tie2
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FIG. 4. Aligned peptide sequences of the C-tail tyrosine residues of Tie2 and Tiel. Some of the
proteins known to associate with Tie2 are listed above their putative sites of association. Note that
tyrosine 1113 of Tiel conforms to the consensus sequence for binding p85. Note al so that the Dok-R
binding site on Tie2, Y1107, is not present on Tiel.
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the activation of the ras-mitogen-activated protein kinase (MAPK) pathway, one
known to influence multiple cellular responses. Indeed, Angl has been shown to
transiently enhance MAPK activation in cultured endothelial cells and in rat
aortic ring explants, while MAPK inhibition attenuated Angl-mediated angio-
genesisin rat aortic ring explants (Fujikawa et al., 1999; Kim et al., 2002; Zhu
et al., 2002). However, in cell culture, inhibition of MAPK activation had no
effect on Angl-mediated endothelial cell survival or migration (Fujikawa et al.,
1999). These findings suggest that MAPK activation downstream of Tie2 during
angiogenesis may be more important for endothelial differentiation (capillary
morphogenesis) than for endothelial recruitment and maintenance (Figure 5).
In addition to its positive role in MAPK activation, SHP2 may negatively
regulate RTK signaling by dephosphorylating autophosphorylation sites. SHP2
phosphatase activity is enhanced by occupancy of its SH2 domains, so it is
possible that recruitment of SHP2 to activated Tie2 could enhance SHP2
phosphatase activity and thereby limit phosphorylation of the activated receptor
(Pluskey et al., 1995). Consistent with this possibility, mutation of the SHP2
binding site (Y1112F) on Tie2 results in enhanced autophosphorylation and
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FIG. 5. Signaling pathways downstream of Tie2 activation and the cellular responses they may
promote. Abbreviations: PI3, phosphatidylinositol 3; PKB, protein kinase B; PKC, protein kinase C;
MAPK, mitogen-activated protein kinase; CREB, cyclic adenosine monophosphate response binding
protein; IKK, | kappa B kinase complex; eNOS, endothelia nitric oxide synthase; GSK, glycogen
synthase kinase.
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increased activation of downstream signaling pathways (Kontos et al., 1998;
Jones et al., 2003). Recently, the structure of the Tie2 kinase domain has revealed
that Y1112 is not solvent exposed but rather the phenyl ring occupies a
hydrophobic pocket and the hydroxyl group forms hydrogen bonds with residues
in the C-terminal lobe of the Tie2 kinase (Shewchuk et al., 2000). This
positioning of Y1112 directs the C-terminal tail of Tie2 towards the substrate-
binding site, suggesting an autoinhibitory function. Supporting this model, a
16-residue C-tail truncation of Tie2 that includes Y1112 but spares Y 1107 and
Y 1101 enhances the in vitro activity of the Tie2 kinase domain and yields a
receptor with enhanced baseline and ligand-mediated autophosphorylation and
signaling (Niu et al., 2002). Taken together, these data indicate that Y1112 may
participate in two levels of negative regulation: first, to maintain Tie2 in its
inactive state by obscuring the kinase active site and second, to attenuate
signaling by the activated Tie2 by recruiting SHP2. These findings increase our
understanding of the molecular mechanisms of Tie2 activation and may provide
insights into the development of therapeutic agents for the modulation of Tie2
activity.

Because the expression cloning approach used to identify SHP2 and GRB2
had limited ability to detect low-affinity interactions, we used a Tie2 kinase bait
in the yeast two-hybrid system to screen a human fetal heart library. One of the
clones identified in this screen encoded the C-terminal SH2 domain of the p85
subunit of phosphatidylinositol 3 kinase (PI3-K) (Kontos et al., 1998). Like
GRB2, mutating Y1101 markedly reduced binding of p85 to Tie2 in yeast-
interaction assays and in GST pull-down assays. Because Tie2 ligands were
unavailable at the time, we constructed a chimeric receptor consisting of the
extracellular domain of c-fms (CSF-1 receptor) and the kinase domain of Tie2
that could be activated using recombinant CSF-1. Mirroring in vitro experiments,
ligand stimulation of the wild-type Tie2 kinase resulted in activation of PI3-K, as
measured by accumulation of membrane-bound 3-polyinositides (predominantly
Pl 3,4 bisphosphate). Mutation of Y1101 to phenylalanine abrogated this effect.
Further confirming the functional significance of the interaction of Tie2 with p85,
CSF-1 stimulation resulted in plasma membrane translocation and activation of
Akt, a serine/threonine kinase known to be a downstream effector of PI3-K.
Consistent with Akt being downstream of PI3-K, CSF-1-mediated Akt activation
was blocked by mutation of Y1101 and by the selective PI3-K inhibitor,
wortmannin.

With discovery of the Tie2 ligands, it subsequently was shown by a number
of investigators that Angl- and, at least under certain circumstances, Ang2-
mediated stimulation of endogenous Tie2 in endothelial cells resulted in the
activation of Akt in a PI3-K-dependent manner (Jones et al., 1999; Kim et al.,
2000a; Papapetropoulos et al., 2000). Moreover, these studies demonstrated that
activation of the PI3-K/Akt pathway was required for Angl-mediated cell
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survival and chemotaxis. As mentioned previously, these responses were not
inhibited by a selective MAPK inhibitor (Fujikawa et al., 1999). A more-recent
study has shown that the adaptor protein, Dok-R, is recruited to activated Tie2 by
association of its protein tyrosine binding (PTB) domain with Y1107 (Jones et
al., 2003). Dok-R subsequently is phosphorylated on multiple tyrosine residues,
resulting in recruitment of additional signaling molecules with putative roles in
anumber of cellular responses, including cell migration. Predictably, recruitment
and phosphorylation of Dok-R were attenuated by mutation of Y 1107, aswasthe
chemotactic response to Angl. Surprisingly, however, association and phosphor-
ylation of Dok-R also were attenuated by mutation of Y 1101, by mutation of the
Dok-R PH domain, or by treatment of cellswith aPI3-K inhibitor. Thesefindings
suggested that the signaling crosstalk between the PI3-K pathway and the
Dok-R pathway is required for an optimal chemotactic response downstream of
Tie2. Other recent studies have shown that Tie2-mediated activation of the
PI3-K/Akt pathway is required for endothelial nitric oxide synthase (eNOS)
activation, focal adhesion kinase activation, and protease secretion, all of which
may contribute importantly to Tie2 function during angiogenesis (Kim et al.,
2000c; Babaei et al., 2003). Supporting thisidea, eNOS KO mice had amarkedly
reduced angiogenic response to Angl in the Matrigel plug assay (Babae et al.,
2003). Based on these studies, it is likely that PI3-K activation and PI3-K-
dependent cellular responses are pivotal for the function of Tie2 in the mainte-
nance and in the angiogenic response of the adult vasculature.

LikeTie2, theclosely related Tiel receptor isrequired for normal embryonic
vascular development. We recently have shown that activation of a c-fmg/Tiel
receptor also stimulates the PI3-K/Akt survival pathway, suggesting a similar
role for Tiel in maintenance of the adult vasculature (Kontos et al., 2002).
Consistent with this possibility, in chimeric WT/Tiel KO mice, Tiel null
endothelial cells contribute normally to the vasculature until E10.5 but are
increasingly underrepresented after E12.5 and into adulthood (Puri et al., 1995).
These studies indicate that the Tiel and Tie2 pathways have both overlapping
and nonoverlapping functions. Although aligand for Tiel hasyet to be identified,
our study using a cfms/Tiel chimeric receptor suggests that Tiel may be
activated by ligand-mediated dimerization. However, another recent study sug-
gests that Tiel may be activated via a heterotypic interaction with Tie2 (Marron
et al., 2000). Clarification of the mechanism by which Tiel is activated will be
important to fully understand the relationship and function of these two crucial
endothelia signaling pathways.

V1. Therapeutic Modulation of Tie2 Activation

The studies described above implicate Tie2 signaling in vascular mainte-
nance and in angiogenesis in adult tissues and suggest that therapeutic modula-
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tion of Tie2 activation may be beneficial. However, important questions remain
unanswered. Perhaps the most-pressing unanswered question is the mechanism
underlying the differential effects of Angl and Ang2 on Tie2 activation. Recent
data have demonstrated that the C-terminal fibrinogen domain is required for
Tie2 binding of both ligands, suggesting that differential oligomerization of
Angl vs. Ang2 might be responsible for the observed functional differences
(Procopio et al., 1999; Davis €t al., 2003). However, in endothelial cells (ECs),
dimers of either Angl or Ang2 fail to activate Tie2, whereas tetramers of Angl
activate Tie2 but tetramers of Ang2 not only fail to activate Tie2 but inhibit
binding of Angl tetramers (Davis et al., 2003). Based on these findings, it was
suggested that a subtle difference in the binding of Angl vs, Ang2 fibrinogen
domains might be responsible for their contrasting activities on ECs. However,
another group has shown that the binding sites for Angl and Ang2 on Tie2 are
grossly indistinguishable (Fiedler et al., 2003). In view of these data, it may be
more likely that differences between Angl and Ang2 are due to expression of an
Ang2 coreceptor in endothelial cells. The expression of such a coreceptor, or lack
thereof, might explain the different responses of lymphatic vs. blood vascular
endothelium and perhaps some of the apparently disparate effects of Angl and
ExTek on pathological angiogenesis.

Based a broad range of data, we must continue to explore the therapeutic
potential of modulating the activity of the Tie2 pathway. From our studies and
those of many others, it appears that therapeutic manipulation of angiogenesis
will likely be an important clinical application of Tie2 biology. Most of the data
suggest that activation of Tie2 plays an important role in blood vessel assembly
and that inhibiting the Tie2 pathway will inhibit pathological angiogenesis.
Although the therapeutic utility of soluble receptors has been shown for other
ligand/receptor systems, further proof of concept of Tie2 inhibition for antian-
giogenesis would be greatly facilitated by the advent of potent and selective
small molecule inhibitors of the Tie2 kinase. Such inhibitors would be powerful
tools to explore the role of Tie2 in quiescent adult vasculature.

In addition to antiangiogenesis, recent data suggest that enhancing Tie2
activation can enhance angiogenesis in normal tissues and improve collateral
development and blood flow to ischemic tissues. For example, transgenic
overexpression of Angl in the skin increased dermal vascularity and exogenous
delivery of Angl aone or in combination with VEGF improved collateral
development and perfusion to ischemic skeletal muscle (Shyu et al., 1998; Suri
et al., 1998; Chae et al., 2000). In addition to its pro-angiogenic effects, Tie2
activation attenuates the action of pro-inflammatory mediators and decreases
vascular leak, suggesting that Tie2 activation may have other applications in
vascular disease, such as plague stabilization in atherosclerosis and limiting
cerebral edema after ischemic stroke (Thurston et al., 1999; Gamble et al., 2000;
Kim et al., 2001). Indeed, recent studies have shown that Angl is protective in
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rodent models of pulmonary hypertension and allograft atherosclerosis (Nykanen
et al., 2003; Zhao et al., 2003). Additionally, since VEGF enhances expression
of inflammatory mediators and increases vascular permeability, coadministration
of Angl with VEGF could represent an improved approach to proangiogenesis.
Continued improvement of gene transfer vectors for delivery of endogenous Tie2
ligands or continued development of recombinant Tie2 ligands that are more
homogeneous and easier to produce could yield effective therapeutic agents for
ischemic and other vascular disorders. Alternative strategies to enhance Tie2
activation — such as direct kinase activators or inhibition of protein tyrosine
phosphatases such as SHP2 and others that negatively regulate Tie2 — may be
effective future therapeutic tools.

Although a tempting therapeutic target, modulation of Tie2 signaling in the
adult vasculature should be approached with caution. Data presented earlier indicate
that Tie2 likely plays a role in maintenance of the adult vasculature, perhaps
mediating endothdia survival. Our studies with ExTek, however, suggest that at
least short-term inhibition of Tie2 signaling will be well tolerated. Improved
approaches for conditional KOs of Tie2 or the development of potent and selective
Tie2 inhibitors will be necessary to determine the effects of chronic blockade of the
Tie2 pathway in adult vasculature. It is possible that enhanced Tie2 signaling may
have adverse consequences in the adult vasculature. We and others have shown that
mutations in Tie2 that cause inherited venous malformations enhance ligand-
independent and ligand-dependent Tie2 kinase activity (Vikkulaet al., 1996; Cavert
et al., 1999). Despite these findings, chronic expression of Angl in murine skin
enhanced dermal vascularity without apparent adverse effects. In addition, studiesin
anima models of ischemiaindicate that short-term enhancement of Tie2 signaling is
sufficient to improve collateral circulation without evidence of untoward effects.
Taken together, these data strongly suggest that, athough caution is warranted,
therapeutic modulation of the Tie2 pathway to inhibit or enhance blood vessdl
growth and remodeling will have a favorable therapeutic index.
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