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Vascular endothelial growth factor (VEGF)-A, a major

regulator for angiogenesis, binds and activates two

tyrosine kinase receptors, VEGFR1 (Flt-1) and VEGFR2

(KDR/Flk-1). These receptors regulate physiological as

well as pathological angiogenesis. VEGFR2 has strong

tyrosine kinase activity, and transduces the major signals

for angiogenesis. However, unlike other representative

tyrosine kinase receptors which use the Ras pathway,

VEGFR2 mostly uses the Phospholipase-Cγ-Protein kinase-

C pathway to activate MAP-kinase and DNA synthesis.

VEGFR2 is a direct signal transducer for pathological

angiogenesis including cancer and diabetic retinopathy,

thus, VEGFR2 itself and the signaling appear to be critical

targets for the suppression of these diseases. VEGFR1

plays dual role, a negative role in angiogenesis in the

embryo most likely by trapping VEGF-A, and a positive

role in adulthood in a tyrosine kinase-dependent manner.

VEGFR1 is expressed not only in endothelial cells but also

in macrophage-lineage cells, and promotes tumor growth,

metastasis, and inflammation. Furthermore, a soluble

form of VEGFR1 was found to be present at abnormally

high levels in the serum of preeclampsia patients, and

induces proteinurea and renal dysfunction. Therefore,

VEGFR1 is also an important target in the treatment of

human diseases. Recently, the VEGFR2-specific ligand

VEGF-E (Orf-VEGF) was extensively characterized.

Interestingly, the activation of VEGFR2 via VEGF-E in

vivo results in a strong angiogenic response in mice with

minor side effects such as inflammation compared with

VEGF-A, suggesting VEGF-E to be a novel material for

pro-angiogenic therapy.
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Introduction

In vertebrates, basially all the tissues in the body depend for

their functions on oxygen and nutrition supplied through

blood vessel systems (Risau, 1997). Furthermore, the progression

of major diseases such as cancer and diabetic retinopathies is

closely related to abnormal increases in the vascular networks

(Hanahan and Folkman, 1996). Other important diseases such

as cardiac infarction and brain infarction, however, are caused

by poor blood supply, resulting in the severe damage of these

tissues and leading to ischemic cell death. To overcome

diseases related to vascular systems, an understanding of the

molecular basis of angiogenesis is necessary. Extensive studies

have been carried out during the past two decades, and several

factors including vascular endothelial growth factor (VEGF),

angiopoietin (Ang), and ephrins were found to be major

contributors. Among them, VEGF and its receptor system is

involved in the formation of blood vessels and lymph vessels

in mammals from the earliest stages of embryogenesis

(Ferrara and Davis-Smyth, 1997; Alitalo and Carmeliet, 2002).

VEGF-A is the major player in angiogenesis among the

VEGF family, and activates two tyrosine kinase receptors,

VEGFR1 (Flt-1) and VEGFR2 (KDR in humans/Flk-1 in

mice) (de Vries et al., 1992; Shibuya, 1995; Shibuya and

Claesson-Welsh, 2005). VEGFR1 has a very tight ligand-

binding domain for VEGF-A, whereas VEGFR2 has strong

tyrosine kinase activity, and the two play different roles in

angiogenesis through unique molecular mechanisms. In this

review, the characteristics of VEGFR2, VEGFR1, and the

VEGFR2-specific ligand VEGF-E are briefly summarized.

Phylogenetical Background of VEGFRs

Mammalian VEGFRs were thought to be phylogenetically

derived from the tyrosine kinase receptor D-VEGFR/PVR

found in Drosophila. D-VEGFR is used mainly for cell

migration such as the migration of border cells, hematopoietic

cells, and epithelial cells for thorax closure (Duchek et al.,
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2001; Cho et al., 2002; Ishimaru et al., 2004). Since only one

VEGFR-related receptor gene has been isolated in nonvertebrates

such as Drosophila, all of the VEGFR family and structurally

related PDGFR family genes are considered to be generated

from a single D-VEGFR/PVR through gene-duplication/

triplication processes in the early stages of the evolution of

vertebrates. D-VEGFR transduces signals only for cell migration,

whereas VEGFRs in vertebrates generate mitotic signals for

vascular/lymphatic endothelial cells. Furthermore, PDGFRs

generate signals for the strong activation of PI3K and Ras

pathways for cell growth and transformation. Therefore, the

signaling mechanisms of these receptors are suggested to have

phylogenetically developed in a step-wise manner (Shibuya,

2002).

Structure of VEGFR1 and VEGFR2

VEGFR1 and VEGFR2 consist of 1338 and 1356 amino acids

in humans, respectively, and can be separated into 4 regions;

the extracellular ligand-binding domain, transmembrane domain,

tyrosine kinase domain, and downstream carboxy terminal

region (Shibuya et al., 1990; Terman et al., 1991; Matthews et

al., 1991; Millauer et al., 1993). VEGFR1 (Flt-1), VEGFR2

(KDR/Flk-1), and VEGFR3 (Flt-4) are highly homologous to

each other in overall structure (Shibuya et al., 1990; Alitalo

and Carmeliet, 2002), and closely related to the PDGF

receptor family including PDGFR, CSF-1 receptor (c-Fms),

SCF receptor (c-Kit), and Flt3. However, the extracellular

domain of VEGFRs contains 7 Immunoglobulin (Ig)-like

domains whereas that of PDGFRs contains 5 (Fig. 1).

The binding site for VEGF-A is located in the second Ig-

like domain in VEGFR1 and the second/third Ig-like domains

in VEGFR2. The downstream structure from the fourth to

seventh Ig-like domains in these receptors plays a major role

in receptor dimerization and activation (Keyt et al., 1996;

Tanaka et al., 1997; Shinkai et al.,1998; Fuh et al., 1998). In

the juxtamembrane region, a tyrosine residue at position 801

is well conserved among VEGFRs and the PDGFR family. In

the PDGFR, the corresponding tyrosine is phosphorylated and

binds to c-Src, resulting in a negative signaling (Heldin and

Westermark, 1999). However, in VEGFR2, 801-tyrosine is

not well auto-phosphorylated, and the phenylalanine mutant

of VEGFR2 did not show a significant difference in MAP-

kinase activation and DNA synthesis (Takahashi et al., 2001).

The tyrosine kinase domain of VEGFR1 and R2 is

separated into two portions with an approximately 70-amino

acid-long kinase-insert sequence (Fig. 1). The length of the

kinase insert is similar to that of members of the PDGFR

family, however, the structure is quite different (Terman et al.,

1991; Shibuya, 1995). The PDGFR insert sequence contains

two Tyr-x-x-Met motifs for autophosphorylation, which are

the major activating sites for the PI3 kinase-Akt pathway to

activate Ras and survival signal. These critical motifs are not

present in the entire sequence of VEGFR1 and R2, suggesting

only weak cross-talk between VEGFR1/R2 and the PI3K-Akt

pathway (Gerber et al., 1998).

Expression and Signaling of VEGFR2

In murine development, the expression of VEGFR2 is first

detected at E7.5 in mesodermal cells of the tail region

(Kaipainen et al., 1993; Shalaby et al., 1995). VEGFR1 is also

expressed at a similar stage (Fong et al., 1995). In E7.5-8.0,

VEGFR2-positive cells migrate into the head region and yolk

sac, and differentiate into primitive endothelial cells (Shalaby

et al., 1995; Hiratsuka et al., 2005). These cells form blood

islands at yolk sac, and start hematopoiesis (Shalaby et al.,

1995; Eichmann et al., 1997; Yamashita et al., 2000). From

the postnatal to adult stages, VEGFR2 is expressed mostly on

vascular endothelial cells. VEGFR2 is also expressed in a

fraction of hematopoietic cells which might be the progenitor

for endothelial cells (Asahara et al., 1999; Lyden et al., 2001).

However, the expression level appears significantly lower

than that in endothelial cells, thus, it is unclear whether

VEGFR2 at low levels in these cells could play a biological

role or not. A lower level of VEGFR2 expression is observed

in neuronal cells, osteoblasts, pancreatic duct cells, retinal

progenitor cells, and megakaryocytes (Matsumoto and

Claesson-Welsh, 2001). The biological role of VEGFR2 in

these non-endothelial cells remains to be clarified.

VEGFR2 expression is 3-5-fold higher in the tumor

vasculature than in the normal vasculature (Plate et al., 1994).

In endothelial cells, VEGF-A was shown to stimulate VEGFR2

gene expression via a positive feedback mechanism (Ferrara

and Davis-Smyth, 1997). On the other hand, most tumor cells

or leukemia/lymphoma cells do not express VEGFR2 except

for Kaposi sarcoma cells in AIDS patients. These tumor cells

have an intermediate phenotype in between that of vascular

and lymph endothelial cells, expressing low levels of

VEGFR2 and R3 (Montaldo et al., 2000).

Within the tumor tissue, the tumor cells themselves and

activated stroma cells express a high level of VEGF-A but

little VEGFR2, whereas the endothelial cells in the tumor

vasculature exhibit an upregulated VEGFR2 expression. These

expression patterns strongly suggest a paracrine loop of

VEGF-A and VEGFR2 between tumor cells and vascular

endothelial cells for the stimulation of pathological angiogenesis

(Ferrara and Davis-Smyth 1997; Alitalo and Carmeliet, 2002;

Shibuya and Claesson-Welsh, 2005).

Signal Transduction of VEGFR2

VEGFR2 is the major positive signal transducer for both

physiological and pathological angiogenesis. Shalaby et al.,

showed that VEGFR2 gene knock-out mice die at E8.0-8.5

due to a lack of vasculogenesis. This indicates that VEGFR2

signaling is essential for the differentiation of VEGFR2-



Function and Signals of VEGF-receptor-1 and -2 471

positive endothelial precursor cells into vascular endothelial

cells and for their proliferation (Shalaby et al., 1995).

Interestingly, other genetic conditions with partially reduced

VEGFR2-signaling caused by VEGF-A (+/-) heterozygosity,

a VEGF-A120/120 subtype-specific mutation, and neuropilin-

1 gene (-/-) homozygosity are embryonic lethal due to a

critical abnormality of the blood circulatory system (Carmeliet

et al., 1996; Ferrara et al., 1996; Kawasaki et al., 1999; Maes

et al., 2002). In these mice, blood vessels form and vascular

remodeling is mostly carried out, but steps such as aortic-heart

connection and blood vessel remodeling in the yolk sac are

severely impaired. These results suggest that a reduced

activation of VEGFR2 tyrosine kinase may be sufficient to

promote vasculogenesis and partial angiogenesis/remodeling,

but insufficient for critical steps such as morphogenesis of the

aorta and heart.

Upon stimulation with VEGF-A, VEGFR2 is autophos-

phorylated mostly at the carboxy terminal tail and kinase-

insert region. Several tyrosines such as residues 951, 1054,

1059, 1175, and 1214 are phosphorylated in human VEGFR2

(Shibuya and Claesson-Welsh, 2005). Among them, 1175-Tyr-

P is the binding site for the SH2 domain of phospholipase-Cγ

(PLCγ), and PLCγ is then tyrosine phosphorylated and

activates the downstream PKC (mostly PKCβ)-c-Raf-MEK-

MAP-kinase pathway (Takahashi et al., 2001) (Fig. 1).

Interestingly, the GTP-form of Ras (active Ras) is hardly

detected after the activation of VEGFR2, and dominant

negative Ras mutants could not block this PKC-dependent

MAP-kinase activation via VEGFR2 (Xia et al., 1996;

Takahashi et al., 1999). Furthermore, knock-in mutant mice

carrying a Tyr-to-Phe substitution at position 1173 (corresponding

to 1175-Tyr in humans) died at embryonic stage E9.0 due to a

lack of vasculogenesis/angiogenesis (Sakurai et al., 2005),

strongly suggesting that the VEGFR2-1175PY-PLCγ-PKC

pathway is important in vivo. This weak dependency on Ras is

unique among the receptor-type tyrosine kinases (RTKs),

since representative growth-promoting RTKs such as EGFR

utilize the activation of Ras for a variety of downstream

signaling events.

The biological meaning of this PLCγ-PKC-dependent

signaling is not clear yet, but signaling via VEGFR2, which is

milder than the Ras-pathway, could be important for

maintaining the morphology of the tubular structure in blood

vessels during angiogenesis and remodeling.

Phosphorylated 951-Tyr was shown to activate an adaptor

molecule, TSAd (T-cell specific adapter), resulting in stimulation

of a migration signal (Zeng et al., 2001; Matsumoto et al.,

2005) (Fig. 1). VEGF-A is the major permeability factor for

the accumulation of ascites fluid in tumor-bearing patients,

thus, this permeability signaling is an important target for

suppressing the formation of ascites (Luo et al., 1998; Dvorak,

2002). This permeability signal is not fully understood, but a

pathway towards the endothelial cell to cell junction and

endothelial vacuolar system appears to be crucial.

Fig. 1. VEGF family, VEGFRs, and the major signaling pathways toward angiogenesis. VEGF-A, the major ligand for angiogenesis,

binds and activates two tyrosine kinase receptors, VEGFR1 and VEGFR2. In addition, the subtype VEGF-A165 but not VEGF-A121

binds NPN-1 (Neuropilin-1) and efficiently generates the signals. Arrows downstream from VEGFRs indicate the pathways to regulate

angiogenesis, lymphangiogenesis, and cell migration. Soluble VEGFR1 appears to form a barrier between the fetal and maternal sides,

and regulates the placenta.
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VEGFR2 is also known to interact with VE-cadherin and

integrins such as αvβ3, and regulates many steps of angiogenesis

(Shay-Salit et al., 2002; Stupack and Cheresh, 2004). The

tyrosine residues on VEGFR2 involved in these interactions

are yet to be elucidated. VEGFR3, a RTK related to

VEGFR1/VEGFR2, has a key role in lymphangiogenesis.

VEGF-C, a ligand for VEGFR3, also binds and activates

VEGFR2 to some extent (Alitalo and Carmeliet, 2002) (Fig.

1). VEGFR2 is expressed in lymph endothelial cells, thus,

VEGFR2 might be partly involved in lymphangiogenesis

(Veikkola, et al., 2001; Hirakawa et al., 2005).

Involvement of VEGFR2 in Human Diseases

VEGFR2 was shown to have a major role in tumor angiogenesis

and diabetic retinopathy using animal models. On the other

hand, VEGFR1-dependent signaling is important for certain

tumor angiogenesis and the progression of rheumatoid

arthritis and atherosclerosis (Carmeliet et al., 2001; Luttun et

al., 2002; Zhao et al., 2004). VEGFR3 directly regulates the

metastasis of cancer to the lymph node. Based on these

findings, various VEGFR2 inhibitors including receptor-specific

antibodies and low molecular weight chemicals such as

BAY43-9006, PTK787/ZK222584, AZD6474, SU11248, and

KRN951 have recently been developed (Wedge et al., 2000;

Wood et al., 2000). In addition to the VEGF-A neutralizing

antibody, the use of which is already a standard treatment for

late-stage colorectal cancer in the USA (Hurwitz et al., 2004),

BAY43-9006 was recently approved by the FDA for the

treatment of renal cancer patients. Some other VEGFR-

oriented inhibitors may be used as anti-angiogenic and anti-

cancer drugs in the near future.

Signaling and Biological Functions of VEGFR1

The affinity of VEGFR1 for VEGF-A is very high, with a Kd

of about 2 to 10 pM, which is at least one order of magnitude

higher than that of VEGFR2 (deVries et al., 1992; Sawano et

al., 1996). On the other hand, the tyrosine kinase activity of

VEGFR1 is relatively weak, and VEGF-A does not stimulate

the proliferation of NIH3T3 cells overexpressing VEGFR1.

Also, PlGF and VEGF-B, VEGFR1-specific ligands, do not

stimulate significantly the proliferation of VEGFR1- and

VEGFR2-expressing primary endothelial cells in culture

(Waltenberger et al., 1994; Seetharam et al., 1995).

Another important feature of VEGFR1 is that the gene

encodes not only the mRNA for a full-length receptor but also

a short mRNA for a soluble form of the VEGFR1 protein

which carries only the extracellular domain (Shibuya et al.,

1990; Kendall and Thomas 1993). This soluble VEGFR1

could function as a natural VEGF-A inhibitor. These unique

characteristics of VEGFR1 suggest it to act as both a negative

regulator via its ligand-binding domain and a positive regulator

via its tyrosine kinase.

The downstream signaling of VEGFR1 is not fully understood

mainly due to the mild biological activity of this receptor in

culture. VEGFR1 is autophosphorylated at Tyr-1169, 1213,

1242, 1327 and 1333 (Cunningham et al., 1995; Sawano et

Fig. 2. VEGFR1 is a negative regulator for angiogenesis during embryogenesis. VEGFR1 (flt-1) gene null mutant mice die early in

embryogenesis due to the overgrowth of endothelial cells. The ligand-binding domain of VEGFR1 without the tyrosine kinase domain

rescues this abnormality, suggesting that an important role of VEGFR1 is efficient trapping of VEGF-A in early embryogenesis.
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al., 1997; Ito et al., 2001). 1169-Tyr corresponds to the 1175-

Tyr of VEGFR2 which is the major site for the MAP-kinase

pathway leading towards angiogenesis (Takahashi et al.,

2001; Sakurai et al., 2005). However, the phosphorylation of

1169-Tyr is relatively weak, and activates only mildly this

pathway (Sawano et al., 1997) (Fig. 2). 1213-Tyr is highly

autophosphorylated on VEGFR1, but its downstream pathway

is not clear yet. PI3-kinase is one of the candidates responsible

for the activation and signaling in certain conditions.

VEGFR1: A Negative Regulator for Angiogenesis 
During Embryogenesis

Fong et al., (1995) reported that VEGFR1 (Flt-1) null mutant

mice die at embryonic stage E-8.5-9.0 due the overgrowth and

disorganization of blood vessels, not due to a poor

vascularization. This result strongly suggests that VEGFR1

plays a negative role by suppressing pro-angiogenic signals in

the early embryo to establish a balance essential for

physiological angiogenesis. Since VEGFR1 has high affinity

for VEGF-A with weak tyrosine kinase activity, we tested

whether the negative role of VEGFR1 involves the ligand-

binding domain or not. Interestingly, knock-out mice lacking

the TK domain of VEGFR1 were basically healthy with

almost normal blood vessels (Hiratsuka et al., 1998). These

mice showed a defect in the migration of macrophages

towards VEGF-A. These results clearly indicate that the

ligand-binding domain along with the transmembrane domain

of VEGFR1 is sufficient for a suppressive effect on

angiogenesis in early embryogenesis (Fig. 2).

VEGFR1: A Positive Regulator in Adulthood of 
Macrophage Functions, and A Stimulator for 
Carcinogenesis, Inflammation, and Atherosclerosis

Tumor growth and metastasis. The rate of growth of some

tumors is slower in VEGFR1 TK(-/-) mice than in the wild-

type mice. Particularly, when PlGF, a VEGFR1-specific

ligand, is overexpressed in tumor cells, these tumor cells grow

faster in the wild-type mice than in VEGFR1 TK(-/-) mice

(Hiratsuka et al., 2001). The molecular mechanisms underlying

this phenomemon are under investigation.

The rate of growth of Lewis lung carcinomas in the

VEGFR1 TK(-/-) mice was similar to that in the wild-type

mice, however, the incidence of lung-oriented metastasis was

significantly lower in the VEGFR1 TK(-/-) mice (Hiratsuka et

al., 2002) (Fig. 3). Since the degree of pulmonary metastasis

after the intravenous injection of tumor cells in healthy mice

was almost the same between the wild-type and VEGFR1

TK(-/-) mice, we hypothesized that in the tumor-bearing

animals, the lung tissue readily accepts metastasizing tumor

cells. We found that (1) monocyte/macrophages significantly

infiltrate the lung before metastasis in tumor-bearing wild-

type mice but less so in the VEGFR1 TK (-/-) mice, (2)

expression of MMP9 (matrix metalloproteinase-9) is induced

in the lungs of the tumor-bearing wild-type mice but only at

one-third the level in VEGFR1 TK(-/-) mice, and (3) in

tumor-bearing MMP9-knock-out mice, macrophage-lineage

cells similarly infiltrate the lung, but metastasis is significantly

decreased. These results suggest the following pathway: first,

VEGFR1 kinase-dependent infiltration by macrophage-

lineage cells occurs in the lungs of tumor-bearing mice,

second, expression of MMP9 is induced in endothelial cells

and other cells in the lung, and third, lung-oriented metastasis

takes place (Fig. 3).

This result is similar to that reported by Kaplan et al.,

(2005), who described that bone marrow-derived cells (most

likely macrophage-lineage cells) infiltrate the lungs and other

tissues as a cluster of cells in tumor-bearing mice in a

VEGFR1-dependent manner, and this cluster provides a

metastatic site (“pre-metastatic niche”) for the original tumor.

These results imply that VEGFR1 signaling is an important

target in the suppression of cancer metastasis.

Inflammation. Recently, several groups showed that VEGFR1

is involved in the progression of rheumatoid arthritis in a

model in mice by using an anti-collagen antibody and the

KRN (the αvβ6 TCR-transgene)/NOD (non-obese diabetic)

mutation for the induction of arthritis (Lyden et al., 2001;

Luttun et al., 2002; deBandt et al., 2003). Furthermore, we

have found that VEGFR1 TK(-/-) mice show a significant

decrease in the incidence and clinical scores of HTLV-1 pX-

induced chronic arthritis compared with pX-transgenic wild-

type mice (Murakami et al., 2006). VEGFR1 could be involved

in arthritis via at least two mechanisms; the activation of

macrophage functions and an increase in angiogenesis. VEGFR1

mRNA and its protein are expressed in macrophages, and the

expression is upregulated in an activated state (Bahleon, et al.,

1996; Clauss et al., 1996; Sawano et al., 2001). VEGFR1 is

involved in the migration of macrophages towards VEGF-A.

Fig. 3. Signaling of VEGFR1 tyrosine kinase promotes lung-

metastasis through the pre-metastatic induction of MMP9 expression.

Tumor-bearing VEGFR1 tyrosine kinase-minus (TK-/-) mice show

a significant decrease in MMP9 and lung metastasis (Hiratsuka

et al., 2002).
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On the other hand, the VEGFR1-specific ligand PlGF only

slightly increased angiogenesis in vivo (Kiba et al., 2003a),

and had a very minor effect on endothelial cell proliferation in

vitro. These results suggest that the direct pathway for the

involvement of VEGFR1 in inflammatory diseases is via the

activationl/migration of macrophage-lineage cells.

Atherosclerosis, bone marrow reconstitution, and others.

Recently, several groups described a possible involvement of

abnormal angiogenesis in the progression of atherosclerosis.

Among various angiogenic factors, VEGF (particularly

VEGF-A) is considered to be important in this disease since

treatment with sVEGFR1 (sFlt-1) in mouse models of

atherosclerosis significantly suppressed the degree of disease

(Luttun et al., 2002; Zhao et al., 2004; Ohtani et al., 2004). In

addition to abnormal angiogenesis, macrophage-lineage cells

are known to play a critical role in the disease. Further studies

are necessary to dissect more clearly which receptor,

VEGFR1 or VEGFR2 or both, is the target for controlling the

progression of atherosclerosis.

VEGFR1 is expressed in cells of the macrophage-lineage

including osteoclasts which regulate bone marrow remodeling.

Niida et al., (2005) demonstrated that in the genetic background

of M-CSF-deficiency (op/op mice), VEGFR1 plays a critical

role in the reconstitution of bone marrow. In op/op,VEGFR1

TK(-/-) mice, hematopoietic bone marrow can not be

reconstituted, resulting in severe marrow fibrosis.

Although VEGFR1 by itself does not generate a strong

signal for vascular permeability activitiy, it cooperates with

VEGFR2 to significantly enhance the permeability and is

involved in several diseases (Takahashi et al., 2004).

Abnormal Expression of Soluble VEGFR1 in 
Preeclampsia

In 1990, we showed that a short mRNA of the VEGFR1 gene

is highly expressed in normal placental tissue (Shibuya et al.,

1990). Kendall and Thomas (1993) found that the short

mRNA encodes for a soluble VEGFR1 protein, and Helshe et

al., (2001) showed that this mRNA is expressed in trophoblasts

as well as endothelial cells in the placenta. In 2003, Koga et

al., and Maynard et al., found that the level of soluble

VEGFR1 in serum was abnormally high in preeclamptic

patients. Furthermore, Levine et al., (2004) reported that (1)

soluble VEGFR1 was already overexpressed in mid-pregnancy

in preeclamptic patients before clinical symptoms were

observed, and (2) there is a strong correlation between the

level of soluble VEGFR1 in maternal serum and the degree of

preeclampsia (Fig. 4). In addition, Maynard et al., (2003)

reported that when injected with soluble VEGFR1 protein

intravenously, pregnant rats developed symptoms similar to

preeclampsia such as hypertension and proteinurea. These

clinical symptoms both in human patients and in animal

models well correlate with the side effects of VEGF-A

neutralizing antibody in cancer patients, suggesting that the

preeclamptic symptoms on the maternal side are due to an

abnormal suppression of endogenous VEGF-A.

VEGF-E: A Novel VEGF-related Family Member 
Specific to VEGFR2

In 1994, Lyttle et al., described a new sequence in the Orf-

virus genome which encodes a VEGF-related protein. We

have demonstrated that the gene product, VEGF-ENZ7 (also

called Orf-VEGFNZ7), activates only VEGFR2, and strongly

stimulates endothelial cell proliferation (Ogawa et al., 1998).

To date, at least 5 family members including NZ2, NZ7, and

D1701 types have been described. Essentially all the products

of these VEGF-E genes were shown to activate only

VEGFR2 although some of them bind neuropilin-1 (Meyer et

al., 1999; Wise et al., 1999). We have described that K14-

promoter driven VEGF-ENZ7 transgenic mice show a

significant increase in subcutaneous blood vessels with minor

side effects like edema and inflammation, compared with

VEGF-A transgenic mice (Larcher et al., 1998; Zheng et al.,

2006) (Fig. 5). VEGF-E/PlGF chimeric molecules which

decrease antigenicity but maintain VEGFR2 specificity may

be useful in pro-angiogenic therapy for ischemic diseases

(Kiba et al., 2003b).

Conclusion and Future Prospectives

Based on these findings, VEGFR1 and VEGFR2 play different

roles in physiological and pathological angiogenesis. In early

embryogenesis, these receptors function in an opposite ways,

to achieve an important balance for an appropriate level of

Fig. 4. Abnormal expression of soluble VEGFR1 is involved in

preeclampsia. The normal placenta expresses mRNAs for both

full-length and soluble forms of VEGFR1 (Shibuya et al., 1990).

Soluble VEGFR1 is mostly expressed in the trophoblast layer,

suggesting an endogenous antagonistic protein makes a barrier

between fetal and maternal tissues. When the expression of

soluble VEGFR1 is abnormally high, this molecule infiltrates

various tissues such as the kidneys, and blocks endogenous

VEGF-A protein.
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angiogenesis. In adulthood, VEGFR2 appears mostly restricted

to vascular endothelial/lymph endothelial cells, whereas

VEGFR1 plays a role in both vascular endothelial and

macrophage-like cells. VEGFR1 stimulates inflammation,

tumor growth, and metastasis at least partly in a macrophage-

dependent manner. Therefore, inhibitors which specifically

block VEGFR1 or VEGFR2 may be useful to control the

VEGF-VEGFR signaling for treatment of diseases with

maximal efficacy and minimal side effects. In addition, the

relationship between the VEGFR pathway and other signaling

pathways such as Ang-Tie, Ephrin-Eph, TGF/BMP, integrins

and cadherins should be extensively studied to fully understand

the molecular basis regulating the blood circulatory system in

our body.
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