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Vascular endothelial growth factor receptors (VEGFRS) in vertebrates play essential roles in
the regulation of angiogenesis and lymphangiogenesis. VEGFRs belong to the receptor-type
tyrosine kinase (RTK) supergene family. They consist of a ligand-binding region with seven
immunoglobulin (7 1g) -like domains, a trans-membrane (TM) domain, and a tyrosine kinase
(TK) domain with a long kinase insert (Kl) (also known as a type-V RTK). Structurally, VEGFRs
are distantly related to the members of the M-colony stimulating factor receptor/platelet-
derived growth factor receptor (CSFR)/(PDGFR) family, which have five immunoglobulin
(5 1g)-like domains. However, signal transduction in VEGFRs significantly differs from that
in M-CSFR/PDGFRs. VEGFR2, the major signal transducer for angiogenesis, preferentially
uses the phospholipase Cy-protein kinase C (PLC-y-PKC)-MAPK pathway, whereas M-CSFR/
PDGFRs use the P13 kinase-Ras-MAPK pathway for cell proliferation. In phylogenetic de-
velopment, the VEGFR-like receptor in nonvertebrates appears to be the ancestor of the 7 Ig-
and 5 1g-RTK families because most nonvertebrates have only a single 7 Ig-RTK gene. In
mammals, VEGFRs are deeply involved in pathological angiogenesis, including cancer and
inflammation. Thus, an efficient inhibitor targeting VEGFRs could be useful in suppressing
various diseases.

ngiogenesis, blood vessel formation, is es-
Asential for supplying oxygen and nutrients
to the tissues and for removing carbon dioxide
and waste materials (Hanahan and Folkman
1996; Risau 1997). Furthermore, lymph ves-
sels are crucial for the absorption of tissue
fluids and the recovery of tissue-infiltrated
lymphocytes. In the 1980s, two proteins, vas-
cular permeability factor (VPF) and vascular
endothelial growth factor receptors (VEGF),
were independently isolated. However, in 1989,
these proteins were found to be identical and
encoded by a single gene (Ferrara and Davis-
Smith 1997; Dvorak 2002). This protein, named

VEGF (or VEGF-A), has a homodimeric struc-
ture with three intramolecular and two inter-
molecular disulfide (S—S) bonds. However, its
receptor and signaling patterns were yet to be
elucidated.

In 1990, we isolated from human placenta
a novel receptor-type tyrosine kinase (RTK)
c¢DNA encoding a protein with seven Ig-like do-
mains in its extracellular region. We designated
it Flt-1 (Fms-like tyrosine kinase-1; the first
type-V RTK) because of its similarity with the
Fms (M-CSFR) and PDGFR family (Fig. 1)
(Shibuya et al. 1990; Shibuya 1995). On the ba-
sis of this similarity, the ligand of Flt-1 was
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Figure 1. The VEGF-VEGEFR system and its inhibitors. VEGF (VEGF-A) and its receptors, VEGFR1 and
VEGFR2, play a major role in vasculogenesis and angiogenesis. VEGFR3 regulates not only lymphangiogenesis
but also angiogenesis under pathological conditions. Neuropilins (Nrp)-1 and Nrp-2 function as coreceptors
for VEGFRI and VEGEFR2, respectively, and efficiently stimulate VEGFR signaling. A heterodimer formed
between two receptors, such as VEGFR1/VEGFR2 and VEGFR2/VEGFR3, was reported to regulate angiogen-
esis as well as lymphangiogenesis. Various inhibitors were developed to suppress this system, and some of them

are now widely used clinically.

suggested to be a protein with a homodimeric
structure, such as M-CSF and PDGE In 1992,
De Vries et al. (1992) reported tight binding and
activation of Flt-1 with VEGE indicating that
Flt-1 is the first receptor for VEGF (VEGFR1).

Several years later, two RTKs structurally
related to Flt-1 were isolated: one was KDR/
Flk-1 (kinase-insert [KI] domain receptor in
humans /fetal liver kinase-1 in mice; VEGFR2),
while the other was Flt-4 (VEGFR3) (Mat-
thews et al. 1991; Terman et al. 1991; Alitalo
and Carmeliet 2002). VEGF binds VEGFRI1
and VEGFR2, but not VEGFR3. Other VEGF
family members, VEGF-C and VEGF-D, bind
VEGEFR3 and activate it for lymphangiogenesis
(Joukov et al. 1997; Achen et al. 1998).

When we isolated full-length fIt-1 cDNA, we
also found a short 3-kb-long flt-1 mRNA, en-
coding a peptide without a TK domain that was
highly expressed in normal placenta (Shibuya
et al. 1990). This short flt-1 mRNA was later
reported to encode a soluble Flt-1 (sFlt-1) pro-

tein without trans-membrane (TM) and TK
domains (Kendall and Thomas 1993; Hornig
et al. 2000; Helske et al. 2001). Soluble Flt-1 is
strongly expressed in the placental trophoblasts
and is abnormally expressed in preeclampsia
(Koga et al. 2003; Maynard et al. 2003). The
main function of sFlt-1 is considered to be trap-
ping of endogenous VEGE Thus, extreme trap-
ping and suppression of VEGF in various tissues
of the body may result in the hypertension and
proteinuria observed in preeclampsia patients
(Levine et al. 2004).

VEGF heterozygotic knockout mice (VEG
F-A"/" mice) are embryonic lethal because of
immature development of angiogenesis, indi-
cating that the concentration of VEGF is tight-
ly regulated in tissues during embryogenesis
(Carmeliet et al. 1996; Ferrara et al. 1996). The
VEGF-VEGFR system is the major regulator
of angiogenesis. Therefore, this system is an at-
tractive target for antiangiogenic therapy and
proangiogenic therapy.
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STRUCTURAL CHARACTERISTICS OF
VEGFRs AND THEIR RELATIONSHIP
WITH OTHER RTKs

Mammals possess three VEGFR genes, namely,
VEGFRI, VEGFR2, and VEGFR3, which pro-
duce four proteins, namely, VEGFR1, VEGFR2,
VEGEFR3, and sFlt-1 (sVEGFR1) (Shibuya and
Claesson-Welsh 2006). The three receptors have
7 Ig-like domains that, except for the fourth Ig-
like domain, possibly form S—S bonds. Unlike
the other domains, the fourth domain does not
have cysteines, suggesting that its tertiary struc-
ture is different from the others (Shibuya et al.
1990). In addition, the extracellular region of
VEGEFR3 is cleaved by a protease at the fifth Ig
domain, and the amino-terminal and carboxy-
terminal peptides are fixed with an S—S bond
in the functional receptor (Alitalo and Carme-
liet 2002).

The overall structure of the first to fifth Ig
domains in VEGFRs is very similar to the extra-
cellular region of the M-CSFR/PDGEFR family,
the type-III RTKs. The region spanning from
the second to third Ig regions of M-CSFR/
PDGFRs is the ligand-binding site. Similarly,
the same regions in VEGFRs contain the bind-
ing regions for VEGF and VEGF-family mem-
bers (Keyt et al. 1996; Tanaka et al. 1997; Shinkai
et al. 1998). For the ligand-dependent activa-
tion of VEGFRs, Yang et al. (2010) recently re-
ported that a direct interaction between the ex-
tracellular domains of two receptors is required.

VEGFRT1: Dual Roles in Angiogenesis
and the Antiangiogenic Effect
of the Ligand-Binding Domain

VEGEFRI binds VEGF at a very high affinity of
K,;= 1-10 pmol,and binds two other members
of the VEGF family, namely, placental growth
factor (PIGF) and VEGF-B (Sawano et al.
1996; Ferrara 2004; Shibuya and Claesson-Welsh
2006). Mice deficient in flt-1 (fli-1 /™~ mice) die
at embryonic day (E) 8.0—8.5 because of over-
growth and disorganization of blood vessels
(Fong et al. 1995). This phenotype suggests
that VEGFR1 plays a negative role in angiogen-
esis during early embryogenesis and that it is

VEGFR Activation and Signaling

needed to maintain an appropriate balance be-
tween the positive and negative regulators.

Because the affinity of VEGFR1 for VEGF
is very high, the negative role of VEGFR1 sug-
gests two possibilities: the ligand-binding re-
gion of VEGFR1 may trap VEGE or TK acti-
vation in VEGFRI may transduce a negative
signal. To distinguish these possibilities, we gen-
erated TK domain-deficient mice ( flt-1 TK =/
mice) by a knockout procedure. To our surprise,
flt-1 TK ™/ mice were healthy, and angiogen-
esis was normal in the embryos (Fig. 2) (Hirat-
suka et al. 1998). These results clearly indicate
that the negative role of VEGFR1 in angiogen-
esis is localized to the ligand-binding domain
of the receptor, and it, most likely, involves
trapping VEGF and decreasing its concentra-
tion around vascular endothelial cells (EC). In
flt-1 TK /™ mice, VEGF-dependent migration
of macrophages was deficient, supporting the
idea that VEGFR1 also generates a positive sig-
nal, for example, one that stimulates cell migra-
tion (Barleon et al. 1996; Clauss et al. 1996;
Hiratsuka et al. 1998; LeCouter et al. 2003).

Additional studies addressed whether the
ligand-binding region of VEGFR1 needed to be
localized on the membrane of vascular endo-
thelial cells (ECs) in order to play a negative
role in angiogenesis. To clarify this, knockout
mice were generated in which the TM domain
as well as the TK domain of VEGFR1 was miss-
ing (flt-1 TM-TK /~ mice). In the mutant
mice, approximately half the littermates were
embryonic lethal, but the other half were
healthy, similar to the flt--1 TK /™ mice (Hi-
ratsuka et al. 2005). Therefore, these results sug-
gest that the ligand-binding region of VEGFR1
should be fixed on the cell membrane to func-
tion appropriately as a negative regulator of
angiogenesis. If the TM domain is missing, the
mortality of the embryo may depend on the lo-
cation of the solubilized VEGFR1. When the
peptide is mostly localized near the membrane
of vascular ECs, it works properly as a negative
regulator just as in flt-1 TK —/= mice; however,
when it is localized far from the membrane, its
regulatory activity does not work properly, re-
sulting in disorganization of blood vessels and
embryonic lethality.
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Figure 2. VEGFRI has dual roles, positive and negative, in angiogenesis. VEGFRI has a strong binding affinity
for VEGE but its kinase activity is much weaker than that of VEGFR2. VEGFR1 knockout mice (i.e., flt-1 -/
mice) die during early embryogenesis because of overgrowth of angiogenesis, indicating a negative role for

VEGEFRI in angiogenesis. VEGFR1-signal-deficient mice (i.e., flt-1 TK

~ mice), organize blood vessel struc-

ture in a normal manner. Thus, the negative function of VEGFRI localizes to the ligand-binding domain. fI-1
TM-TK /™ mice indicate that about half of littermates are healthy but the other halfare embryonic lethal due to

poor development of blood vessels.

VEGFR2: The Major Positive Signal Transducer
for Angiogenesis

VEGF*/~ heterozygous mice die at the embry-
onic stage because of insufficient organization
of blood vessel formation. Instances of haploid
insufficiency like VEGF gene are very rare in
mammals, indicating that the degree of positive
signal from the VEGF-VEGER system is tightly
regulated in the body.

VEGEFR2 is the second high-affinity recep-
tor for VEGF: its binding affinity is about one-
tenth that of VEGFR1. However, the TK ac-
tivity of VEGFR2 is about 10-fold stronger
than the TK activity of VEGFRI1, suggesting
that VEGFR2 is the major signal transducer for
angiogenesis. Mice deficient in VEGFR2 ( flk-
17/ mice) were embryonic lethal at E8.5, be-
cause of lack of vasculogenesis/angiogenesis,
indicating that VEGFR2 is the main positive sig-
nal transducer for blood vessel formation in em-
bryogenesis (Shalaby et al. 1995).

VEGEFRI and VEGFR?2 are highly homolo-
gous at the amino acid level. Particularly, tyro-
sine residues in the carboxy-terminal region are
well conserved: Y1175 in VEGFR2 and Y1169 in

VEGFR1 are part of similar amino acid motifs
(Shibuya 1995), and appear to be crucial for
downstream signaling, as discussed below.

VEGFR3: Regulator of Both Lymph Vessel
and Blood Vessel Formation

VEGFRS3 is expressed in lymph ECs as well as
in venous ECs during early embryogenesis.
VEGFR3 binds VEGF-C and VEGF-D (Alitalo
and Carmeliet 2002; Lohela et al. 2009). These
ligands are synthesized in precursor forms that
have limited affinity for the receptor. However,
after processing in both amino- and carboxy-ter-
minal portions, the matureligands bind VEGFR3
with a higher affinity (Joukovet al. 1997; McColl
et al. 2007). In addition, mature VEGF-C and
VEGF-D bind VEGFR2 at a lower affinity and
can activate the receptor. Although VEGF-C
and VEGF-D can activate both VEGFR3 and
VEGFR2, a mutant of VEGF-C, VEGF-CI156S,
which binds and activates only VEGFR3, stimu-
lates lymphangiogenesis equally well as wild-
type VEGF-C does in the keratin-promoter-
driven transgenic mouse system (Veikkola et
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al. 2001). This suggests that the activation of
VEGEFR3 is sufficient for signaling toward lym-
phangiogenesis.

VEGFR3 knockout mice ( ﬂt—4_/ ~ mice)
die because of disorganization of blood vessels
at E9.5 when lymphangiogenesis has not yet
occurred (Dumont et al. 1998). These results
clearly show that VEGFR3 plays an important
role not only in lymphangiogenesis but also in
blood vessel formation before lymphangiogen-
esis during early embryogenesis.

Structurally, VEGFR3 is slightly less homol-
ogous to VEGFR1 and VEGFR2 than the latter
two receptors are to each other. Consequently,
VEGEFR3 differs from VEGFR1 and VEGFR2 in
at least two ways. First, the extracellular domain
in VEGFR3 is cleaved and fixed with a S—S
bond, whereas the extracellular domains in
VEGFR1 and VEGFR2 are not cleaved. Second,
in the carboxy-terminal sequences, a tyrosine
residue critical for signaling, Y1175 in VEGFR2
and Y1169 in VEGFRI, is not conserved in
VEGFR3, suggesting a difference in signaling
(Shibuya and Claesson-Welsh 2006).

Makinen etal. (2001) reported that VEGFR3
uses PKC and Ras pathways for lymphangiogen-
esis. Furthermore, most familial lymphedema
patients were found to carry various mutations
in the VEGFR3 gene, particularly in the tyrosine
kinase domain. These mutations cause a de-
crease in kinase activity and signaling, indicating
that proper lymphangiogenesis in humans is
dependent on the TK activity of VEGFR3 (Irr-
thum et al. 2000; Karkkainen et al. 2001).

sFlt-1: A Powerful Endogenous
Antiangiogenic Protein

sFlt-1 (sVEGFR-1) consists of six Ig-like do-
mains and a 31-amino-acid-long tail (Kendall
and Thomas 1993; Shibuya 2011). The sFit-1
mRNA is generated by premature termination
within intron 13. Surprisingly, the tail sequence
encoded in the 5" portion of intron 13 is struc-
turally highly conserved among vertebrates. We
found that chicken sFlt-1 and mouse sFlt-1 also
have the 31-amino-acid-long tail. The tails of
humans, mice, and chickens are highly homol-
ogous to each other, approximately 74% iden-

VEGFR Activation and Signaling

tical at the amino acid level (Kondo et al. 1998;
Yamaguchi et al. 2002). This significant ho-
mology strongly suggests that the tail sequence
has biological significance, and that full-length
exon 13 in the VEGFRI gene encodes a long
form of the peptide that includes the 31-amino-
acid-long portion.

Amphibians, but not fish, have mRNA for
sFlt-1. Therefore, the system of three VEGFRs
and one sFlt-1 was established at an early stage
of development in vertebrates (i.e., the amphib-
ian stage). Because sFlt-1 can trap the major
angiogenic factor VEGE it suggests that sFlt-1
is an important suppressor of angiogenesis in
various animal tissues.

Furthermore, sFlt-1 might have been a key
player in the establishment of the placenta-car-
rying animals (i.e., mammals). The placenta is
essential for communication between the fetal
and maternal circulatory systems. Oxygen and
nutrients are supplied from the maternal circu-
lation to the fetal circulation, whereas wasted
materials are transferred from the fetal circula-
tion to the maternal circulation. Under physio-
logical conditions, sFlt-1 is highly expressed in
trophoblasts, which are located between the
maternal and fetal blood vessels in the placenta
(Helske et al. 2001). Angiogenesis on both fetal
and maternal sides in this tissue must be well
organized, without overgrowth of blood vessels,
to avoid fusion or abnormal hyperpermeability.
To obtain such a tight regulation of angiogen-
esis, sFlt-1, a strong endogenous inhibitor of
VEGE is considered a very efficient molecule.
Therefore, it seems reasonable that sFlt-1 plays
an important role in the suppression of ab-
normal angiogenesis in placenta to maintain
its function (Clark et al. 1998; Shibuya 2011).

Shorter forms of sFlt-1 that contain only the
first three, four, or five Ig domains still maintain
a high affinity for VEGF (Tanaka et al. 1997). In
contrast, short peptides of VEGFR2, with only
the first four or five Ig domains, have a lower
affinity for VEGE 10- to 50-fold lower than full-
length VEGFR2 (Shinkai et al. 1998). Recent-
ly, Albuquerque et al. (2009) reported that the
VEGFR?2 gene also produces sVEGFR2. When
sVEGFR2 has six Ig domains, it could bind
VEGEF or VEGF-C. However, when it is cleaved
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to less than six Ig domains, it might be difficult
to regulate VEGF/VEGF-C levels because of its
weaker ligand-trapping activity.

An Intimate Relationship of sFlt-1 with
Preeclampsia

In 2003, Koga et al. (2003) and Maynard et al.
(2003) reported that sFlt-1 is abnormally high
in the serum of preeclampsia patients. Further-
more, Levine et al. (2004) showed a tight rela-
tionship between the degree of preeclampsia
and the level of sFlt-1 in serum, strongly sug-
gesting that sFlt-1 is an important cause of pre-
eclampsia symptoms such as hypertension and
proteinuria. Using a pregnant rat model, May-
nard et al. (2003) showed that artificial intro-
duction of sFlt-1 using vector system-induced
preeclampsia-like symptoms, specifically hyper-
tension and proteinuria. The molecular mecha-
nism for the overexpression of sFlt-1 in the tro-
phoblasts of preeclampsia patients is not yet
fully understood. However, a similar phenom-
enon was observed with antiangiogenic therapy
in the treatment of cancer patients with VEGF-
trapping antibody (bevacizumab)-induced ad-
verse effects, including hypertension and pro-
teinuria, which are symptoms observed in
preeclampsia (Hurwitz et al. 2004). Therefore,
sFlt-1 is an attractive target for future efforts to
suppress the symptoms of preeclampsia and im-
prove overall conditions for both mother and
baby (Fig. 3) (Thadhani et al. 2011).

Soluble Flt-1 is expressed not only in tro-
phoblasts but also in other cell types, includ-
ing corneal epithelial cells. Ambati et al. (2006)
showed that sFlt-1 expressed in the cornea is
important for maintaining the avascularity of
the lens and transparent vision.

SIGNAL TRANSDUCTION OF VEGFR:
A UNIQUE DEPENDENCY ON THE PLC-vy-
PKC PATHWAY

A New Function of sFlt-1 in Kidney

Recently, sFlt-1 has been shown to have another
interesting role in vivo. Quaggin’s group dem-
onstrated that the podocytes in the glomeruli in

Trophoblast
(sFlt-1 synthesis)

Maternal
¥ circulation

Preeclampsia:
Abnormal expression
of sFlt-1 results in
hypertension and
proteinurea

Placenta

Uterus

Figure 3. sFlt-1: An endogenous VEGF-inhibitor in-
timately related to preeclampsia. The soluble form
of VEGFRI, sFlt-1, is expressed in normal placenta,
particularly in the trophoblasts. Expression of the
sFlt-1 gene is abnormally increased in preeclampsia
patients, and the excess sFlt-1 is distributed via the
bloodstream to various maternal tissues. sFlt-1 traps
endogenous VEGE resulting in hypertension and
proteinuria.

kidney secrete sFlt-1 to regulate glomerular bar-
rier function, and knockdown of sFlt-1 in the
podocytes results in chronic proteinurea, simi-
lar to the cases of patients with nephrotic syn-
drome (Jin et al. 2012).

In the 5 Ig-RTKs, such as M-CSFR and PDG
FRs, the 60-amino-acid-kinase-insert (KI) se-
quence located in the middle of the TK domain
has several conserved tyrosine residues with
YMXM or YXXM motifs. Once phosphorylated
at the tyrosine residue, these motifs become
strong binding and activation sites for PI3 kinase
(PI3K), resulting in the activation of the PI3K-
Ras-MAPK pathway for cell proliferation and
transformation (Heldin and Westermark 1999).
However, interestingly, none of the VEGFRs
contains the YXXM motif in their KI regions.
Even after activation with VEGE VEGFR1 and
VEGEFR2 barely bind the PI3K subunit p85.
These differences strongly suggest that the major
signaling pathway of VEGF-VEGEFR is different
from that of M-CSFR/PDGFRs.

Our study and previous studies have found
that PKCs, particularly PKC-, play an impor-
tant role in VEGFR2 signaling (Xia et al. 1996;
Takahashi and Shibuya 1997; Takahashi et al.
1999). After stimulation with VEGE several
tyrosines, including Y1175 and Y1214, were

6 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a009092
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Figure 4. A unique signaling pathway from VEGFR2 toward angiogenesis. The Y1175 site is one of the major
autophosphorylation sites on VEGFR2 after stimulation with VEGE The pY1175-containing motif is the
binding and activation site for PLC-y. It stimulates PKC-Raf-MEK-MAPK and calcium mobilization pathways

for EC activation and proliferation.

strongly phosphorylated. We found that phos-
phorylated Y1175 (pY1175), but not pY1214, is
the critical binding site for the carboxy-termi-
nal SH2 domain of PLC-v and the initiation site
of the PLC-y-PKC-Raf-MEK-MAPK pathway
for the proliferation of ECs (Fig. 4) (Takahashi
et al. 2001). In addition, activation of PLC-y
stimulates Ca*" mobilization within the cell.
Replacement of Y1175 with phenylalanine in
VEGER-2 or intracellular injection of pY1175-
blocking antibody (anti-pY1175 peptide Ab) sig-
nificantly inhibits the activation of the PLC-y-
PKC-MAPK pathway, suppressing the cell pro-
liferation signal in vitro.

To examine whether pY1175 in VEGFR2 is
crucial for the angiogenic signal in vivo, we gen-
erated a knock-in mouse with a point mutation
at amino acid 1175 (1173 in mice) that changes
tyrosine to phenylalanine (F). Homozygotic
Y1173F/F mice, but not Y1212F/F mice, die
because of lack of vasculogenesis similar to
flk-1"/" mice, even though Y1173F /F mice still
express VEGFR2 with other phosphotyrosine
sites (Sakurai et al. 2005). These results support
the idea that signaling from pY1173 of VEGFR2
to the PLC-y-PKC-MAPK pathway is essential

for vasculogenesis in embryogenesis. Interest-
ingly, Sase et al. (2009), using a murine embry-
onic stem (ES) cell system, reported that differ-
entiation of ECs from ES cells strongly depends
on the VEGFR2-pY1173 to PLC-y pathway. Fur-
thermore, a spontaneous mutant of the PLC-yI
gene in zebrafish is lethal because of deficien-
cy of arteriogenesis (Lawson et al. 2003). These
findings strongly suggest that the VEGFR-PLC-
v-PKC-MAPK pathway is essential for angio-
genic signals, not only in mammals but also in
fish, the earliest vertebrates.

Recently, Wang et al. (2008) reported that
the VEGFR2-PLC-y-PKC pathway activates the
protein kinase D (PKD)-histone-deacetylase 7
(HDAC7?) pathway for gene expression toward
EC proliferation and migration. In addition,
Xiong et al. (2009) found that VEGFR2-pY1175
is essential for the release of von Willebrand fac-
tor (VWEF) from the ECs to regulate the coagu-
lation system.

VEGEF stimulates not only proliferation but
also sprouting, survival, migration, and tube
formation of ECs. Phosphorylated Y951 was re-
ported to be important for cell migration via
recruitment of T-cell-specific adaptor protein
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(TSAd) (Matsumoto et al. 2005). Survival sig-
nals appear to be generated from the PKC-
MAPK pathway and the PI3K pathway. How-
ever, the phosphotyrosine(s) on VEGFR2 that
is the activation site for PI3K has not yet been
identified.

VEGFRI is expressed not only on vascular
ECs but also on macrophages, trophoblasts, tu-
mor cells, and others (Wu et al. 2006; Tsuchida
et al. 2008). VEGFRI1 is involved in the survival,
angiogenic signaling (albeit not strong), and
migration of ECs and macrophages (Sawano
et al. 2001; LeCouter et al. 2003). VEGFRI is
also involved in bone marrow reconstitution
(Niida et al. 2005), and it stimulates tumor
growth, metastasis, and inflammation (Hirat-
suka et al. 2002; Kaplan et al. 2005; Murakami
et al. 2006; Kerber et al. 2008; Muramatsu et al.
2010). However, the signaling of VEGFR1 to
promote cell migration has not yet been charac-
terized. Using a stable VEGFR1 overexpressing
human EC line, we recently examined this sig-
naling. An intracellular scaffold protein, recep-
tor of activated protein kinase C1 (RACK1), was
involved in the migration signal, and stimulated
the PI3K-Akt-Racl pathway (Wang et al. 2011).

CROSS TALK BETWEEN VEGF-VEGFR
SIGNAL AND OTHER SIGNALING
PATHWAYS

The VEGF-VEGER system is reported to com-
municate with a variety of other signaling sys-
tems. In angiogenesis, upon stimulation with
VEGE capillary ECs can shift to two major
types, namely, tip cells and stalk cells (Ruhrberg
et al. 2002 ). A tip cell has many filopodia at its
front for migration and has low cell proliferation
activity. On the other hand, a stalk cell forms a
tubular structure and has high proliferation ac-
tivity. In this system, tip cells express DIl4, a
ligand of the Delta family, and bind and acti-
vate Notch receptors on stalk cells. Notch sig-
naling in stalk cells suppresses the expression of
VEGEFR?2 to an appropriate level, thereby stim-
ulating cell proliferation (Jakobsson et al. 2009).
In addition, sFlt-1 expression in stalk cells reg-
ulates tip cell formation in angiogenesis (Chap-
pell et al. 2009).

Recently, Stefater et al. (2011) reported that
the Wnt signal cooperates with sFlt-1 to regu-
late retinal blood vessel formation in perinatal
development. The Ang/Tie system is another
important regulator of angiogenesis. Ang2, in
the presence of VEGE promotes angiogenesis.
However, without VEGE Ang2 suppresses an-
giogenesis because of induction of vascular in-
stability. The relationship between the Ang/Tie
system and the VEGF/VEGFR system appears
to be context dependent, and is yet to be fully
understood.

PHYLOGENETIC DEVELOPMENT OF VEGFRS

Genes encoding type-V RTKs (7 Ig-RTKs) have
already been identified in nonvertebrates. Ex-
amples include the Drosophila DVR/PVR gene
and the sea squirt VEGFR-like receptor gene.
Except for Caenorhabditis elegans, which pos-
sesses three genes encoding type-V RTKs, other
nonvertebrates have only one type-V RTK gene.
Because nonvertebrates do not have any type-II1
RTK (5 Ig-RTK) genes, the type-V RTK gene is
considered the ancestor of genes in the VEGFR
(7 1g-RTKs) and PDGEFR (5 Ig-RTKs) families,
including M-CSFR, CSFR, and Flt3 in mam-
mals and other vertebrates. Based on the struc-
tural homology, both cis gene duplication and
trans gene duplication may have occurred twice
for each during the early development of verte-
brates (Fig. 5) (Shibuya 2002). Drosophila DVR
is mainly used for cell migration and not for cell
proliferation (Duchek et al. 2001), and its sig-
naling uses JNK and other pathways (Ishimaru
et al. 2004). The exon—intron structure for the
KI in VEGFRs differs from that in the PDGFR
family (Kondo et al. 1998), suggesting that the
KI sequence was replaced during the generation
of the 5Ig-RTKs (PDGFRs) from the 7 Ig-RTKs.
During this step, the KI of the 5 Ig-RTKs may
have acquired the YXXM motifs that produce
strong cell proliferation signals.

ANTIANGIOGENIC THERAPY TARGETING
THE VEGF-VEGFR SYSTEM

Solid tumors secrete a variety of angiogenic
factors, such as VEGE, fibroblast growth factor

8 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a009092
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Figure 5. Phylogenetic development of the 7 Ig-RTKs (VEGFRs) and the 5 Ig-RTKs: A hypothesis. Most non-
vertebrates carry a single 7 Ig-RTK gene. Double cis gene duplication followed by double trans gene duplication
appears to have generated the 7 Ig-RTK and 5 Ig-RTK supergene families in vertebrates.

(FGF), hepatocyte growth factor (HGF), and
PDGE However, among these factors, VEGF is
thought to play a central role in tumor angio-
genesis because blocking VEGF using either
anti-VEGF neutralizing antibody or sFlt-1 pro-
tein efficiently suppresses solid tumor growth
in mouse models (Kim et al. 1993). On the basis
of these findings, Genentech Co. developed a
human VEGF-neutralizing antibody (bevacizu-
mab, Avastin) for cancer treatment. In 2003,
phase III studies of colorectal cancer clearly
showed that a combination of chemotherapy
with bevacizumab extended overall survival
(OS) from 15.6 months (control group; without
bevacizumab) to 20.3 months (group with bev-
acizumab) (Hurwitz et al. 2004). Now, in 2011,
this anti-VEGF antibody is approved for use
in treating colorectal cancer, lung cancer (non-
SCLC) (Cohen et al. 2007), and glioblastoma in
many countries. For breast cancer patients, the
Food and Drug Administration (FDA) in the
United States approved the use of bevacizumab
in 2005. However, after reevaluating a recent
clinical study, in 2010, the FDA withdrew its

approval, because bevacizumab was less effica-
cious in improving OS in patients. On the other
hand, in 2011, bevacizumab was approved for
the treatment of breast cancer patients in several
countries because it improved progression-free
survival (PFS). Additional clinical studies are
necessary to clarify the efficacy of anti-VEGF
moleculesinvarioustumors at different settings.

Several chemicals, such as sorafenib and su-
nitinib, which act as inhibitors of multiple ty-
rosine kinases, including VEGFRs, were devel-
oped; these have been widely used to treat renal
cell cancer and hepatocellular cancer because of
the increase in the OS.

Several mechanisms have been proposed to
explain the efficacy of VEGF-VEGEFR inhibitors.
These include suppression of preexisting tumor
vasculature, suppression of new angiogenesis,
and vascular normalization in tumor tissues.
Vascular normalization may decrease the ab-
normal vascular permeability of tumor vessels,
resulting in normalized intratumoral pressure
and better distribution of anticancer chemicals
(Jain 2005).
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Although more than five types of solid
tumors are sensitive to anti-VEGF-VEGFR med-
icines, refractoriness or acquired resistance to
these drugs might occur after long-term treat-
ment. Expression of other angiogenic factors
or receptors such as c-Met after anti-VEGEF-
VEGEFR therapy was reported (You et al. 2011).
Furthermore, tumors might acquire a pheno-
type resistant to conditions of lower availabili-
ty of oxygen and nutrients through metabolic
changes and increases in the phospho-Akt levels
(Osawa et al. 2009). The various responses of
tumor tissues to antiangiogenic therapy should
be clarified to aid the development of more ef-
ficient drugs that can improve overall and pro-
gression-free survival.

PROANGIOGENIC THERAPY USING
THE VEGF-VEGFR SYSTEM

Ischemic diseases, such as cardiac infarction
and brain stroke, are major mortal diseases in
humans. Because the VEGEF-VEGFR system
plays a central role in angiogenesis in mammals,
VEGEF-A is an important candidate for therapeu-
tic angiogenesis. However, a transgenic mouse
model using keratin-promoter-driven VEGEF-
A induced angiogenesis with inflammatory re-
sponses. Kunstfeld et al. (2004) and others re-
ported that the skin tissue in VEGF-A transgenic
mice showed severe inflammation with hy-
perpermeability and lymphangiogenesis, and
could be a model for dermal psoriasis. VEGF
binds not only VEGFR2 but also VEGFRI.
The activated VEGFR1 on macrophages stimu-
lates cell migration as well as the production of
inflammatory cytokines and lymphangiogenic
factors like VEGF-C. We and others found that
an Orf-virus-genome encoded a VEGF-like
molecule (i.e., VEGF-E), which binds and acti-
vates only VEGFR2, not VEGFRI1 (Lyttle et al.
1994; Ogawa et al. 1998). This characteristic of
VEGF-E could promote angiogenesis without
stimulating inflammation. We showed that
K14-VEGF-E transgenic mice have increased
angiogenesis under the skin without an inflam-
matory response (Kiba et al. 2003a). In these
mice, vascular permeability was in the normal
range, and inflammatory cytokines such as IL-6

and tumor necrosis factor (TNF) were not sig-
nificantly induced. Thus, the VEGFR2-specific
ligand VEGEF-E appears be a good candidate for
proangiogenic therapy. A possible adverse effect
of this molecule might be antigenicity because
the VEGF-E gene is not present in the human
genome. To avoid the antigenicity of VEGEF-E,
we generated a chimeric molecule consisting of
VEGEF-E and a human protein, PIGE that main-
tains VEGFR2-stimulating activity with less an-
tigenicity (Kiba et al. 2003b; Zheng et al. 2006).
Humanized VEGF-E, the Angl-related protein
COMP-Angl (Cho et al. 2005), FGE, and HGF
(Azuma et al. 2006) are hopeful candidates for
the treatment of ischemic diseases.

CONCLUSION

VEGFRs have a 7 Ig-RTK structure and activate
a unique signaling pathway for angiogenesis
and lymphangiogenesis. Soluble Flt-1 (sFlt-1/
sVEGFR-1), a gene product of VEGFR-1, is
a strong endogenous VEGF inhibitor, tightly
linked with the onset of preeclampsia symptoms.
The VEGF-VEGER system is deeply involved in
various diseases, including cancer and ischemic
diseases. Thus, further analysis of this system
may provide important clinical strategies.
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