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Overview

Until recently, vascular endothelial growth factor (VEGF)
was the only growth factor proven to be specific and
critical for blood vessel formation. Other long-
known factors, such as the fibroblast growth factors
(FGFs), platelet-derived growth factor, or transform-
ing growth factor-beta, had profound effects in
endothelial cells. But such factors were nonspecific,
in that they could act on many other cells, and it
seemed unlikely that these growth factors would be
effective targets for treatment of endothelial cell dis-
eases. A recently discovered endothelial cell specific
growth factor, angiopoietin, has greatly contributed
to our understanding of the development, physiol-
ogy, and pathology of endothelial cells (Davis et al.,
1996; Yancopoulos et al., 2000). The recent studies
that identified and characterized the physiological
and pathological roles of angiopoietin have allowed
us to widen and deepen our knowledge about blood
vessel formation and vascular endothelial function.
Therefore, in this review, we describe the biomedical
significance of these endothelial cell growth factors,
the angiopoietins, in the vascular system under nor-
mal and pathological states.
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Identification of the Tie2 receptor and angiopoietin
The transmembrane protein kinases serve as signaling

receptors for a variety of polypeptide ligands, eliciting
such diverse responses as cell survival, proliferation
and differentiation from many cell types and tissues (van
der Geer et al., 1994). Receptor tyrosine kinases (RTKs)
have the ability to interact with different ligands and
bring about various cellular responses. One type of RTK
is the tyrosine kinase with immunoglobulin and epidermal
growth factor homology domains (Tie) receptors (Dumont
et al., 1993; Mustonen et al., 1995). Tie2 is expressed
predominantly on endothelial cells, hematopoietic cells,
or their embryonic precursors, and it is required for normal
vascular development (Sato et al., 1995). Functional
disruption of Tie2 in transgenic mice results in embr-
yonic lethality by day E9.5 to 10.5, with effects on the
microvasculature resulting in reduced numbers of endo-
thelial cells, and abnormalities of vascular morphogene-
sis and hematopoiesis (Sato et al., 1995). Thus, Tie2 is
critical for angiogenesis and hematopoiesis during
development. This fact makes it important to identify
and clone ligands that may activate this receptor.

The initial identification of potential ligands for the Tie2
receptor was accomplished by a fairly conventional route,
parallel to that taken for the identification of ligands for
many other “orphan” receptors. Specifically, a probe
molecule containing the ectodomain of Tie2 was coupled
to the surface of a BlAcore sensor chip and used to
screen conditioned media from a variety of cell lines for
binding activity specific for Tie2. Using this strategy,
Davis et al. found the ligand for Tie2, namely angio-
poietin-1 (Ang1) (Davis et al., 1996). Ang1 contains 498
amino acids, including an amino-terminal secretory signal
sequence (Figure 1). Human and mouse Ang1 are 97.6%
identical. Two regions within the coding sequence display
homology to known proteins (Figure 1). The amino-terminal
region, consisting of residues 100-280, is weakly related
with myosin and its relatives, in the regions of these
proteins where they are known to possess coiled-coil
quaternary structure. The second region, consisting of
residues 280-498, has strong similarity with the carboxy-
terminal domain of fibrinogen. Ang1 is a multimer, held
together by coiled-coil structures and disulfide crosslinks.
Recombinant Ang1 is a 70-kDa secretory glycoprotein
that binds to the Tie2 receptor with a Kd of approxi-
mately 3.7 nM, and induces tyrosine phosphorylation of
Tie2 in endothelial cells (Davis et al., 1996).

Complementary DNAs encoding angiopoietin-2 (Ang2)
were isolated by low stringency screening of a cDNA
library by using Ang1 cDNA as a probe (Maisonpierre et
al., 1997). Ang2 contains 496 amino acids and has a
secretory signal sequence (Figure 1). Human and mouse
Ang2 are 85% identical and approximately 60% identical
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Figure 1. The angiopoietin family, as it is currently known. These structurally
similar ligands have a coiled-coil domain and the fibrinogen-like domain.

to Ang1. Like Ang1, Ang2 has an amino-terminal coiled-
coil domain and a carboxy-terminal fibrinogen-like domain.
Ang1 and Ang2 have similar binding affinities for Tie2.
Ang2 acts as an antagonist of Tie2 through inhibition of
Ang1-induced phosphorylation of Tie2 (Maisonpierre et
al., 1997) (Figure 2). Mouse angiopoietin-3 (Ang3) and human
angiopoietin-4 (Ang4) were identified through low string-
ency hybridization screening with Ang1 and Ang2 cDNAs
(Valenzuela et al., 1999). Ang3 and Ang4 are probably
interspecies orthologs (Figure 1). Ang4 phosphorylates
Tie2, while Ang3 inhibits Ang1-induced phosphorylation
of Tie2 (Valenzuela et al., 1999) (Figure 2). Although
several angiopoietin-related proteins have recently been
identified, they do not bind to Tie2 (Kim et al., 1999; Kim
et al., 2000a). There may be more unidentified angiopoietin-
like proteins that can specifically bind to Tie2.

Alternative splicing of Ang1 and Ang2
In studying megakaryopoiesis, 3 altemnatively spliced species
of Ang-1 mRNA (1.3 kb, 0.9 kb, and 0.7 kb) were iden-
tified, in addition to the full-length Ang-1 (1.5 kb) (Huang
et al., 2000). The proteins expressed by the 1.5- and
0.9-kb transcripts bind strongly to Tie2, whereas the protein
from the 1.3-kb isoform does not. Full-length Ang1, but
not the 1.3-kb and 0.9-kb isoforms, induces tyrosine phos-
phorylation (Huang et al., 2000). These data suggest
that the1.3-kb and 0.9-kb encoded isoforms could serve
as dominant negative molecules for full-length Ang1.
The major form of Ang2 contains 496 amino acids.
Alternative exon splicing of Ang2 produces an alternative
mRNA encoding 443 amino acids (Kim et al., 2000e).
Like Ang2, Ang2,43 is secreted as a glycosylated homo-
dimeric protein. Ang24,43 binds to the Tie2, but does not
induce Tie2 phosphorylation. Pre-occupation of Ang2,43
on Tie2 inhibits Ang1 or Ang2 binding and inhibits Ang1-
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Figure 2. Tie2 and Tie1 receptors in endothelial cells. The extracellular
region of the Tie receptors consists of immunoglobulin (Ig)-like domains,
epidermal growth factor (EGF)-like cysteine repeats, and fibronectin type Il
homology domains. In the intracellular region of the Tie receptors, the
tyrosine kinase domains are interrupted by kinase inserts. Ang1 and Ang4
act as functional agonists of Tie2 through phosphorylation of Tie2, while
Ang2 and Ang3 act as functional antagonists of Tie2 through inhibition of
Ang1-induced phosphorylation of Tie2. These opposing actions of
angiopoietins regulate vasculogenesis and angiogenesis. However, ligands
for Tie1 have not been identified.

induced phosphorylation. Expression of Ang2,,; mRNA
is detectable in primary endothelial cells, several non-
endothelial tumor cell lines, and primary tumor tissues.
Interestingly, two cervical carcinoma cell lines express
levels of Ang2,,; mMRNA and protein that are relatively
higher than other cell types studied (Kim et al., 2000e).
Macrophages express mainly Ang2 mRNA, but the ex-
pression of Ang2.,; mRNA is temporarily upregulated
during macrophage differentiation. These results suggest
that Ang2,3 is a functional antagonist of Ang1 and
could be an important regulator of angiogenesis during
some tumorigenic and inflammatory processes.

Biological roles of Ang1 and Ang2 during embryonic
development

Targeted gene inactivation of Ang1 causes embryonic
lethality as a result of defective modeling of primitive
vascular plexus and lack of perivascular cells (Suri et
al., 1996). Overall, targeted gene inactivation of Ang1
resulted in phenotypes similar to Tie2 knockout animals.
These results suggest that Ang1 recruits and sustains
peri-endothelial support cells and is needed for the
maturation of blood vessels during embryonic develop-
ment. Overexpression of Ang2 during development pro-
duced phenotypes very similar to those observed in
Ang1 knockout animals (Maisonpierre et al., 1997). These
data suggest that Ang2 disrupts blood vessel formation
in the developing embryo by antagonizing the effects of
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Ang1 on Tie2 (Suri et al., 1996; Maisonpierre et al., 1997).
However, an analysis and characterization of targeted
gene inactivation of Ang2 is warranted for understand-
ing of the exact role of Ang2 during development.

Regulation of Ang1 and Ang2 expression

While Ang1 mRNA is mainly expressed in periendothelial
cells, including vascular smooth muscle (Kim et al., 2000c),
Ang2 mRNA is selectively expressed in endothelial cells
in the adult tissues that undergo vascular remodeling,
such as ovary, uterus, and placenta (Maisonpierre et al.,
1997). To date, the regulation of Ang1 mRNA expres-
sion is unknown, but we do have some information
about the regulation of Ang2 (Figure 3).

Hypoxia is a fundamental angiogenic stimulus in a
number of physiological and pathological situations associ-
ated with neovascularization. The VEGF gene has been
shown to contain specific hypoxia-responsive elements
and is upregulated in response to low oxygen tensions
in a variety of physiological and pathological situations.
Ang2, but not Ang1, expression is also increased by
hypoxia in macro- and micro-vascular endothelial cells
(Mandriota et al., 1998; Oh et al., 1999). This pheno-
menon is apparently specific to these cells, because
Ang2 expression levels were not significantly altered by
hypoxia in smooth muscle cells. These findings identify
Ang2, in addition to VEGF, as another hypoxia-inducible
angiogenic factor and a potentially important component
in the regulation of neovascularization in ischemic tissues.
Hypoxia also upregulates Ang2 expression in vivo
(Mandriota et al., 2000). In ischemic rat dorsal skin flaps
or in the brain of rats maintained under conditions of
hypoxia, Ang2 mRNA is upregulated, whereas expression
of Ang1 is unchanged (Mandriota et al., 2000). These
findings show that upregulation of Ang2 by hypoxia
occurs widely in endothelial cells in vivo. However, the
molecular structure of the hypoxia-responsive element
in the promoter region of Ang2 has not yet been identified.
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Figure 3. Regulation of Ang1 and Ang2 expression. Hypoxia, VEGF, bFGF,
TNF-c, angiotensin Il and leptin upregulate Ang2 expression. However, the
regulation of Ang1 expression is unknown.

VEGF and bFGF increase Ang2, but not Ang1, expre-
ssion in microvascular endothelial cells, indicating that
upregulation of Ang2 might be a common pathway by
which different angiogenic inducers act (Mandriota et al.,
1998; Oh et al., 1999). Pharmacological studies indicat-
ed that tyrosine kinase, mitogen-activated protein kinase,
and protein kinase C-dependent pathways play a crucial
role in VEGF-induced Ang2 expression (Oh et al., 1999).
Further studies to explore the signaling pathway under-
lying the VEGF-induced Ang2 mRNA expression will be
needed.

TNF-0, a well-known proinflammatory cytokine, increas-
es Ang2 expression, at least in part, through intracellular
NF-kB activation in human umbilical vein endothelial
cells (Kim et al., 2000f). Angiogenesis is also an essen-
tial process during inflammation. However, it is unknown
whether Ang2 is involved during inflammation. In fact,
disruption of preexisting blood vessels is an initial pro-
cess in inflammatory angiogenesis. Ang2 binds to the
Tie2 receptor, but does not induce its phosphorylation.
In addition, pre-occupation of Ang2 on Tie2 inhibits Ang1-
induced phosphorylation. Ang1-induced Tie2 phosphor-
ylation is an essential process for vasculogenesis and
maintaining vascular endothelial integrity. Induction of
Ang2 can deteriorate the integrity of preexisting vascula-
ture by inhibiting Ang1-induced Tie2 phosphorylation.
Therefore, TNF-a-induced inflammatory angiogenesis might
be facilitated by the induction of Ang2.

Leptin is a cytokine secreted by adipocytes. Leptin
regulates adipose tissue mass by decreasing appetite
and elevating the expenditure of metabolic energy. Re-
cently, it was shown that leptin increases the expression
of Ang2 in adipose tissue without a concomitant increase
in VEGF (Cohen et al., 2001). Induction of Ang2 occurr-
ed in an autocrine manner, and the induction of Ang2
coincided with initiation of apoptosis in adipose endo-
thelial cells. These results suggest that induction of
Ang2 by leptin in adipose cells is one of the events
leading to adipose tissue regression through vascular
regression.

Angiotensin Il (Angll) is known to play a key role in
remodeling of the heart and blood vessels after myo-
cardial infarction. Recently, two groups reported that
Angll induces Ang2 expression without affecting Ang1 in
cardiac and retinal microvascular endothelial cells
(Fujiyama et al., 2001; Otani et al., 2001). In addition,
Angll increases expression of Ang2 in vivo in a rat
corneal neovascularization model (Otani et al., 2001).
These findings suggest that Angll has a substantial
effect in promoting pathologic angiogenesis in diabetic
retinopathy and other ischemic neovascular diseases.
The precise role of Angll induction of Ang2 in pathologic
angiogenesis remains to be determined.

Ang1/Tie2 signaling in endothelial cells
A multimeric form of Ang1 induce the phosphorylation of
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Tie2. Phosphorylated Tie2 interacts cytoplasmically with
Grb2, Grb7, Grb14, the protein tyrosine phosphatase
Shp2, and the p85 subunit of phosphatidylinositol 3'-
kinase (Pl 3'-kinase) via their SH2 domains (Jones et
al., 1999) (Figure 4). Association between p85 and Tie2
results in Pl 3'-kinase activation and subsequent induc-
tion of the serine-threonine kinase Akt. (Kontos et al.,
1998). We reported that Ang1 induced endothelial cell
survival through this Pl 3'-kinase/Akt signaling pathway
(Kim et al., 2000c). In addition, Ang1 induced endothelial
cell sprouting through the activation of PI 3-kinase and
focal adhesion kinase (Kim et al., 2000b). Thus, Tie2, Pl
3'-kinase, Akt, and focal adhesion kinase are crucial
elements in the signal transduction pathway leading to
survival and migration in endothelial cells (Figure 4).
Phosphorylated Tie2 also interacts with Dok-R/Dok-2,
leading to activation of Dok-R/Dok-2 (Jones et al., 1998).
Phosphorylated Dok-R interacts with rasGAP, Nck, and
Crk (Jones et al., 1998) (Figure 4). These signaling
molecules may be involved in cell migration and prolife-
ration, organization of the cytoskeleton, and regulation
of Ras signaling. Recently, it was shown that Dok-R/
Dok-2 is responsible for the recruitment of Nck and p21-
activating kinase (Pak/Pak1) to the activated receptor
(Master et al., 2001). Localization of this Dok-R-Nck-Pak
complex to the activated Tie2 at the cellular membrane
is coincident with activation of Pak kinase (Master et al.,
2001) (Figure 4). This signal transduction pathway may
be involved in Ang1-mediated migration in endothelial
cells.

Recently, the Bmx tyrosine kinase was identified to be
the first intracellular tyrosine kinase that is regulated by
Tie2 and relatively specific for the arterial endothelium in
solid tissues (Rajantie et al., 2001). Since the Bmx
tyrosine kinase is involved in endothelial cell adhesion
and migration, it is possible that Bmx provides the Tie2
receptor a signal amplifier and a link to the cytoskeleton
and cell adhesion machinery (Figure 4). Thus, Tie2-Bmx
activation may induce a tightly adherent endothelial cell
phenotype in arteries, where high blood flow and shear
stress forces operate. The functional significance and
possible route of Bmx activation by Tie2 remain to be
determined.

The signal transducers and activators of transcription
(STATs) were also found to be potential targets of Tie2
activation (Korpelainen et al., 1999). Phosphorylated Tie2
activates STAT3 and STAT5 (Korpelainen et al., 1999).
Since STAT3 and/or STAT5 are known to be involved in
the regulation of cell proliferation, differentiation, migration,
and survival in many biological systems, it is possible that
some of the Tie2 functions in endothelial cells may be
controlled through STAT pathway (Figure 4).

Ang1 and Ang2 in the reproductive system
In the female reproductive system, angiogenesis is active
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Figure 4. Upon Ang1 binding to Tie2, the intracellular domain of Tie2 is
phosphorylated. The p85 subunit of Pl 3'-kinase associates with the
phosphorylated Tie2 receptor, resulting in stimulation of Pl 3'-kinase.
Subsequent activation of the serine/threonine kinase Akt correlates with an
increase in cell survival. Alternatively, Pl 3'-kinase activity is coincident with
focal adhesion kinase activation and cell migration. Phosphorylated Tie2
also interacts with Dok-R, leading to activation of rasGAP, Nck, and Crk.
These signaling molecules may be involved in cell migration.
Phosphorylated Tie2 also activates STAT3 and STAT5, which may be
involved in the differentiation of endothelial cells.

Survival

during follicular development, corpus luteum formation,
and uterine endometrial proliferation. At the stage of
corpus luteum formation, the amount of Ang2 is similar
to that of Ang1. But during luteolysis, Ang2 was over-
expressed and VEGF expression was downregulated,
which resulted in vessel regression (Goede et al., 1998).
These changes in expression levels during the ovarian
cycle show that Ang1 and VEGF promote angiogenesis
and vessel maturation, whereas Ang2 induces vessel
regression. In the endometrium of women with abnormal
uterine bleeding, Ang1 expression is downregulated (Geva
et al., 2000). This supports the idea that Ang1 has a role
in vessel maturation and maintenance.

In pregnancies with intrauterine growth retardation
(JUGR), there is reduced or absent end-diastolic flow
velocity, and Ang2 expression is reduced (Dunk et al.,
2000). This result suggests that Ang2 is required in the
initiation of angiogenesis for placental vessel formation.
When fetal trophoblasts invade the maternal arteries of
the uterus during implantation, the invading trophoblasts
express Ang2, while fetal and maternal endothelial cells
express Tie2 receptors (Goldman-Wohl et al., 2000).
This suggests that Ang2 on endovascular invasive tro-
phoblasts acts on maternal endothelial cells and triggers
vessel remodeling, by acting as an antagonist of Ang1.
Thus, the angiopoietin-Tie2 system is important in the
development of the utero/fetoplacental circulation as
regulators of trophoblast behavior.

Ang1 and Tie2 in hematopoiesis



Biomedical significance of endothelial cell specific growth factor, angiopoietin 5

It is known that the Tie2 receptor is expressed not only
by endothelial cells but also by hematopoietic stem cells
(HSCs), indicating another possible role of Ang1 and
Tie2 in hematopoiesis (lwama et al., 1993). In fact, Tie2
deficient mice show severely impaired hematopoiesis
(Sato et al., 1995). In addition, Takakura et al. investigat-
ed that soluble Tie2 receptor inhibited hematopoiesis in
para-aortic splanchnopleural mesoderm explant culture
(Takakura et al., 1998). In addition, Ang1 induced adhe-
sion of Tie2-expressing HSCs to fibronectin leads to
hematopoietic proliferation (Takakura et al., 1998). More-
over, Tie2 on HSCs also may be critical in the interaction
of these cells with endothelial cells (Phillips et al., 2000;
Takakura et al., 2000). In fact, HSCs closely adhere to
endothelial cells at several sites in the embryo. Further-
more, it has been found that HSCs produce Ang1, sug-
gesting that HSCs can promote the migration of endoth-
elial cells and establish the hematopoietic environment
(Takakura et al., 2000). Recently, it was found that
Ang1, together with VEGF, stimulates postnatal hemato-
poiesis through extramedullary recruitment of bone mar-
row-derived HSCs and circulating endothelial precursor
cells. Sustained expression of Ang1 and VEGF resulted
in splenomegaly, which indicates shift in hematopoiesis
to extramedullary sites, with relocalization of HSCs to
other hematopoietic environments, such as spleen (Dias
et al., 2001). This recruitment of HSCs by angiogenic
factors may explain the shift of hematopoiesis site from
fetal liver to bone marrow or spleen.

Involvement of Ang1 and Ang2 in tumors

Angiogenesis and vasculogenesis are associated with
tumor growth. Thus, the role of angiopoietins in tumors
has been investigated. High levels of Ang2 mRNA are
observed in highly vascularized tumors, such as glio-
blastoma, Kaposi’s sarcoma, cutaneous angiosarcoma,
hemangioma, thyroid tumors and gastric and colorectal
cancer (Stratmann et al., 1998; Bunone et al., 1999;
Yoshida et al., 1999; Brown et al., 2000; Etoh et al.,
2001; Yu et al., 2001). Ang2 is also abundantly express-
ed, not only in tumor cells, but also in the endothelial
cells of sprouting microvessels of solid tumors (Stratmann
et al., 1998; Bunone et al., 1999; Holash et al., 1999).
Consistently, histological analyses of tumor specimens
indicate that Ang2 expression plays a key role in tumor
angiogenesis, both at early and later stages of vascular
activation (Bunone et al., 1999; Holash et al., 1999;
Zagzag et al., 1999). Thus, Ang2 probably helps tumor
vessel formation. However, the observation that Ang2
production is also elevated at the sites of vascular
regression where VEGF is not abundant led to the
hypothesis that the role of Ang2 in sprouting angio-
genesis is highly dependent on the presence of VEGF
(Stratmann et al., 1998; Holash et al., 1999). In the
presence of VEGF, Ang2, by antagonizing the stabilizing

or antiapoptotic effects of Ang1 on endothelial cells,
promotes migration, proliferation, and sprouting of endo-
thelial cells. By comparison, in the absence of VEGF,
Ang2 may lead to endothelial cell apoptosis and
vascular regression (Stratmann et al., 1998; Bunone et
al., 1999; Holash et al., 1999).

Ang2 at high concentration can be an apoptosis
survival factor for endothelial cells through the activation
of PI3'-kinase and Akt (Kim et al., 2000d). This suggests
that Ang2 can be a promoter in tumor vessel formation
in tumor formation. Thus, the pathological role of Ang2
is more complex than previously recognized: it has
various effects on Tie2 receptor signaling, depending on
local conditions.

In contrast to Ang2, the expression of Ang1 is not high
in most tumors (Hayes et al., 2000). In fact, Ang1 over-
expression in a breast tumor cell line led to retardation
of tumor growth in xenograft model (Hayes et al., 2000).
These data suggest that Ang1 may inhibit tumor growth,
presumably by inhibiting tumor angiogenesis. However,
in a xenograft model with human cervical carcinoma
Hela cells, introduction of Ang1 antisense RNA led to
retardation in tumor cell growth and tumor angiogenesis
in nude mice (Shim et al., 2001). This result indicates
that Ang1 is involved with tumor angiogenesis as a pro-
angiogenic factor. Thus, whether Ang1 is an inducible or
inhibitory growth factor in tumor angiogenesis depends
on tumor type. Further study is required to clarify the
role of Ang1 in tumor formation and maintenance.

Interestingly, Tie2 is also strongly expressed in endo-
thelial cells of Kaposi’'s sarcoma, cutaneous angiosar-
coma, colorectal cancer, thyroid tumor, hemangioma,
and non-small cell lung carcinomas (Bunone et al.,
1999; Takahama et al., 1999; Brown et al., 2000; Etoh
et al., 2001; Yu et al., 2001). In fact, administration of
soluble Tie2 inhibited the growth of primary tumors and
tumor metastases (Lin et al., 1998). Similarly, we recent-
ly observed that administration of Tie2 inhibitor BSF
466895.C2 inhibited melanoma tumor growth (unpublished
observation). These data suggest that Tie2 activation
may have an important role in tumor angiogenesis.
However, it is not known how Ang1 or Ang2 are involv-
ed with Tie2 activation in tumor angiogenesis.

Therapeutic Angiogenesis and Vaculogenesis with
Ang1

Blood vessels form through two distinct processes, vas-
culogenesis and angiogenesis (Figure 1) (Risau, 1997;
Carmeliet, 2000). In vasculogenesis, endothelial cells dif-
ferentiate de novo from mesodermal precursors, whereas
in angiogenesis new vessels are generated from pre-
existing ones (Risau, 1997; Carmeliet, 2000). In embryos,
both processes are essential for normal development. In
adults, angiogenesis and neovascularization can be
unwanted processes in certain disease states, including
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cancer and diabetic retinopathy. However, formation of
new blood vessels can also help alleviate some states,
as in the formation of collateral circulation in ischemic
myocardium, wound healing, and endometrial regene-
ration. Indeed, angiogenesis and neovascularization in
ischemic myocardium and limbs provide an important
clinical approach (Isner et al., 1999).

Recently, several studies have examined therapeutic
angiogenesis/neovascularization using growth factors
as a way to treat ischemic myocardium and limbs
(Takeshita et al., 1994; Isner et al., 1999; Chae et al.,
2000). However, a single growth factor may be insuffi-
cient for therapeutic purposes, because the develop-
ment of a functional vascular system requires a cascade
of growth factors, their receptors, and intracellular
signals. Of these, VEGF and Ang1 are of particular
interest because their receptors are specifically located
in endothelial cells (Veikkola et al., 1999; Carmeliet,
2000; Yancopoulos et al., 2000). These two factors have
strong effects on angiogenesis and vasculogenesis.
VEGF acts as a potent angiogenic factor, whose
specific activities include endothelial cell survival,
proliferation, migration, and tube formation (Ferrara et al.,
1997; Veikkola et al., 1999). The biological effects of
VEGF on endothelial cells are exerted through its
binding to FIt-1 and Flk-1/KDR, two high affinity tyrosine
kinase receptors. In the adult, VEGF is also a primary
contributor to physiologic and pathologic angiogenesis
through its strong biological effects on endothelial cells
(Ferrara et al., 1997; Veikkola et al., 1999; Carmeliet et
al., 2000). Moreover, many reports have shown that
transgenic overexpression or gene transfer of VEGF
increases angiogenesis and vascularization in adult
tissues (Takeshita et al., 1994; Detmar et al., 1998).

Although Ang1 has no proliferative effect on endo-
thelial cells, interestingly, transgenic overexpression or
gene transfer of Ang1, but not Ang2, increases angio-
genesis and vasculogenesis (Shyu et al., 1998; Suri et
al., 1998; Chae et al., 2000). In a mouse corneal micro-
pocket assay, Ang1 failed to stimulate an angiogenic
response when administered alone (Asahara et al., 1998).
However, when co-administered with VEGF, Ang1
augmented postnatal neovascularization. Thus, Ang1, in
combination with VEGF, is a candidate for therapeutic
vascularization. In a rabbit ischemic hind limb model, a
combination of Ang1 and VEGF gene delivery produced
an enhanced effect on blood vessel formation, resting
and maximal blood flow, and capillary formation that
was greater than that of either factor alone (Chae et al.,
2000) (Figure 5). These results suggest that combined
treatment with Ang1 and VEGF could be used to
produce therapeutic vascularization. In fact, in vitro
experiments indicate that Ang1 is a strong inducer of
endothelial cell sprouting, secretion of plasmin and
matrix metalloproteinase-2, and migration and network
formation (Kim et al., 2000b). These processes are the

first steps in both angiogenesis and neovascularization.
These in vitro data support the role of Ang1-induced
angiogenesis and vasculogenesis in vivo.

In the brain tissue of patients with brain arteriovenous
malformations, Ang1 protein levels are 30% lower than
in control patients, whereas Ang2 protein levels are 8-
fold higher than in control patients (Hashimoto et al.,
2001). These patients display abnormally dilated vessels
that lack mature peri-endothelial support cells. This obser-
vation suggests that Ang1 recruits and sustains peri-
endothelial support cells, while Ang2 disrupts blood
vessel formation in brain vasculogenesis. However, the
mechanisms behind these processes are unknown. Never-
theless, administration of Ang1 may provide a therapeutic
benefit for enhancing recruitment of peri-endothelial
support cells.

Therapeutic endothelial cell survival (Therapeutic
Endo-survival) with Ang1

The integrity and normal function of endothelium are
indispensable for good health. In an adult human, the
endothelial monolayer consists of an estimated 1 to 6x
10" cells that considered as a unit, form an approxi-
mately 1-kg heavy “organ”. This “organ” plays a central
role in the control of vascular tone, permeability, blood
flow, coagulation, thrombolysis, inflammation, tissue repair,
and growth (Cines et al., 1998). Damage to the endo-
thelium can initiate thrombosis formation, neointimal hyper-
plasia, and atherogenesis (Cines et al., 1998; Stefanec,
2000). Therefore, maintaining a normal endothelial inte-
grity in response to physical, biochemical and immune-

control Ang1

Figure 5. Representative angiographic findings of single and combined
gene transfer of Ang1 and VEGF in the ischemic hind limbs of rabbits.
Angiographies were performed 30 days after direct intramuscular gene
transfer of (500 g of plasmid) pControl (control), pAng1 (Ang1), pVEGF
(VEGF), or pAng1 + pVEGF (Ang1+VEGF).
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mediated damage is important to prevent vascular
diseases.

Interestingly, Tie2 is selectively expressed as an
activated form in the endothelial cells of normal adult
vessels, in which vasculogenesis and angiogenesis do
not normally occur (Wong et al., 1997). We found that
Ang1 is a strong survival factor for endothelial cells
(Kwak et al., 2000). We also demonstrated that Ang1
induced a signal transduction pathway leading to endo-
thelial cell survival for the first time. The Tie2 receptor,
Pl 3'-kinase, and Akt are crucial elements in the signal
transduction pathway leading to endothelial cell survival
induced by the paracrine activity of Ang1 (Kim et al.,
2000c) (Figure 6). Given that Ang1 is a strong apoptosis
survival factor without mitotic effect, constitutive expre-
ssion of Ang1 in periendothelial cells may activate the
Tie2 receptor, thereby acting as a paracrine factor that
maintains normal integrity in non-proliferating endothelial
cells. In fact, our in vitro experiments demonstrated that
Ang1 prevented apoptosis in endothelial cells treated
with several insults, including irradiation, oxidized LDL
or clinical concentrations of mannitol (Kwak et al., 2000;
Kim et al., 2001a). This effect was mediated through
Tie2 receptor binding and Pl 3'-kinase activation. In
addition, Ang1 increases the survival of endothelial cells
in response to lipopolysaccharide from Gram-negative
bacteria. Ang1 also prevented apoptosis in endothelial
cells of explanted porcine coronary arteries subjected to
the same insults. Generally, Ang1's antiapoptotic potency
was similar or greater than that of VEGF and bFGF.

These data suggest that systemic treatment with
Ang1 could be beneficial in maintaining normal endo-
thelial cell integrity during endothelial cell damage in
vivo. Therefore, we conclude that the angiopoietin-Tie2
system is essential to the maintenance of normal
endothelial survival and integrity. From this study, we
coined the term ‘Therapeutic endothelial cell survival

& Paracrine Ang1

@ ( platelet, SMC )
Hypoxia - W
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Figure 6. Ang1-induced endothelial cell survival in a paracine manner.
Platelet and periendothelial smooth muscle cells produce Ang1. Ang1 binds
to the Tie2 receptor, then activates the Pl 3-kinase and Akt signal
transduction pathways. Downstream pathways of Akt remain to be
determined, although Bad, caspase-9, and survivin are candidates.

(Therapeutic Endo-survival) using Ang1. Although
more pre-clinical study of Ang1 in vivo are warranted,
Ang1 could be the most potent, selective and safe agent
for therapeutic endothelial cell survival.

Counteractive effect of Ang1 in VEGF-induced adhe-
sion and coagulation

VEGF acts as a proinflammatory cytokine in two ways:
(1) by inducing adhesion molecules that bind leukocytes
to endothelial cells and (2) by increasing endothelial
permeability. These are initial and essential steps toward
inflammation through the Flk-1/KDR receptor (Murohara
et al., 1998; Kim et al., 2001b). In fact, the first activity
attributed to VEGF was the permeabilization of micro-
vessels, primarily postcapillary venules and small veins
(Dvorak et al., 1995). Although VEGF overexpressed in
mouse skin increases vascularity, the vascularized skin
shows signs of inflammation, including vascular leakage,
edema, and increased adhesion of leukocytes (Detmar
et al., 1998). Ang1 overexpressed in mouse skin results
in a prominent enlargement of vessels without signs of
inflammation (Suri et al., 1998; Thurston et al., 1999).
Moreover, when co-overexpressed in mouse skin, VEGF
and Ang1 show an additive effect on angiogenesis, but
result in leakage-resistant vessels with little inflamma-
tion (Thurston et al., 1999). Systemic adenoviral delivery
of Ang1 does indeed protect adult blood vasculature
from leaking (Thurston et al., 2000).

It appears that Ang1 counteracts at least some
component of VEGF activity in endothelial cells during
certain pathologic conditions. Furthermore, a recent in
vitro experiment demonstrated that Ang1 decreases E-
selectin expression and decreases basal and VEGF-
induced endothelial permeability, possibly through the
regulation of junctional complexes, platelet endothelial
cell adhesion molecule-1, and vascular endothelial cad-
herin (Gamble et al., 2000). In addition, Ang1 suppress-
ed VEGF-induced expression of several adhesion mole-
cules, such as intercellular adhesion molecule-1, vas-
cular cell adhesion molecule-1, and E-selectin (Kim et
al., 2001c). Furthermore, Ang1 reduced VEGF-induced
leukocyte adhesion to HUVECs (Kim et al., 2001c).
Thus, Ang1 counteracts VEGF-induced inflammation by
reducing VEGF-induced endothelial adhesiveness. Taken
together, Ang1 counteracts VEGF-induced inflammation
in endothelial cells, while having an additive effect on
vessel formation (Figure 7). Therefore, combined treat-
ment with VEGF and Ang1 could be better than single
treatment for enhancing therapeutic vascularization and
angiogenesis, while avoiding inflammation.

VEGEF, like TNF-a, can act as a procoagulant cytokine
by increasing tissue factor (TF) expression in endothelial
cells (Mechtcherakova et al., 1999). Ang1 counteracts
VEGF-induced expression and activity of TF, possibly
through the activation of the Pl 3'-kinase/Akt pathway



8 Exp. Mol. Med. Vol. 34(1), 1-11, 2002

PP P

Survival Adhesion molecules
Migration COX-2
Sprouting TF, Leakage

\ \

Inflammation I

Angiogenesis

Vaculogenesis Coagulation

Figure 7. Interactive and counteractive effect of VEGF and Ang1 in
endothelial cells. VEGF and Ang1 produce an additive or synergistic effect
on survival, migration, and sprouting. In contrast, Ang1 counteracts VEGF-
induced inflammation and coagulation through suppression of VEGF-
induced vascular leakage and suppression of VEGF-induced expression of
adhesion molecules, COX-2 and tissue factor.

(Kim et al., 2002). These results suggest that Ang1 may
be used as an inhibitor of VEGF-induced coagulation,
inflammation, and tumor-associated angiogenesis and
metastasis by suppression of TF expression.

Problems and future directions

It is now quite clear that understanding of the angio-
poietin-Tie2 system is important not only in vascular
biology but also in several biomedical fields. However,
the following problems must be solved to pave the way
for future research and clinical applications.

First, Ang1 protein is not easily available because
generation of recombinant Ang1 is extremely difficult
with current techniques. Since Ang1 has long coiled-coil
domains at the N-terminal end, it is not soluble, aggre-
gates easily, and sticks to everything during its gene-
ration and purification. Therefore, Ang1* was generated
by Regeneron Pharmaceuticals, Inc. Ang1* is a recom-
binant version of Ang1 that is easier to produce and
purify (Maisonpierre et al., 1997). Ang1* contains a
modified NH,-terminus and mutated Cys?*. The Cys?*®
residue is not shared between Ang1 and Ang2, and its
mutation does not alter Ang1’s agonistic properties. The
biological activity of recombinant Ang1 and Ang1* is
similar. However, the generation of Ang1* has some of
the same problems. It may be possible to develop a
chimeric Ang1 containing a minimum coiled-coil domain,
just long enough for dimerization. But it would need to
have equivalent potency compared to native Ang1.

Second, we still do not know the molecular and
cellular mechanism by which Ang1 recruits pericytes to
the endothelial cells through Tie2. It would be valuable
if we knew what molecules are secreted from Ang1-
activated endothelial cells during pericyte recruitment.

Third, combined treatment with Ang1 and VEGF for
therapeutic vessel formation should be developed. For
therapeutic vessel formation, VEGF has been tested

extensively, and it is already in clinical trials. Meanwhile
Ang1 is still being tested in animals. Although the exact
molecular mechanism by which Ang1 inhibits VEGF-
induced vascular permeability, inflammation, and coagu-
lation remains to be determined, we have ample evid-
ence that Ang1 can counteract the unwanted side effects
of VEGF in certain situations, while Ang1 produces an
enhanced effect on therapeutic vessel formation.

Fourth, use of Ang1 should be demonstrated in ex-
perimental animal models. It would be worthwhile to try
an acute administration of Ang1 for maintaining endo-
thelial integrity during an insult, such as, angioplasty,
irradiation, sepsis, or mannitol treatment. These experi-
ments will tell us if Ang1 has any beneficial effects in
vivo.

Fifth, the use of Ang1 for other clinical applications
should be developed. For example, clinical trials are
underway to test use of Ang1 for preventing vascular
leakage in diabetic retinopathy. We also demonstrated
that therapeutic endothelial cell survival with Ang1 would
provide clinical benefits. Pre-clinical investigations for
therapeutic endothelial cell survival should be develop-
ed.

In conclusion, more work is needed in the future, but
clearly the results already show that angiopoietin is very
important in vascular biology and medicine.
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