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The formation of new blood vessels, angiogenesis, is an
essential process during development and disease.
Angiogenesis is well known as a crucial step in tumor
growth and progression. Angiogenesis is induced by
hypoxic conditions and regulated by the hypoxia-inducible
factor 1 (HIF-1). The expression of HIF-1 correlates with
hypoxia-induced angiogenesis as a result of the induction
of the major HIF-1 target gene, vascular endothelial cell
growth factor (VEGF). In this review, a brief overview of
the mechanism of angiogenesis is discussed, focusing on
the regulatory processes of the HIF-1 transcription factor.
HIF-1 consists of a constitutively expressed HIF-1 beta
(HIF-1B) subunit and an oxygen-regulated HIF-1 alpha
(HIF-10) subunit. The stability and activity of HIF-1c, are
regulated by the interaction with various proteins, such as
pPVHL, p53, and p300/CBP as well as by post-translational
modifications, hydroxylation, acetylation, and
phosphorylation. It was recently reported that HIF-1o
binds a co-activator of the AP-1 transcription factor, Jab-
1, which inhibits the p53-dependent degradation of HIF-1
and enhances the transcriptional activity of HIF-1 and the
subsequent VEGF expression under hypoxic conditions.
ARD1 acetylates HIF-10. and stimulates pVHL-mediated
ubiquitination of HIF-1c. With a growing knowledge of
the molecular mechanisms in this field, novel strategies to
prevent tumor angiogenesis can be developed, and from
these, new anticancer therapies may arise.
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Introduction

Carcinogenesis is a multistep process, which results from the
loss of control in cell cycle regulation and, in the case of
malignant disease, is followed by the metastatic spread of
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cancerous cells from the primary tissue site to other, distal
tissue sites. The formation of new blood vessels at both the
primary and metastatic sites is a critical step in the growth and
spread of the primary and secondary tumors. Blood vessels
are formed by the various processes of vasculogenesis,
arteriogenesis, and angiogenesis. Vasculogenesis describes the
earliest vascular development from the angioblasts or
hemangioblasts in the embryo. Arteriogenesis represents the
formation of collateral arteries from pre-existing arterioles as a
process that is adaptive to arterial occlusion. Angiogenesis is
defined as the formation of capillaries by the sprouting of pre-
existing vessels, as in tumor angiogenesis (Schaper and
Buschmann, 1999; Buschmann and Schaper, 2000; Cho et al.,
2001; Scholz et al., 2001).

The critical role of angiogenesis in tumorigenesis was first
suggested by Judah Folkman (Folkman et al., 1971; Hanahan et
al., 1996). It is now accepted that a tumor mass cannot exceed
~1 mm’ in an avascular state because of the limited nutrients
and oxygen. The avascular tumor or stroma cells in low-oxygen-
tension (hypoxia) pathologically or physiologically triggers
angiogenesis as a consequence of an oOxygen-sensing
mechanism and subsequent induction of a variety of pro-
angiogenic genes (Bunn and Poyton, 1996; Giordano and
Johnson, 2001; Semenza, 2002). Perhaps the most important of
these target genes, vascular endothelial cell growth factor
(VEGF), specifically recruits endothelial cells into hypoxic and
avascular area and stimulates their proliferation. Oxygen
homeostasis is primarily operated by a cellular oxygen-sensing
transcription factor, hypoxia-inducible factor 1 (HIF-1), which
induces the transcription of more than 40 proteins, including
VEGF (Table 1) (Semenza, 2002).

HIF-1 functions as a master regulator of oxygen and
undergoes conformational changes in response to oxygen
concentrations (Bruick and McKnight, 2001; Epstein et al.,
2001; Ivan et al., 2001; Jaakkola et al., 2001; Masson et al.,
2001). HIF-1 occupies the center of the hypoxia-signaling
pathway. It binds a core sequence of the hypoxia response
element (HRE) in the promoters of hypoxia-responsive genes
and induces their expression. HIF-1 consists of o and
subunits, both of which are basic helix-loop-helix
transcription factors. The expression of the o subunit is
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Table 1. Genes regulated by HIF-1
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Genes

References

Growth factor-related
Endocrine gland-derived VEGF
Erythropoietin
IGF-II
IGF-binding protein I
IGF-binding protein 11
IGF-binding protein III
TGFp,
VEGF

Receptors
FLT-1
o.1B-adrenergic receptor
Transferrin receptor

Glucose metabolism
Aldolase A (ALDA)
Aldolase C (ALDC)
Enolase 1
Glucose transporter 1
Glucose transporter 3
Glyceraldehyde-3-P-dehydrogenase
Hexokinase 1
Hexokinase 2
Phosphoglycerate kinase 1
Lactate dehydrogenase A (LDHA)
Pyruvate kinase M (PKM)

Others related in vascular growth and metabloism
Adenylate kinase 3
Adrenomedulin
Ceruloplasmin
Collagen type V, ol
Endothelin-1
ETS-1
Heme oxygenase-1
LDL receptor-related protein 1
Notric oxide synthase 2
p21
p35stj
Plasminogen activator inhibitor 1 (PAI-1)
Prolyl-4-hydroxylase ol
Transferrin
Transglutaminase 11

(LeCouter et al., 2001)

(Jiang et al., 1996)

(Feldser et al., 1999)

(Tazuke et al., 1998)

(Feldser et al., 1999)

(Feldser et al., 1999)

(Caniggia et al., 2000)

(Carmeliet er al., 1998; Iyer et al., 1998)

(Gerber et al., 1997)
(Eckhart et al., 1997)
(Lok and Ponka, 1999; Tacchini et al., 1999)

(Iyer et al., 1998; Ryan et al., 1998)
(Iyer et al., 1998; Ryan et al., 1998)
(Iyer et al., 1998)

(Ryan et al., 1998; Wood et al., 1998)
(Iyer et al., 1998)

(Iyer et al., 1998; Ryan et al., 1998)
(Iyer et al., 1998)

(Iyer et al., 1998)

(Carmeliet et al., 1998; Iyer et al., 1998)
(Iyer et al., 1998; Ryan et al., 1998)
(Iyer et al., 1998)

(Wood et al., 1998)
(Cormier-Regard et al., 1998)
(Mukhopadhyay et al., 2000)
(Wykoff et al., 2000)

(Hu et al., 1998)

(Oikawa et al., 2001)

(Lee et al., 1997)

(Wykoff et al., 2000)
(Melillo et al., 1995; Palmer et al., 1998)
(Carmeliet er al., 1998)
(Bhattacharya et al., 1999)
(Kietzmann et al., 1999)
(Takahashi et al., 2000)
(Rolfs et al., 1997)

(Wykoff er al., 2000)

remarkably high during hypoxia and is maintained at low
levels in most cells under normoxic conditions. Unlike the o
subunit, the B subunit is constitutively expressed and its
activity is controlled in an oxygen-independent manner (Wang
and Semenza, 1993). This review provides a general
introduction to the molecular events in angiogenesis and

hypoxia-induced angiogenesis in cancer.

Angiogenic Factors Involved in Cancer

Angiogenesis is stimulated by a number of angiogenic factors,
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including a variety of growth factors and cytokines. The action
of these factors includes proliferation and migration of
endothelial cells, ECM degradation, and tube formation. A
discussion of the growth factors and cytokines that are known
to play a role in angiogenesis follows.

VEGF is the most potent endothelial-specific mitogen and
is known to directly participate in the angiogenesis (An et al.,
2000, Berra er al., 2000; Harris, 2000; Josko et al., 2000;
Conway et al., 2001). This growth factor interacts with its
receptor, VEGFR, which is specifically expressed in
endothelial cells, and stimulates endothelial cell proliferation.
PIGF, a VEGF family member, binds to VEGFR-1, which is
selectively expressed in placenta and induces angiogenesis. In
addition to VEGF, the VEGFR expression level is also
important in- endothelial cell proliferation. The three high-
affinity receptors that bind VEGF are VEGFR-1 (Flt-1, fins-
like tyrosine kinase-1), VEGFR-2 (KDR/Flk-1, kinase insert
domain-containing receptor/fetal liver kinase-1), and VEGFR-
3 (FLT4). It was reported that the expression of VEGF
receptors is closely related in tumor angiogenesis (Neufeld ez
al., 1999; Berra et al., 2000; Harris, 2000; Josko et al., 2000).
It was also shown that hypoxia induces the expression of
VEGF mRNA and protein, suggesting that hypoxia is a
stimulus of angiogenesis through the up-regulation of the
VEGF expression (Neufeld et al., 1999; Ahmed ez al., 2000;
Berra et al., 2000; Harris, 2000; Josko et al., 2000).

The up-regulation of the VEGF expression leads to an
increased formation of the placenta growth factor (PIGF)/
VEGEF heterodimers that modulates VEGF activity when they
are co-expressed (Cao et al, 1996). The platelet-derived
growth factor (PDGF) is found as an angiogenic factor for
microvascular sprouting endothelial cells. PDGF-BB and
receptors especially recruit the pericytes and smooth muscle
cells around nascent vessel sprouts (Carmeliet and Jain,
2000). The expression of the PDGF-A and B chains are also
regulated by oxygen. The PDGF-B expression is remarkably
stimulated by hypoxia 13-fold (Gleadle et al., 1995).

Our lab (Kim et al, 1998) demonstrated that IGF-II
functions in the angiogenic process of hepatocellular
carcinoma, both directly and indirectly, by increasing the
secretion of VEGF. IGF-1I substantially increased the VEGF
mRNA and protein levels in a time-dependent manner in
HepG2 cells. Moreover, IGF-II increases the stability of HIF-
la protein, which is a key factor in the induction of the VEGF
expression (Feldser et al, 1999). It was also shown that
hypoxia stimulated the insulin-like growth factor binding
protein 1 (IGFBP-1) gene expression in HepG2 cells,
resulting from an interaction of HIF-1 with a hypoxia
response element (HRE) that is located in the first intron of
the human IGFBP-1 gene (Tazuke et al., 1998; Park et al.,
2001). HGF is also known to increase the DNA binding
activity of HIF-1 in the HepG2 cells as HGF triggers a signal
transduction cascade that involves the PI3K-AKT pathway to
induce HIF-1 (Tacchini et al, 2001).

The expression of chemokine IL-8 is also increased by
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Fig. 1. Structure of HIF-1o.

hypoxia in tumor cells, and it induces the angiogenesis (Xie,
2001). In addition, cytokine IL-6 is an angiogenic stimulator
in Huh7 hepatoma cells (Tsukamoto et al., 1999).

Biology of HIF-1

The two subunits, HIF-low and HIF-1B, aryl hydrocarbon
receptor nuclear translocator (ARNT) belong to the bHLH-
PAS (Per/Amt/Sim) family (Fig. 1). HIF-1o dimerizes with
ARNT to play a role as a transcription factor. The
constitutively-expressed ARNT resides in the nucleus and acts
as a common subunit of multiple bHLH-PAS transcription
factors; whereas, HIF-1a. constantly varies in its protein level,
according to changes in the microenvironmental oxygen
concentration. Therefore, the HIF-1a transcriptional activity
is determined by the hypoxic induction and modifications of
the HIF-1o protein level (Semenza, 1999; Minet ef al., 2001).

Béginning at the N-terminus, HIF-1at contains the basic
helix-loop-helix (bHLH) domain, PAS domain, ID (inhibitory
domain), TAD-N, and TAD-C (N- and C-terminal
transactivation domains, respectively). These domains are
involved in the regulatory machinery of HIF-1 biological
activation. The bHLH and PAS domains are required for
dimerization with HIF-1f and DNA binding (Salceda et al,
1997; Huang et al., 1998; Maxwell et al., 1999; Berra et al.,
2001). The transcriptional activity of HIF-1 is regulated
through TAD-N, TAD-C, and ID (Ruas et al., 2002). Under
normoxia, the hydroxylation of Pro-402 or Pro-564 in ID or
TAD-N of HIF-10, respectively, by HIF-1 prolyl hydroxylase
is required for the binding of VHL, which recruits an E3
ubiquitin-protein ligase that targets HIF-1o. for degradation
(An et al., 1998; Maxwell er al., 1999; Kallio et al., 1999;
Ohh et al., 2000; Ravi et al., 2000). In the absence of oxygen,
the prolyl hydroxylase is not active, consequently the
unhydroxylated prolyl-HIF-1o. cannot interact with pVHL
(Bruick and McKnight, 2001; Epstein et al., 2001; Ivan et al.,
2001; Jaakkola et al., 2001; Masson ef al., 2001). For this
reason, these domains are also called oxygen-dependent
degradation (ODD) domains. VHL also recruits histone
deacetylases (HDAC) that interfere with the transactivation
domain function. An asparaginyl hydroxylase, FIH-1 (Factor
inhibiting HIF-1), which binds to both VHL and HIF-1¢, also
inhibits the transcriptional activity of HIF-1 (Mahon et al,
2001; Hewitson ez al., 2002).
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The protein level of HIF-1a is regulated at the level of
synthesis and stability. Activation of tyrosine kinases, such as
SRC, HER2™, and the IGF and EGF receptors, stimulates the
PI3K-AKT-FRAP and ERK/MAPK signal transduction
pathways, which lead to the increased translation of HIF-1o
mRNA into protein (Zhong et al., 2000; Laughner et al.,
2001).

Regulation of HIF-1¢. Stability under Hypoxia

As previously mentioned, HIF-1a is rapidly degraded by a
pVHL-mediated ubiquitin-proteosome pathway under normal
oxygen conditions (An et al, 1998; Kallio er al., 1999;
Mazxwell et al., 1999; Ohh et al., 2000; Ravi et al., 2000). In
addition, p53 promotes the Mdm-2 mediated ubiquitination
and proteosomal degradation of the HIF-la through direct
interaction with HIF-1a in hypoxia (Ravi et al., 2000). The
inhibitory PAS domain (IPAS) protein is also reported to
target HIF-1 and plays a role as a negative regulator of the
hypoxia-induced gene expression. The expression of IPAS in
hepatoma cells impairs the induction of genes under hypoxic
conditions, notably the VEGF gene, and results in retarded
tumor growth and tumor vascular density in vivo (Makino et
al., 2001). HIF-1ou stability is determined by a balance
between the negative regulator and positive factor (Ema et al.,
1999). Under hypoxic conditions, HIF-1at is stabilized and
exerts its transcriptional activity by binding to the p300/CBP
(Arany et al., 1996), SRC-1 (steroid receptor coactivator-1)
family co-activators, nuclear redox regulator Ref-1 (Carrero et
al., 2000), and molecular chaperone heat shock protein 90
(HSP90) (Minet et al, 1999). The HIF-lo-mediated
transcriptional regulation is synergistically enhanced by p300/
CBP, SRC-1, and Ref-1. The control of HIF-1q stability by
post-translational modification or protein-protein interaction
appears to be essential for the transcriptional activity of HIF-
lo. Although HIF-1o is much more stable in hypoxia than
normoxia, the mechanism of the hypoxia-dependent
stabilization of HIF-1 is still unclear.

Using the yeast two-hybrid system, we recently identified
the HIF-lo-binding protein, Jab-1, which was originally
described as a transcriptional co-activator of c-Jun and Jun D
(Bae et al., 2002). Jab-1 plays a role in the variety of signaling
pathways. These include integrin signaling (Rossetti et al.,
2002), cell cycle control (Tomoda et al., 1999), and steroid
hormone signaling (Chauchereau ef al., 2000). This protein is
also known as a subunit of the mammalian CSN complex
(CSNS), which phosphorylates transcriptional regulators such
as c-Jun, IxB, pl0S, and p53 (Seeger et al, 1998; Bech-
Otschir et al., 2001). Jab-1 interacts with the ODD domain of
HIF-1o and is shown to control HIF-1a stability and activity
by competition with p53. The interaction of Jab-1 with HIF-
1o contributes to the up-regulation of the HIF-lo protein
level under hypoxic conditions. However, under normoxia,
Jab-1 has no effect on the up-regulation of the HIF-1o protein

level. This is due to the strong affinity of pVHL for HIF-1q,
which leads to the rapid degradation of HIF-lo. The pS3
directly interacts with the ODD domain of HIF-1o and down-
regulates the hypoxia-induced expression of HIF-la by
promoting the ubiquitination of HIF-loe under hypoxic
conditions (Maxwell et al., 1999; Ravi et al., 2000), but not
under normal oxygen concentrations. Therefore, Jab-1
directly interferes with the HIF-1ci-p53 interaction and leads
to the stabilization of the HIF-1a protein under hypoxia, but it
probably exhibits a negligible effect on HIF-la protein
stability in response to normoxia. The Jab-1 mediated
stabilization of HIF-1c plays a central role in the HIF-1
regulation under hypoxic conditions.

Regulation of HIF-1o Stability under Normoxia

During normoxia, the most predominant regulation process of
HIF-1o is the pVHL-mediated ubiquitin-proteasome pathway
(Salceda and Caro, 1997; Huang et al., 1998; Maxwell et al.,
1999; Berra et al, 2001). As previously mentioned, the
association of HIF-1ow with pVHL is triggered by the post-
translational hydroxylation of proline residues (Pro-402, Pro-
564) within its ODD domain that is mediated by HIF-1c
prolyl-hydroxylase (HIF-PH) (Bruick and McKnight, 2001;
Epstein ef al., 2001; Ivan et al., 2001; Jaakkola et al., 2001,
Masson et al., 2001). Recently, the Epstein group (Epstein et
al., 2001) identified C. elegans EGL-9 as a dioxygenase that
regulates HIF-1 activity by prolyl hydroxylation and the
consequent modulation of the pVHL binding to HIF-la
(Masson et al., 2001). The activity of HIF-PH to HIF-1o is
known to depend on the O, concentration, suggesting that this
enzyme acts as an oxygen sensor (Epstein et al, 2001).
Another hydroxylation at Asn-803 in the C-terminal
transactivation domain (CAD) of HIF-loo under normal
oxygen concentrations inhibits the interaction of CAD with
the p300/CBP co-activator and down-regulates the
transcriptional activity of HIF-1 (Lando et al., 2002b). The
hydroxylated Asn-803 of HIF-1a recruits FIH-1 and inhibits
the transactivation function of CAD. FIH-1 binds to pVHL
and the FIH-1-pVHL complex associates with histone
deacetylases (HDACs), which results in the inhibition of the
HIF-1o transactivation function (Mahon ez al., 2001; Lando et
al., 2002a).

The regulation of HIF-1a stability and its activity occur at
multiple levels. In addition to Jab-1, which regulates the
protein level of HIF-low by a protein-protein interaction
manner, HIF-1a is also regulated by its post-translational
modification. Studies on the post-translational modification of
HIF-1 have presently been restricted to hydroxylation,
ubiquitination, and phosphorylation.

Another protein that interacts with HIF-1o in the yeast two-
hybrid system is ARD1 acetyltransferase (Jeong et al., 2002),
which is required for the expression of protein N-
acetyltransferase (NAT) activity in lower eukaryotes and
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bacteria, but whose function is not defined in mammalian cells
(Park and Szostak, 1992; Tribioli et al., 1994; Ingram et al.,
2000). Acetylation is found in various proteins, including
histone, E2F1, MyoD, GATA-1, and p53 (Boyes et al., 1998;
Ogryzko ‘et al., 1998; Kouzarides, 1999; Kouzarides, 2000).
ARD! binds HIF-lo. more strongly under normoxic
conditions than under hypoxic conditions. The over-
expression of ARDI1 significantly decreases HIF-1o. protein
stability; whereas, the down-regulation of the ARDI level
with the antisense ARDI transfection increases the stability of
HIF-1o.. This suggests that ARD1 functions as a negative
regulator of HIF-1ow (Jeong ef al. 2002).

ARD]1 acetylates the Lys-532 residue in the ODD domain
of HIF-1a by transferring an acetyl group from Ac-CoA. The
mutation of Lys-532 to arginine prevents acetylation by
ARDI1, and subsequently inhibits the pVHL-dependent
ubiquitination of HIF-10o under normoxic conditions (Jeong et
al., 2002). Interestingly, it was previously reported that Lys-
532 is critical for the degradation of HIF-1o. under normoxia
(Tanimoto et al., 2000). The ODD domain contains sequences
that mediate the O,-dependent pVHL-E3 ubiquitination of the
HIF-1a protein (Cockman et al., 2000; Kamura et al., 2000;
Sutter ez al., 2000). Although it is unclear how the ARDI-
mediated acetylation of HIF-1¢at leads to its decreased stability,
a conformational change of HIF-1a. by the acetylation may
effectively facilitate its interaction with pVHL and enhance
the subsequent proteosomal ubiquitination of HIF-Io.
Therefore, the ARD1-mediated HIF-1o acetylation appears to
be involved in a major regulation mechanism of HIF-1c under
normoxic conditions.

Other Hypoxia-induced Transcriptional Factors

Egr-1, a zinc-finger-containing transcription factor is
expressed under hypoxic conditions in mononuclear
phagocytes and has been shown to mediate tissue factor
production by endothelial cells that lead to the VEGF
expression (Semenza, 2000). We previously reported that Egr-
1 increases IGF-II transcription by direct activation of the P3
promoter of IGF-II under hypoxic conditions in HepG2 cells
(Bae et al, 1999). The stability of Egr-1 appears to be
dependent on the oxygen tension via its ubiquitination and
proteosome-dependent degradation (unpublished
observation). Therefore, hypoxia enhances the expression and
stability of Egr-1, resulting in an increase of the VEGF
expression through IGF-II.(Bae et al., 1999).

The transcription factor, Ets-1, is expressed during
angiogenesis in the normal and pathological development in
endothelial cells (Lelievre et al., 2001). Hypoxia is known to
increase the expression of Ets-1 through the activation of its
promoter by HIF-1 in the human bladder cancer cell line, T24
(Oikawa et al., 2001). Therefore, the increased expression of
Ets-1 may contribute to angiogenesis under hypoxic
conditions.

Concluding Remarks

Oxygen homeostasis is involved in a varety of diseases,
which generate a hypoxic microenvironment. The nucleus of
an avascular tumor mass is a typical example of the hypoxic
condition, and the hypoxia-induced angiogenesis of this area
is a major turning point for the advancement of the tumor.
Defining the mechanisms of angiogenesis will provide novel
therapeutical approaches in anti-angiogenesis.
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