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Abstract Angiogenesis is regulated by the balance of pro-
angiogenic factors and angiogenesis inhibitors, and the
imbalance of these regulators is the cause of pathological
angiogenesis, including tumor angiogenesis. Angiogenesis
is required for tumor growth and metastasis, and thus
constitutes an important target for the control of tumor
progression. While the benefit of anti-angiogenic therapy is
potentially profound, limitations have also been recognized
by the results obtained thus far by clinical trials. Precise
understanding of the process of angiogenesis should lead us
to new regimens for more efficient anti-angiogenic therapy.
This review focuses on our current understanding of the
molecular mechanism of tumor angiogenic and the status of
the anti-angiogenesis approach for cancer treatment.
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Introduction

It has been revealed that carcinogenesis is a consequence of
multiple steps of oncogene and tumor suppressor gene mu-
tation. However, the growth of tumors beyond a size of
2mm3 in a body requires the additional step of angiogenesis.
The original hypothesis for the dependence of solid tumors
on angiogenesis was presented by Folkman in 1971.1 Since
then, numerous studies have been performed to prove this
hypothesis. Animal studies clearly showed the dependence
of solid tumors on angiogenesis. Moreover, multiple clinical
studies for the assessment of tumor microvascular density in
human cancers have supported the view that tumors are
angiogenesis-dependent.
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Blood vessels are constructed by two processes: vasculo-
genesis and angiogenesis. Vasculogenesis is achieved by the
in situ differentiation of endothelial progenitor cells to
endothelial cells (ECs), whereas angiogenesis is achieved
by capillary sprouting from pre-existing small vessels.2

Although the involvement of vasculogenesis in tumors was
suggested in an animal model,3 its significance in human
cancers has not been established. The capacity for vasculo-
genesis in the adult may not be large, and, thus, angiogen-
esis is thought to play a major role in neovascularization in
the adult.4

Physiological angiogenesis in the adult is observed only
in limited places, such as the endometrium and ovarian
follicle, and this process is normally transient. However,
persistent angiogenesis appears to play a crucial role in
several pathological conditions including tumors. Indeed,
the induction of angiogenesis, or the so-called “angioge-
nic switch,” is recognized as a critical step for tumor
progression.5

This review focuses on the molecules that regulate angio-
genesis, the characteristic features of tumor vessels, and the
current status of anti-angiogenic cancer therapy.

Angiogenesis and its regulators

Angiogenesis regulators

Angiogenesis is regulated by the balance between angio-
genic factors and angiogenesis inhibitors. Many factors are
reported to be involved in angiogenesis (Fig. 1). Among
them, endothelium-specific factors and their receptors
on ECs have been extensively studied. They include vas-
cular endothelial growth factor (VEGF) family members,
VEGF receptor-1 (VEGFR-1, also known as Flt-1), VEGF
receptor-2 (VEGFR-2, also known as KDR/Flk-1), VEGF
receptor-3 (VEGFR-3, also known as Flt-4), neuropilin-1,
neuropilin-2, angiopoietins, and tyrosine kinase with Ig and
EGF homology domain (TIE) receptors.

VEGFR-1 and VEGFR-2 are expressed on vascular en-
dothelium, whereas VEGFR-3 is preferentially expressed
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on lymphatic endothelium in the adult. Neuropilins, origi-
nally identified as regulators of axon guidance, are ex-
pressed on ECs and act as cofactors of VEGF receptors.
Targeted gene inactivation has revealed that neuropilin-1 is
important for blood vessel formation,6 whereas neuropilin-
2 is important for lymphatic vessel formation in the
embryo.7 VEGF (or VEGF-A) binds to VEGFR-1 and
VEGFR-2; placenta growth factor (PlGF) and VEGF-B
bind to VEGFR-1; and VEGF-C and VEGF-D bind to
VEGFR-2 and VEGFR-3 (Fig. 2). Among the VEGF fam-
ily members, VEGF is the most important factor for angio-
genesis, stimulating protease synthesis in and migration and
proliferation of ECs; most of the VEGF-mediated signals
are transduced via VEGFR-2.8

Angiopoietins are ligands of the TIE-2 receptor and are
classified into two subgroups. Angiopoietin-1 (Ang-1) and
angiopoietin-4 (Ang-4), comprising one subgroup, are ago-
nistic ligands of the TIE-2 receptor, whereas angiopoietin-2
(Ang-2) and angiopoietin-3 (Ang-3), in the other subgroup,
are very weak and act as antagonistic ligands of this recep-
tor (Fig. 3).9–11 No ligand of the TIE-1 receptor has yet been
characterized.

Process of angiogenesis

Angiogenesis normally includes six sequential steps: de-
tachment of mural pericytes for vascular destabilization,
extracellular matrix degradation by endothelial proteases,
migration of ECs, proliferation of ECs, tube formation by
ECs, and reattachment of pericytes for vascular stabiliza-
tion (Fig. 4).12 Hypoxia is known to be one of the most
important triggers of angiogenesis, and induces the expres-
sion of VEGF in various cell types. VEGF acts on ECs and
induces Ang-2.13,14 Hypoxia also induces Ang-2 in various
cell types, including ECs.13 Ang-2 is an antagonistic ligand
of TIE-2, and its action results in the detachment of
pericytes from the vascular wall and vessel destabilization.
Consecutively, VEGF stimulates ECs in destabilized ves-
sels to form neovessels by promoting protease synthesis for

ECM degradation, and by promoting EC migration and
proliferation. Ang-2 does not stimulate angiogenesis, but
enhances these angiogenic activities of VEGF when com-
bined with VEGF. ECs of neovessels produce platelet-de-
rived growth factor (PDGF), which attracts pericytes to
these neovessels. Pericytes produce Ang-1.15 When Ang-1

Fig. 1. Balance of angiogenesis regulators. Angiogenesis is regulated
by the balance between angiogenic factors and angiogenesis inhibitors.
Representative angiogenesis regulators are shown. VEGF, vascular
endothelial growth factor; FGF, fibroblast growth factor; HGF, hepa-
tocyte growth factor; IL-8, interlenkin-8; SDF-1, stromal cell-derived
factor 1; S-1-P, sphingosine 1-phosphate; BAI-1, brain-specific angio-
genesis inhititor-1; PF-4, platelet factor 4; IP-10, interferon-gamma
inducible protein 10; PEDF, pigment epithelium-derived factor

Fig. 2. VEGF family members and their cognate receptors. VEGF
family members are homodimer proteins. VEGF receptor-1 (VEGFR-
1; Flt-1), VEGFR-2 (KDR/Flk-1), and VEGFR-3 (Flt-4) are signal
transducing receptors, and neuropilin-1 and neuropilin-2 are cell
surface binding sites. VEGF (or VEGF-A) binds to VEGFR-1 and
VEGFR-2; placenta growth factor (PlGF) and VEGF-B bind to
VEGFR-1; and VEGF-C and VEGF-D bind to VEGFR-2 and
VEGFR-3. VEGFR-1, VEGFR-2, and neuropilin-1 are important for
angiogenesis, whereas VEGFR-3 and neuropilin-2 are important for
lymphangiogenesis

Fig. 3. Angiopoietins and tyrosine kinase with Ig and EGF homology
domain (TIE-2) receptor. Angiopoietins are ligands of the TIE-2 re-
ceptor and are classified into two subgroups. Angiopoietin-1 is an
agonistic ligand of TIE-2 and its action results in the attachment of
pericytes to the vascular wall, whereas angiopoietin-2 is an antagonistic
ligand of TIE-2 and results in the detachment of pericytes from the
vascular wall. EC, endothelial cell
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Fig. 4. Process of angiogene-
sis. Angiogenesis includes the
following sequential steps: (i)
detachment of preexisting
pericytes for vascular destabiliza-
tion, (ii) extracellular matrix
(ECM) degradation by endothe-
lial proteases, (iii) migration of
ECs, (iv) proliferation of ECs, (v)
tube formation by ECs, and (vi)
attachment of pericytes for vas-
cular restabilization/maturation.
The balance of various factors,
including VEGF, angiopoietin-1
(Ang-1), Ang-2, platelet-derived
growth factor (PDGF), and
transforming growth factor
(TGF)-� is important for the
regulation of angiogenesis

synthesized from pericytes dominates Ang-2, pericytes at-
tach to and stabilize the neovessels. In addition, Ang-1 can
directly stimulate the migration of ECs. When pericytes
attach to ECs of neovessels in this manner, latent trans-
forming growth factor-� (TGF-�) is efficiently activated, the
action of which causes the maturation of neovessels.16

Gene expression in ECs during angiogenesis

During the course of angiogenesis, a number of molecules
are expressed in ECs. They include matrix metallopro-
teinases (MMPs) and plasminogen activators (PAs) for
matrix degradation, integrins for cell adhesion and migra-
tion, and vascular endothelial (VE)-cadherin for three-
dimensional tube formation. The regulated expression of
these molecules in ECs reveals that endothelium-specific
gene regulation is an important issue for understanding the
molecular mechanisms of angiogenesis. Indeed, several
transcription factors are expressed in ECs and play an im-
portant role in angiogenesis.17

My laboratory has focused on one of such transcription
factors, namely, E-twenty six (ETS)-1. Representative an-
giogenic factors such as VEGF, acidic fibroblast growth
factor (aFGF), and basic fibroblast growth factor (bFGF)
induce the expression of ETS-1 in ECs.18,19 Hypoxia also
induces the expression of ETS-1 via hypoxia inducible
factor-1 (HIF-1) activation.20 The finding that a nonproli-
ferative adenovirus encoding dominant-negative ETS-1 in-
hibited in vivo angiogenesis indicates that ETS-1 in ECs is
required for angiogenesis.21 Possible downstream targets of
ETS-1 for angiogenesis in ECs are MMPs, urokinase-type
PA (uPA), integrin �3, VEGFR-2, neuropilin-1, and
Ang-2.18,22–24

Tumor angiogenesis

Regulators of tumor angiogenesis

Increased synthesis of VEGF in tumor tissue is one of the
most important features of tumor angiogenesis. The hy-
poxic condition is the most important inducer of VEGF,
and the microenvironment of solid tumors contains regions
of poor oxygenation. Hypoxia-mediated gene expression
is regulated by transcription factor HIF-1, which is a
heterodimer of an oxygen-regulated HIF-1α subunit and
a constitutively expressed HIF-1� subunit. HIF-1α is
promptly degraded by the ubiquitin-proteasome pathway
under the normoxic condition, but becomes stable under a
hypoxic condition.25 The stability of HIF-1α is regulated by
the interaction of this subunit with various proteins, as well
as by posttranslational modifications such as hydroxylation.
Tumor suppressor von Hippel Lindau (VHL) gene product
(pVHL), which is found in a multiprotein complex with
elongins B/C, forming an E3 ubiquitin ligase complex, regu-
lates HIF-1α ubiquitination for degradation.26,27 Thus, alter-
ation of the VHL gene results in an increased amount of
HIF-1α and HIF-1-mediated upregulation of the VEGF
gene.28 p53 is also involved in the degradation of HIF-1α,
and, thus, alteration of the p53 gene enhances the transcrip-
tional activity of HIF-1.29 Phosphatase and tensin homolog
(PTEN) selectively blocks the PI3-kinase-Akt signaling
pathway, and Akt is involved in the stabilization of HIF-1α;
thus, alteration of the PTEN gene augments HIF-1-
mediated VEGF expression in tumor cells.30

Decreased expression of endogenous angiogenesis in-
hibitors is another important feature of tumor angiogenesis.
p53 is involved in the expression of angiogenesis inhibitors
such as thrombospondin-131 and brain-specific angiogenesis
inhibitor 1 (BAI-1).32 Therefore, alteration of the p53 gene
decreases the expression of thrombospondin-1 or BAI-1
and shifts the balance to the pro-angiogenic state. More-
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over, a recent report suggests that alteration of the p53 gene
decreases the sensitivity of tumor cells to anti-angiogenesis
therapy.33

Abnormal architecture of tumor vessels

Unlike normal blood vessels, tumor blood vessels are di-
lated, tortuous, and leaky, and they contain multiple bifur-
cations, loops, and deadend sprouts. These abnormal
architectural features of tumor vessels may be the conse-
quence of peculiar EC-pericyte interaction. Pericytes are
the cells that control the migration and proliferation of ECs,
as well as the maturation and permeability of small vessels.
Pericytes attach firmly to ECs in normal vessels but not in
tumor vessels. Morikawa et al.34 showed that pericytes asso-
ciate with ECs but have multiple processes that extend
away from the vessel wall in the tumor.

Although the primary cause of these abnormalities is not
well characterized, recent data suggest that an imbalance of
angiopoietins may be a factor. Ang-2, which antagonizes
Ang-1 and dissociates pericytes from vessels, is upregulated
in tumor cells, as well as in ECs of tumor vessels.35,36 In this
situation, the absence of VEGF causes the apoptosis of ECs
and vascular regression, whereas the presence of VEGF
accelerates angiogenesis. Also of interest, the gene transfer
of Ang-1 in tumor cells enhanced the coverage of vessels
with pericytes and inhibited tumor growth.37,38 Thus, the
correction of angiopoietin imbalance in tumors can be an
additional option for anti-angiogenic cancer treatment.

Tumor vessel markers for anti-vascular therapy

Destruction of the tumor vasculature or anti-vascular
therapy will provide an additional approach for cancer
therapy. Several markers have been described for the iden-
tification of tumor vessels for the targeting. They include
EN 7/44, endosialin, and endoglin (CD105).39–41 Endoglin, a
plasma membrane glycoprotein, is emerging as a powerful
marker to quantify tumor angiogenesis. Endoglin is an
accessory component of the TGF-� receptor complex.
In normal human tissues, endoglin is weakly expressed in
erythroid precursors, stromal cells, and monocytes, whereas
it is highly expressed in proliferating ECs. In various human
tumors, endoglin is mainly present on ECs of tumor vessels,
but is weakly expressed or absent on neoplastic cells. In
animal models, administration of radiolabeled anti-
endoglin monoclonal antibodies efficiently images primary
tumors, and naked or conjugated anti-endoglin monoclonal
antibody suppresses angiogenesis and tumor growth.42,43

Tumor vessels may show an aberrant gene expression
profile. St. Croix et al.44 compared the gene expression pro-
files of ECs derived from blood vessels of normal and malig-
nant colorectal tissues by using the strategy of serial analysis
of gene expression (SAGE). Of over 170 transcripts pre-
dominantly expressed in the endothelium, 79 were differen-
tially expressed, including 46 that were specifically elevated
in tumor-associated endothelium. They designated those 46
transcripts as tumor endothelial markers (TEMs). Most of

these TEMs were expressed in a wide range of tumor types,
as well as in normal vessels associated with physiological
angiogenesis in wound healing and corpus luteum forma-
tion. Among these TEMs, TEM1, TEM5, TEM7, and
TEM8 contain putative transmembrane domains and are
associated with the cell surface membrane.45 Examination
of mouse counterparts of TEMs in mouse tumors, embryos,
and adult tissues demonstrated that mTEM1, mTEM5, and
mTEM8 were abundantly expressed in tumor vessels as well
as in the vasculature of the developing embryo. These stud-
ies suggest that TEM1, TEM5, and TEM8 on tumor endot-
helium are attractive targets for the development of
anti-vascular therapies.

Lymphangiogenesis and lymph node metastasis

Tumors metastasize through blood vessels and lymphatic
vessels. Clinicopathological data suggest that the lymphatic
vessels are the initial route for the spread of tumors. Indeed,
the detection of sentinel lymph nodes provides significant
information for staging and for designing therapeutic regi-
mens. Lymphangiogenesis—the growth of new lymphatic
vessels—has long been regarded as a putative pathway to
lymph node metastasis. However, the molecular mechanism
of lymphangiogenesis has been unclear. The recent charac-
terization of VEGF-C and VEGF-D, and their cognate re-
ceptor VEGFR-3 on lymphatic endothelial cells (LECs), as
well as the development of reliable LEC-specific markers
such as lymphatic vessel endothelium HA receptor 1
(LYVE-1), have changed this situation.46 Studies in animal
models have shown that VEGF-C or VEGF-D and
VEGFR-3 are critical regulators of lymphangiogenesis and
lymph node metastasis of tumors. Thus, VEGF-C or
VEGF-D and VEGFR-3 can be considered targets for the
treatment of lymph node metastasis of various tumors.47–49

Anti-angiogenic therapy

Anti-angiogenic therapy offers several potential advantages
as an approach to cancer treatment; notably, the physical
accessibility and genetic stability of ECs. Two categories
used in the development of anti-angiogenic therapy involve
the inhibition of angiogenic factors and the application of
endogenous angiogenesis inhibitors. Although preclinical
trials of anti-angiogenic therapy have been very successful,
the initial clinical data have not been satisfying. This has led
to the reassessment of anti-angiogenic therapy for cancer.
Increased understanding of the process of angiogenesis, the
diversity of its regulators, appropriate drug schedules, and
the use of anti-angiogenic agents with other modalities may
lead to radically new treatment regimens for many of these
conditions.

Table 1 summarizes representative anti-angiogenic
agents in the National Cancer Institute (NCI) database of
recent clinical trials. Among them, agents that block the
VEGF-mediated signals are thought to be most promising.



204

Blockade of VEGF-mediated signals

Insights into the biology of tumor angiogenesis have led to
the identification of various molecules that are important
for the progression of angiogenesis. Of particular interest is
the VEGF family, because VEGF is expressed in almost all
tumors. Several different strategies have been used to in-
hibit VEGF-mediated signals, including anti-VEGF anti-
body, agents that inhibit the VEGF receptor tyrosine
kinase, soluble VEGFR-1 that traps VEGF, and so forth.
The most promising agents appear to be the monoclonal
anti-VEGF antibodies and the receptor tyrosine kinase
(RTK) inhibitors, as these have demonstrated broadspec-
trum antitumor activity in vivo and single-agent activity
in early-phase clinical trials in patients with advanced
pretreated breast and colorectal carcinoma and Kaposi’s
sarcoma.

Anti-VEGF antibody

The recent success of anticancer antibodies such as
rituximab (anti-CD20 monoclonal antibody) and trastu-
zumab (anti-HER2/Neu antibody) has created great
interest in antibody-based therapeutics for malignant he-
matopoietic neoplasms and solid tumors. Bevacizumab, a
recombinant humanized monoclonal anti-VEGF antibody,
is currently being tested clinically against a number of tu-
mor types, including nonsmall-cell lung cancer, prostate

cancer, renal cell cancer, and colorectal cancer.50 The
efficacy of bevacizumab on metastatis colorectal cancer in
phase III trial was shown in the meeting of American Soci-
ety of Clinical Oncology 2003.51

VEGFR tyrosine kinase inhibitors

In recent years, a number of promising new low-molecular-
weight anticancer drugs targeting intracellular pathways or
extracellular molecules have been developed. Such com-
pounds are tyrosine kinase inhibitors, and include imatinib
(Gleevec, Novartis Pharmaceuticals), which inhibits the
Breakpoint cluster region-Abelson (BCR-ABL) tyrosine
kinase, and gefitinib (Iressa, AstraZeneca), which inhibits
the EGF-receptor tyrosine kinase. In the past few years,
chemists have expanded the kinase selectivity profile and
identified novel classes of VEGFR inhibitors. SU-5416 is
the prototype of a selective tyrosine kinase inhibitor of
VEGFR-2.52 PTK787/ZK222584 is also a selective tyro-
sine kinase inhibitor of VEGFR-253, whereas SU6668
and ZD6474 are nonselective multitarget tyrosine kinase
inhibitors.54,55

Soluble VEGFR-1

Previous studies have revealed that one of the most effec-
tive ways to block the VEGF signaling pathway is to pre-
vent VEGF from binding to its receptors by the application
of decoy-type soluble VEGFR. VEGFR-1 exhibits about
ten times higher affinity than VEGFR-2 for its ligand,
VEGF. VEGF-Trap was created by fusing the first three Ig
domains of VEGFR-1 to the Fc region of human IgG.
A preclinical study revealed that VEGF-Trap effectively
suppressed tumor growth and neovascularization in vivo,
resulting in stunted and almost completely avascular
tumors.56

Neovastat

Neovastat is a cartilage-derived naturally occurring product
that has anti-angiogenic activities.57 Neovastat inhibits
several steps of angiogenesis, including VEGF signaling
pathways and MMP activities. Moreover, neovastat induces
tissue-type plasminogen activator activity and EC apo-
ptosis. Therefore, it is a multifunctional anti-angiogenic
agent. Results from phase I/II clinical trials indicate that
neovastat, given orally, is well tolerated. It has reached
phase III clinical trial evaluation for the treatment of solid
tumors, including nonsmall-cell lung cancer and renal cell
carcinoma.58 The median survival time of patients with renal
cell carcinoma and nonsmall-cell lung cancer was signifi-
cantly longer in patients receiving high doses of neovastat
than in those receiving low doses.

Concluding remarks

Anti-angiogenesis is regarded as a promising strategy for
cancer treatment. Anti-angiogenic agents may be

Table 1. Anti-angiogenic agents used in clinical trials in the NCI
clinical trials database

Drugs that block matrix breakdown
BMS-275291 (MMP inhibitor)
Dalteparin (Fragmin, Pharmacia and Upjohn) (low-molecular-weight
heparin)
Suramin

Drugs that inhibit endothelial cells directly
2-Methoxyestradiol
LY317615 (PKC-� inhibitor)
Soy isoflavone (soy protein isolate)
Thalidomide
CC-5013 (thalidomide analog)

Drugs that block activators of angiogenesis
Anti-VEGF antibody (bevacizumab)
VEGF-Trap (soluble VEGFR-1)
ZD6474 (VEGFR tyrosine kinase inhibitor)
Neovastat (product exracted from cartilage)
Interferon-α

Drugs that inhibit endothelial integrin
EMD 121974 (inhibitor of αv�3 and αv�5)
Medi-522 (Vitaxin, MedImmunl) (anti-αv�3 antibody)

Drugs with nonspecific mechanism of action
Carboxyamidotriazole (CAI)
Celecoxib (Celebrex, Pharmacia Canada) (COX-2 inhibitor)
Rofecoxib (Vioxx, Merck) (COX-2 inhibitor)
Halofuginone hydrobromide (a collagen type I inhibitor)
Interleukin-12

NCI, National Cancer Institute; MMP, matrix metalloproteinase; PKC,
protein kinase C; VEGF, vascular endothelial growth factor; VEGFR-
1, VEGF receptor-1; COX-2, cyclooxygenase-2
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valuable for longterm administration to maintain tumor
dormancy, because the development of drug resistance is
rare, and these agents should have a sustained effect on
ECs.

In order to achieve the benefit of anti-angiogenic agents
for cancer treatment, strategies that enhance the anti-angio-
genic activity need to be considered. Several anti-angio-
genic agents might be used in combination for the complete
inhibition of angiogenesis. Anti-angiogenic treatment is
likely to attain an important role in the adjuvant setting, and
thus may be useful after surgical resection of a primary
tumor. Also, anti-angiogenic agents may be used either
sequentially or concurrently with chemotherapy or radio-
therapy. The report of the efficacy of anti-VEGFAb is a
such case. Anti-angiogenic treatment may prolong the time
to progression, the symptom-free interval, and the overall
survival of cancer patients. In any case, careful setting and
assessment of clinical trials is most warranted.
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