
BMB
   reports

278 BMB reports http://bmbreports.org

*Corresponding author. Tel: 81-3-5803-5086; Fax: 81-3-5803-0125;
E-mail: shibuya@ims.u-tokyo.ac.jp

Received 7 April 2008

Keywords: Anti-angiogenic therapy, Dll4, Tumor angiogenesis, 
VEGF, VEGF-receptor

Vascular endothelial growth factor-dependent and 
-independent regulation of angiogenesis
Masabumi Shibuya*
Department of Molecular Oncology, Tokyo Medical and Dental University, 1-5-45, Yushima, Bunkyo-ku, Tokyo, 113-8519, Japan

Angiogenesis, the formation of blood vessels, is essential for 
preparing a closed circulatory system in the body, and for sup-
plying oxygen and nutrition to tissues. Major diseases such as 
cancer, rheumatoid arthritis, and atherosclerosis include patho-
logical angiogenesis in their malignant processes, suggesting 
anti-angiogenic therapy to be a new strategy for suppression of 
diseases. However, until the 1970s, the molecular basis of an-
giogenesis was largely unknown. In recent decades, extensive 
studies have revealed a variety of angiogenic factors and their 
receptors, including vascular endothelial growth factor (VEGF)- 
VEGFRs, Angiopoietin-Tie, Ephrin-EphRs and Delta-Notch to 
be the major regulators of angiogenesis in vertebrates. VEGF 
and its receptors play a central role in physiological as well as 
pathological angiogenesis, and functional inhibitors of VEGF 
and VEGFRs such as anti-VEGF neutralizing antibody and small 
molecules that block the tyrosine kinase activity of VEGFRs 
have recently been approved for use to treat patients with col-
orectal, lung, renal and liver cancers. These drugs have opened 
a novel field of cancer therapy, i.e. anti-angiogenesis therapy. 
However, as yet they cannot completely cure patients, and can-
cer cells could become resistant to these drugs. Thus, it is im-
portant to understand further the molecular mechanisms under-
lying not only VEGF-VEGFR signaling but also the VEGF-in-
dependent regulation of angiogenesis, and to learn how to im-
prove anti-angiogenesis therapy. [BMB reports 2008; 41(4): 
278-286]

INTRODUCTION

The closed circulatory system consists of a network of blood 
vessels in vertebrates, and is essential for the development and 
maintenance of all tissues in the body. Through the blood ves-
sels, tissues receive oxygen and nutrition, and remove CO2 and 
final metabolites such as urea and lactic acid. In addition to 

blood vessels, the body has another tubular network, the lymph 
vessel system. Blood vessels leak liquid with nutrients into tis-
sues, but this fluid is efficiently absorbed by lymph vessels and 
returned into the circulatory system without tissue edema.
    Under pathological conditions, tumors stimulate angiogenesis, 
the formation of blood vessels, and take oxygen and nutrition for 
rapid growth (1). Furthermore, tumors utilize blood vessels and 
lymph vessels for metastasis to other tissues and lymph nodes. 
Severe inflammatory diseases also induce pathological angio-
genesis as a malignant step. The main regulator for angiogenesis 
is now known to be the VEGF and VEGFR system (2, 3), and vari-
ous inhibitors of this system are widely used for the treatment of 
solid tumors. These inhibitors significantly improve the quality of 
life and survival of patients, but as yet are not a cure. Here, I main-
ly describe VEGF-VEGFRs and their inhibitors. Finally, I discuss 
the resistance of tumors to drugs, and problems to be overcome.

VEGF family

The VEGF family belongs to the platelet-derived growth factor 
(PDGF)/VEGF supergene family, having a homodimer structure 
with 8 conserved cysteine residues in a monomer peptide (Fig. 
1, 2) (2, 4). The VEGF family has at least 7 members, VEGF-A, 
VEGF-B, VEGF-C, VEGF-D, VEGF-E, PlGF and snake ven-
om-derived VEGFs such as T.f. (Trimeresurus flavoviridis) 
svVEGF (3, 5). All members except VEGF-E and svVEGF are en-
coded in the mammalian genome. VEGF-A is a key player in vas-
culogenesis, the formation of blood vessels from progenitor 
cells, as well as angiogenesis. Surprisingly, not only homo-
zygotes but heterozygotes for the VEGF-A gene (VEGF-A+/- 
mice) die in the embryonic stage due to a variety of defects in 
angiogenesis, indicating that the basal level of VEGF-A protein 
supplied from two alleles is essential for completion of the for-
mation of a closed circulatory system (6, 7).

Subtype of VEGF-A
VEGF-A binds and activates VEGFR1 and VEGFR2 but not 
VEGFR3. The major subtypes of VEGF-A in humans are the 121, 
165, and 189-amino acid types (2). VEGF-A121 does not contain a 
basic stretch, whereas VEGF-A165 and VEGF-A189 carry basic 
stretches in the carboxyl terminal region. VEGF-A165 is the domi-
nant subtype among VEGF-A proteins in terms of amount and bi-
ological activity. Via its basic stretch, VEGF-A165 modestly binds 
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Fig. 1. Major factors and their receptors regulating angiogenesis. 
VEGF-VEGFR plays a central role in vasculogenesis and angiogenesis.
In tumor tissues, the VEGF-VEGFR system stimulates pathological an-
giogenesis in a complicated network with other signaling pathways. Fig. 2. VEGF family and VEGFRs in vertebrates. Except for fish, verte-

brates utilize three VEGF-receptor genes for angiogenesis. VEGF-A, 
the major ligand for angiogenesis, activates two tyrosine kinase re-
ceptors, VEGFR1 and VEGFR2. VEGF-C/D stimulates lymphangio-
genesis via VEGFR3. A subtype VEGF-A165 binds Neuropilin-1 (Nrp-1)
and generates stronger angiogenic signals than other subtypes.

with neuropilin-1 (Nrp1) and heparin, which contributes to a 
gradient of VEGF-A165 surrounding VEGF-A-expressing cells. 
This gradient is known to be important for the stimulation of vas-
cular endothelial cells, and for strong angiogenesis (8). Mice car-
rying only the 164-allele (VEGF-A164/164 mice: VEGF-A is one 
amino-acid shorter in mice) are viable but the other two geno-
types (VEGF-A120/120, and VEGF-A188/188 mice) are embryonic le-
thal, indicating that VEGF-A164 is essential and sufficient for nor-
mal development of blood vessels in mice (9).

Regulation of VEGF-A gene expression
The expression of the VEGF-A gene is upregulated via hypoxia 
(10, 11), estrogen, NF-κB pathways, and others. Under hypoxic 
conditions, HIFα proteins (HIF1α and HIF2α) are stabilized due 
to a block of ubiquitin-dependent degradation. Since VHL (von 
Hippel-Lindau) protein plays a major role in the degradation of 
HIFα, renal cell carcinoma patients carrying a VHL-gene-defi-
ciency (von Hippel- Lindau syndrome) generally show high lev-
els of VEGF-A mRNA and protein in tumor tissues, and strong tu-
mor angiogenesis.

PlGF and VEGF-B
These ligands bind and activate only VEGFR1. Since the ty-
rosine kinase activity of VEGFR1 is one order of magnitude 
weaker than that of VEGFR2, the angiogenic activity of PlGF 
and VEGF-B is usually about 10-fold weaker than that of 
VEGF-A. Under pathological conditions, however, an increased 
amount of PlGF as well as VEGF-A recruits bone-marrow-de-
rived monocytes/macrophages via VEGFR1 to cancer tissues or 
inflammatory lesions, and significantly enhances pathological 
angiogenesis (12-15). 

VEGF-C and -D: crucial regulators of lymphangiogenesis
VEGF-C and VEGF-D are originally synthesized in premature 
forms, and processed by digestion with furin and other propro-
tein convertases to shortest forms (16). After processing, they 
acquire a strong ability to bind VEGFR3, and induce lym-
phangiogenesis. 

    The VEGF-C gene starts to be expressed early in embryo-
genesis, and plays an essential role in the development of lym-
phatic endothelial cells from veins at E9.5-10.5 in mice. Not 
only homozygotes but also heterozygotes for the VEGF-C allele 
(VEGF-C +/- mice) often die in the perinatal stage due to a dys-
function of lymph vessels, severe systemic edema and the ac-
cumulation of lipids in body fluids. This indicates that half the 
normal level of VEGF-C protein is insufficient for the absorp-
tion of tissue fluids and lipids. VEGF-C or VEGF-D-over-
expressing tumors are lymphangiogenic and highly metastatic 
to lymph nodes, thus, these ligands are important targets for 
suppression of lymph-node metastasis.

VEGF-E and T.f. svVEGF: a unique utilization of VEGFRs
VEGF-E (also known as Orf VEGF) proteins are encoded in the 
genome of Orf virus (sheep/goat parapox-virus), and consist of 
about 120-140-amino acid long peptides (17). Eight cysteine 
residues in the monomer peptide are highly conserved similar 
to other VEGF/PDGF family members, and activate VEGFR. 
However, unlike VEGF-A, VEGF-E family proteins such as 
VEGF-ENZ2, VEGF-ENZ7 and VEGF-ED1701 bind and activate only 
VEGFR2, not VEGFR1 (18-20). We found that, unlike VEGF-A, 
VEGF-E induces angiogenesis with very low of the “side ef-
fects”, such as edema, cytokine production and inflammatory 
reactions, commonly observed both on VEGF-A treatment and 
in VEGF-A transgenic mice (Fig. 2) (21-24). These unique char-
acteristics of VEGF-E indicate humanized VEGF-Es to be good 
candidates for proangiogenic agents (25-27).
    T.f. (Trimeresurus flavoviridis) svVEGF is a VEGF-like pro-
tein purified from snake venom called “Habu-toxin”, which 
was obtained from Habu-snakes living in Southern Japan. 
Interestingly, T.f. svVEGF binds tightly with VEGFR1 but weak-
ly with VEGFR2, resulting in strong vascular permeability ac-
tivity with only weak angiogenic activity (28). This perme-
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ability-dominant activity of T.f. svVEGF may be a result of its 
unique VEGFR1-dominant/VEGFR2-weak activation in vas-
cular endothelial cells, and is considered important for the 
snakes to rapidly distribute the real toxins in their venom into 
target animals.

VEGF receptors 

The VEGFR family consists of three members, VEGFR1, 
VEGFR2 and VEGFR3, and is structurally distantly related to 
the PDGFR family (Fig. 2). PDGFR family receptor tyrosine 
kinases have 5 immunoglobulin-like (Ig) domains in the ex-
tracellular region, whereas VEGFRs have 7 Ig domains (29-32). 
VEGFR1 and VEGFR2 bind VEGF-A, and play a central role in 
the regulation of angiogenesis, whereas VEGFR3 tightly binds 
VEGF-C and -D, and stimulates lymphangiogenesis (33, 34).

VEGFR1/Flt-1 (Fms-like tyrosine kinase-1): flt-1 TK-/- mice are 
useful for analysis of VEGFR1 signaling in various diseases
VEGFR1 has a very high affinity for VEGF-A at Kd= 2 to 10 pM, 
however, its tyrosine kinase activity is weak, about 10-fold low-
er than that of VEGFR2. Based on this weak activity, under phys-
iological conditions, VEGFR1 only weakly stimulates endothe-
lial proliferation. VEGFR1 is expressed not only on vascular en-
dothelial cells but also in monocyte/macrophage-lineage cells, 
and stimulates migration of these bone-marrow-derived cells 
(35-37). Macrophages that have migrated via VEGF-A (or 
PlGF)-VEGFR1 signaling into tumor tissues or inflammatory 
areas stimulate pathological angiogenesis as well as lym-
phangiogenesis by secretion of VEGF-A, VEGF-C, and other cy-
tokines (15, 38-40).
    VEGFR1-null mutant mice die at E8.5-9.0 due to an over-
growth and dysfunction of blood vessels, suggesting a negative 
role of VEGFR1 in angiogenesis early in embryogenesis (41). 
Surprisingly, VEGFR1 tyrosine kinase domain-deficient mice 
(flt-1 TK-/- mice) are basically healthy, thus, the negative role 
of VEGFR1 is dependent on the extracellular region, most like-
ly by trapping the endogenous VEGF-A to decrease its local 
concentration (42).
    flt-1 TK-/- mice under physiological conditions have no phe-
notype except for a minor reduction of osteoclasts in bone mar-
row, but under pathological conditions such as rheumatoid ar-
thritis (RA) and cancer, the levels of malignancy of these diseases 
are significantly reduced. In the RA model, inflammatory cell in-
filtration was strongly decreased, and inflammation at the joints 
was much less extensive in flt-1 TK-/- mice than in wild-type 
mice. In a tumor transplantation model, tumor growth at local 
sites decreased accompanied by less infiltration of macrophages 
and less angiogenesis. Premetastatic induction of MMP9 in dis-
tant tissues was about one-third, and the degree of metastasis 
was significantly reduced in flt-1 TK-/- mice compared with 
wild-type mice (13). Treatment of tumor-bearing wild-type mice 
with anti-VEGFR1 neutralizing antibody resulted in a similar re-
duction in metastasis (43).

Soluble VEGFR1 (sFlt-1): an important mediator in 
preeclampsia
The VEGFR1 gene expresses two types of mRNA, one for the 
full-length VEGFR1 receptor, and another for the ligand-bind-
ing region alone as a secreted soluble protein (sFlt-1) (30, 44). 
This unique feature is conserved not only in mammals but also 
in other animals including birds and amphibians, suggesting a 
crucial role in embryogenesis (45). The level of sFlt-1 protein 
was reported to be abnormally high in the serum of pre-
eclampsia patients, and recent studies indicated that abnormal 
trapping of natural VEGF-A with a large amount of sFlt-1 re-
sults in hypertension and proteinuria, the major symptoms on 
the maternal side of preeclampsia (46-48). Thus, sFlt-1 is an 
important target in the treatment of preeclampsia.
    VEGFR1 is reported to have other functions, and a recent re-
port described that VEGFR1 is involved in the maintenance of 
cancer stem cells in certain type of tumors by stimulating surviv-
al signals in the cells (49-50).

VEGFR2: a single autophosphorylation at 1175-tyrosine plays 
a major role in signaling for angiogenesis
VEGFR2 (KDR in humans, Flk-1 in mice) exhibits strong ty-
rosine kinase activity although its ability to bind with VEGF-A 
is about one order of magnitude weaker than that of VEGFR1. 
flk-1 (-/-) mice die at E8.5 due to a lack of blood vessels, in-
dicating that VEGFR2-signaling is essential for the develop-
ment of vascular systems in the embryo (51). We and others 
have shown that this receptor tyrosine kinase efficiently acti-
vates the PLCγ (phospholipase-Cγ) and PKC pathway, and its 
downstream c-Raf-MEK-MAP-kinase pathway towards DNA 
synthesis in endothelial cells (52, 53). Activation of the 
Ras-pathway, which is involved in the signaling of representa-
tive tyrosine kinase receptors such as EGFR, is minor in 
VEGFR2 signaling. Furthermore, a single autophosphorylation 
site, 1175-tyrosine, is critical for the binding of PLCγ and acti-
vation of the PLCγ-PKC pathway (54). The importance of 
1175-tyrosine in vivo was proved by the finding that a phenyl-
alanine mutation at this tyrosine in mice (flk-1 1173F/1173F 
mice) induces embryonic lethality at E8.5-9.0 due to a lack of 
development of blood vessels (Fig. 2) (53). 
    VEGFR2 generates a variety of angiogenic signals not only for 
endothelial proliferation but for cell migration/morphogenesis in-
cluding tubular formation. The 951-tyrosine was shown to regu-
late cell migration by binding with an adaptor, TSAd (56). Nrp1, 
a co-receptor for VEGF-A165, binds the basic stretch of VEGF-A165, 
increases the affinity of VEGF-A165 for VEGFR2, and enhances 
signaling (57).

VEGFR3: an essential signal-transducer for 
lymphangiogenesis
VEGFR3 is mainly expressed in lymph-endothelial cells, and 
regulates lymphangiogenesis with its ligands, VEGF-C and -D 
(33, 58). An inactivation mutation at the VEGFR3 tyrosine kin-



VEGF-dependent and -independent regulation of angiogenesis
Masabumi Shibuya

281http://bmbreports.org BMB reports

Fig. 3. Malignancy of solid tumors is dependent on new blood vessel
formation. A variety of angiogenic factors are secreted from tumor cells
and tumor-stromal cells, and stimulate angiogenesis as well as lym-
phangiogenesis. Tumors induce expression of MMP9 and other cytokines
in distant organs, and stimulate the formation of a niche (premetastatic
niche), which facilitates metastasis and lymph-node metastasis. 

Fig. 5. VEGF-VEGFR-targeting medicines for suppression of patho-
logical angiogenesis. Bevacizumab, an anti-VEGF-A neutralizing anti-
body, and multi-tyrosine kinase inhibitors (Sorafenib, and Sunitinib) 
are now used for patients with various solid tumors. An aptamer, 
Pegaptanib (macugen), as well as an anti-VEGF-A antibody was ap-
proved for the treatment of AMD patients. Drugs in red-frames are
those approved by FDA. After the long-term usage of anti-VEGF-VEGFR
medicines, tumors might become resistant to these drugs, thus, further
development of anti-angiogenic therapy is necessary.

Fig. 4. First anti-angiogenic drug for treatment of cancer patients. 
Schematic representation: Phase-III clinical trial of bevacizumab (anti-
VEGF-A neutralizing antibody) in combination with chemotherapy 
showed a significant improvement in the survival of late-stage color-
ectal cancer patients.

ase domain in humans results in familiar lymph-edema syn-
drome (Milroy disease) due to insufficient development of 
lymph vessel systems. The signaling pathway from VEGFR3 is 
not fully understood yet. PLCγ-PKC pathway was activated af-
ter VEGF-C stimulation (59). On the other hand, activation of 
the Ras-pathway was also reported. It is of interest to see 
whether both pathways are equally activated or one of them 
plays a major role in lymphangiogenesis. 

VEGF-VEGFR inhibitors applied for clinical use.

Anti-cancer drugs
Most of the solid tumors generated in breast, lung, renal, color-
ectal and liver tissues express high levels of VEGF-A compared 
to normal tissues due to hypoxic stress and the activation of 
oncogenes (Fig. 3) (1). In addition, VEGF-A has strong vascular 
permeability activity, and significantly contributes to the for-
mation of ascites tumors (4, 60).
    Anti-human VEGF-A neutralizing antibody was previously 
shown to significantly decrease the growth of transplantable hu-
man tumors in nude mice, suggesting the blocking of VEGF-A to 
be useful for the suppression of solid tumors in humans (61). 
Bevacizumab (AvastinR: humanized anti-human VEGF-A neu-
tralizing antibody) significantly improved the disease-free sur-
vival rate as well as overall survival rate in late-stage colorectal 
cancer patients in a phase-III clinical trial (Fig. 4) (62), and has 
been approved by the Food and Drug Administration (FDA) in 
the U.S.A. for use in the treatment of stage-III-IV colorectal can-
cer in combination with chemotherapy. Bevacizumab was also 
approved for the treatment of non-squamous non-small cell 
lung cancers, the major type of which is pulmonary ad-
eno-carcinoma (63). The main reason that it has not been ap-
plied to squamous-type lung cancer is a risk of severe thrombo-
sis and hemorrhage (64). 

    Since VEGFR is a typical tyrosine kinase, various small 
chemicals that block kinase activity have been tested in the 
clinical field, and so far two such inhibitors, Sorafenib (Raf and 
VEGFR inhibitor) and Sunitinib (VEGFR and other tyrosine kin-
ase inhibitors), have been approved for the treatment of renal 
cell carcinoma. These inhibitors significantly improved the sur-
vival of renal cell cancer patients compared with the previous 
therapeutic strategy using cytokines. Furthermore, in late 2007, 
the FDA approved Sorafenib for the treatment of hepatocellular 
carcinoma patients based on a clinical study (Fig. 5).
    VEGF and VEGFR inhibitors have significantly improved the 
survival and disease-free survival of patients with cancers. 
However, in several cancers such as pancreas cancer, these in-
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hibitors appear less effective or have almost no clear effect, 
probably due to less of a dependency of the growth and in-
vasion of these tumors on pathological angiogenesis. Indeed, 
many pancreas cancer tissues were shown to be poorly angio-
genic, and slowly invasive to surrounding tissues and lymph 
nodes than typical solid tumors such as colon cancer.

Anti age-related macular degeneration (AMD)
The level of VEGF-A is elevated in the retina of patients with 
malignant-type AMD, and induces pathological angiogenesis 
in the retina. An aptamer, an RNA-derivative-based molecule, 
which blocks activity of VEGF-A165 is approved by FDA, and 
widely used for the treatment of AMD. Furthermore, an an-
ti-VEGF-A neutralizing antibody similar to bevacizumab was 
developed for the treatment of AMD, and found to be highly 
effective. Injection of the antibody into the eye significantly 
improved the visual activity of AMD patients.

Adverse effects of VEGF-VEGFR inhibitors
Three major side effects are seen in patients treated with these 
inhibitors; (1) hypertension, (2) proteinuria/renal dysfunction, 
and (3) thrombosis and hemorrhage. The molecular basis of 
this hypertension is still unclear, however, preeclampsia pa-
tients overexpressing sFlt-1 (soluble VEGFR1), a natural 
VEGF-A blocker, show hypertension, suggesting a similar 
mechanism in these two cases for the induction of high blood 
pressure. It might be due to too much blocking of physio-
logical VEGF-A in the body, and this type of hypertension is 
usually controllable using regular anti-hypertensive drug(s).
    Proteinuria caused by VEGF-signaling inhibitors is also com-
mon among inhibitor-treated cancer patients and preeclampsia 
patients, thus, it seems possible that strong inhibition of endog-
enous VEGF-A in the kidney impair the function of vascular 
endothelial cells in glomeruli of the kidney, resulting in the 
leakage of serum proteins from glomerular endothelial cells. 
To date, specific drugs for the treatment of this proteinuria 
have not been developed.
    Thrombosis and hemorrhage are rare, but can be life 
threatening. These adverse effects may be tightly linked to the 
suppressive activity of VEGF-signal inhibitors toward the func-
tion and survival of endothelial cells in tumor angiogenesis. 
Thus, such side effects might not be easily avoided because 
the original effects of drugs were on the vascular systems. 
Specific drugs to suppress such side effects, abnormal bleeding 
and thrombosis, should be developed to increase the safety of 
VEGF-VEGFR inhibitors.

Resistance to VEGF-VEGFR inhibitors
At least two types of resistance to anti-VEGF or anti-VEGFR 
treatment could be considered to occur. The first is that the tu-
mor cell itself (or tumor tissue itself) is originally less sensitive 
to anti-VEGF signaling drugs due to less of a dependency of tu-
mors on the secreted VEGF-A, or on the VEGFR signaling. The 
former may be resistant to anti-VEGF-A antibody, and the latter 

may be resistant to VEGFR TK inhibitors. In the resistance to 
the anti-VEGF-A antibody, we should consider the possibility 
of an intracrine-autocrine loop of VEGF-VEGFR within the tu-
mor endothelial cell apparatus such as Golgi apparatus (65). In 
addition, other growth factors such as PlGF and VEGF-B may 
play a significant role in angiogenesis (66). In the resistance to 
TK-inhibitors, intracellular signaling in endothelial cells via the 
Src-family, Ras-Raf, or PI3K-Akt pathway insensitive to the 
VEGFR TK inhibitors, might become major angiogenic signals 
in tumor tissues.
    The second-type of resistance is an acquired resistance dur-
ing the treatment of cancer patients with VEGF-VEGFR inhibi-
tors. When anti-angiogenic therapy is very effective, much of 
the tumor vasculature seems to disappear due to apoptotic cell 
death and the “normalization” of blood vessels in tumor tissues. 
Due to this dramatic decrease in tumor angiogenesis, the sup-
ply of oxygen and nutrition to tumor cells may decrease in a 
short period of time, and tumor cells are placed under strong 
stress due to hypoxia and low nutrition. This stress induces 
massive tumor cell death, and the tumor’s volume decreases 
significantly. However, as with other anti-cancer drugs, a few 
tumor cells might acquire resistance via intracellular metabolic 
change and/or via an increased invasive phenotype. The mo-
lecular basis underlying such phenotypes is still to be eluci-
dated, thus, it is important to study further the VEGF-depend-
ent pathway as well as VEGF-independent pathway for angio-
genesis in mammals.
    In the next few pages, I present a brief summary of the 
VEGF-independent regulation of angiogenesis since a number 
of review articles have already been published on this topic.

VEGF-independent regulation of angiogenesis

Pro-angiogenic pathways
The Angiopoietin-Tie family and EphrinB2-EphB4 signaling sys-
tems are relatively specific to the vascular system (Fig. 1). Ang1 
stimulates mostly the PI3K-Akt pathway as a survival signal, 
and stabilizes blood vessels. Since natural Ang1 protein easily 
aggregates and is difficult to handle, an artificially modified 
Ang1 such as Comp-Ang1 or Ang1* may be useful for proan-
giogenic therapy (67, 68). Ang2 acts as a partial agonist or an-
tagonist of Ang1 signaling. When enough VEGF-A exists, the 
unstabilizing effect of Ang2 enhances angiogenic responses, 
however, with little or no VEGF, Ang2 is known to decrease 
angiogenesis via unstabilization of vessels and apoptosis of vas-
cular endothelial cells. 
    EphrinB2-EphB4 is thought to regulate the differentiation of 
arteries and veins, being less effective for the proliferation of 
endothelial cells (69). The Delta-Notch pathway is shown not 
only to regulate artery-vein differentiation but also to stimulate 
blood vessel formation (Fig. 1). Recent studies clarified that 
Dll4, Delta-like 4 ligand, is secreted from endothelial cells, 
and contributes to angiogenesis by suppressing non-functional 
sprouting of vascular endothelial cells. Thus, Dll4 knock-out 
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mice show more abnormal sprouting but fewer functional 
blood vessels, resulting in a poor circulatory system (70). An 
inhibitor for Dll4 such as a neutralizing antibody may have an 
anti-angiogenic effect by increasing non-functional endothelial 
sprouting and branching (71). Dll4-inhibitor might be a candi-
date for a drug to suppress the growth of tumors, which have 
become resistant to VEGF-VEGFR inhibitors. 
    Growth factors such as FGF, EGF, and HGF, are not specific 
to vascular endothelial cells but stimulate a variety of cells in-
cluding endothelial cells. In nearly physiological conditions, 
i.e. a coculture system with human umbilical vein endothelial 
cells (HUVECs) and normal human fibroblasts, these growth 
factors stimulated angiogenesis only in the presence of VEGF 
(72). It is still open to question whether in certain pathological 
states, some of these factors stimulate angiogenesis in-
dependent of VEGF-signaling.
    PDGF is an important regulator of angiogenesis via stim-
ulation of the proliferation and survival of smooth muscle cells 
and pericytes. However, at least in certain culture conditions, 
PDGF also directly stimulates endothelial cell growth, thus, it 
is of interest whether under pathological conditions or after 
massive anti-VEGF therapy, PDGF becomes a major player to 
stimulate the proliferation of vascular endothelial cells or not. 

Anti-angiogenic pathways independent of VEGF signaling
Angiostatin and endostatin were reported to be natural anti-an-
giogenic proteins in the body. However, their receptors and 
the molecular basis of their actions are still not clear, thus, 
their anti-angiogenic effects on tumors in mammals should be 
extensively studied.
    TSP-1 (thrombospondin-1), BMP4 (bone morphogenetic pro-
tein 4), chondromodulin and others are reported to have an-
ti-angiogenic activity in vitro and in vivo. Using a transgenic 
mouse model for VEGF-E under the control of the K14-pro-
moter, we found that TSP-1 is secreted from epithelial basal 
cells and suppresses the pro-angiogenic effect of VEGF-E 
which was also secreted from the basal cell layer. TSP-1 has 
been studied in many laboratories, and it was proposed that 
CD36, a receptor for TSP-1 expressed in vascular endothelial 
cells, plays a major role in the anti-angiogenic pathway. 
However, we have found that the growth of HUVECs not ex-
pressing enough CD36 is suppressed by TSP-1 via a novel 
mechanism. In HUVECs, TSP-1 induced expression of p21 and 
unphosphorylated form of Rb, resulting in cell growth arrest 
and anti-angiogenesis (73).
    BMP4 is usually thought to promote morphogenesis in em-
bryos including angiogenesis. Interestingly, we have shown 
that BMP4 is an important anti-angiogenic factor in the degen-
eration of the vascular network in the papillary membrane in 
newborn mice. Furthermore, the response to BMP4 differs 
with the type of endothelial cell. Venous and capillary endo-
thelial cells are sensitive to BMP4, being apoptotic cell death 
in the presence of BMP4. On the other hand, arterial endothe-
lial cells are resistant to BMP4-induced apoptosis, most likely 

due to the specific gene expression of “inhibitory Smads” such 
as Smad6 and Smad7 (74, 75). The levels of inhibitory Smads 
(I-Smads) are very low in venous and capillary endothelial 
cells, suggesting that a difference in Notch signaling in arterial 
and venous endothelial cells results in a different expression of 
I-Smads. Some of these anti-angiogenic molecules acting in-
dependently of VEGF-signaling could be good candidates for 
drugs to treat patients with tumors resistant to anti-VEGF-VEGF 
R drugs and patients with chronic inflammation such as RA 
patients.

Conclusion

Under physiological and most pathological conditions, VEGF 
and VEGFRs are crucial for the formation and maintenance of 
blood vessels. Thus, VEGF-VEGFR inhibitors are now widely 
used for a variety of solid tumors all over the world. However, 
after extensive treatment, tumor tissues and tumor vessels 
might change and acquire resistance to these drugs. Therefore, 
VEGF-independent pathways as well as VEGF signaling itself 
should be extensively studied for better understanding of the 
regulation of angiogenesis, and to develop novel anti-angio-
genic drugs. 
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