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ABSTRACT  The vasculature is a highly specialized organ that functions in a number of key physi-
ological tasks including the transport of oxygen and nutrients to tissues. Formation of the vascular 
system is an essential and rate-limiting step in development and occurs primarily through two 
main mechanisms, vasculogenesis and angiogenesis. Both vasculogenesis, the de novo formation 
of vessels, and angiogenesis, the growth of new vessels from pre-existing vessels by sprouting, 
are complex processes that are mediated by the precise coordination of multiple cell types to form 
and remodel the vascular system. A host of signaling molecules and their interaction with specific 
receptors are central to activating and modulating vessel formation. This review article summarizes 
the current state of research involving signaling molecules that have been demonstrated to function 
in the regulation of vasculogenesis and angiogenesis, as well as molecules known to play a role in 
vessel maturation, hypoxia-driven angiogenesis and arterial-venous specification.
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Introduction

The importance of the circulatory system is evidenced by its 
emergence early in development. In vertebrates, the circulatory 
system is the first functional organ system to arise and is critical 
in providing adequate oxygen and nutrient delivery to rapidly de-
veloping tissues, above what can be provided by diffusion alone. 
The vasculature is formed through three main cellular processes: 
vasculogenesis, angiogenesis and arteriogenesis. Vasculogenesis, 
the de novo formation of blood vessels, gives rise to the first blood 
vessels, establishing a primary vascular plexus. Angiogenesis, the 
growth of blood vessels from pre-existing blood vessels, allows 
for dramatic expansion of the vascular plexus, while arteriogen-
esis involves an increase in arterial vessel diameter in response 
to increased blood flow or shear stress. Through these three 
mechanisms a circulatory system is formed and remodeled into a 
complex vessel system that mediates a wide range of vital physi-
ological processes including tissue oxygenation, nutrient delivery 
and waste removal, immune response, temperature regulation, 
and the maintenance of blood pressure.

Precise coordination of cellular events allows for the formation 
and modification of the vascular system, and molecular signaling 
by numerous molecules is known to play a pivotal role in activat-
ing and modulating these events. In this review we will summarize 
the current state of research involving signaling molecules known 
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to function in the regulation of vasculogenesis and angiogenesis.

Vasculogenesis

Development of the circulatory system begins soon after gas-
trulation concomitant with somite formation. The process of vessel 
formation at this early stage of development is vasculogenesis, a 
term coined by Risau and colleagues in 1988 (Risau and Lemmon, 
1988; Risau et al., 1988) and described as the de novo formation 
of blood vessels from the differentiation and association of endo-
thelial progenitor cells. 

Previous studies examining vasculogenesis concluded that 
blood vessel formation occurs both intra- and extra-embryonically 
(Reagan, 1915; Sabin, 1920). The embryonic mesoderm, as well 
as the extra-embryonic yolk sac, allantois and placenta have been 
identified as sources of vascular endothelial and hematopoietic pro-
genitor cells and are sites of vasculogenesis (Caprioli et al., 2001). 
In the murine yolk sac, the precursor cells migrate, differentiate 
and associate into clusters called blood islands at embryonic day 
(E) 6.5-7 (Fig. 1). Within the blood islands, a subset of peripherally 
located blood island cells, called angioblasts, undergo further dif-
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ferentiation into endothelial cells at E8.5, while internally situated 
cells become hematopoietic precursors that will give rise to blood 
cells (Fig. 1). The term hemangioblast was given to the common 
blood island precursor cell that eventually gives rise to both en-
dothelial and hematopoietic cells (His, 1900). The endoderm has 
also been shown to be critical to angioblast differentiation.

Angioblasts, highly motile cells, are first seen in extra-embryonic 
tissues and then within the embryo itself in close apposition to 
the endoderm. Extra-embryonic angioblasts develop alongside 
hematopoietic progenitor cells, while embryonic angioblasts de-
velop unaccompanied (Pardanaud and Dieterlen-Lievre, 1993). 
Angioblasts proliferate, migrate and associate to form primitive, 
tube-like vessels. Vessel formation occurs through either the co-
alescence of angioblasts, as occurs in construction of the dorsal 
aorta, or migration of angioblasts from distant sites, as seen in the 
formation of the ventral aorta and cardinal veins. 

Vessel development proceeds as angioblasts differentiate into 
endothelial cells, form a vascular lumen and deposit a basal lamina 
(Fig. 1). In the yolk sac, vasculogenesis results in the formation 
of a primitive vascular plexus. Within the embryo, vasculogenesis 
contributes to the formation of capillaries in the head mesenchyme 
and endocardium. By the 2 somite stage, intra- and extra-embryonic 
vasculature has anastomosed while the embryo is still capable of 
retrieving oxygen through diffusion (Risau and Flamme, 1995). 
The plexus then connects to the developing heart tube prior to 
the initiation of a heartbeat. In addition to establishing the primary 
vascular plexus, vasculogenesis mediates vascularization in a 
number of organs including the liver, spleen, and lung (Pardanaud 
and Dieterlen-Lievre, 1993; Ribatti et al., 2009). Furthermore, roles 
for vasculogenesis have also been described in adults such as 
capillary formation following ischemic injury (Asahara et al., 1997; 
Tongers et al., 2010). 

Signaling in vasculogenesis

Compared to angiogenesis, considerably less is understood 
about the molecular signals regulating vasculogenesis. Investiga-
tions of vasculogenesis in an array of in vivo models have dem-
onstrated a significant role for a number of growth factors, which 
we describe in this section.

Fibroblast growth factors
Fibroblast growth factors (FGFs) have been implicated in early 

vascular development. In mammals, the FGF family consists of 18 
paracrine or endocrine peptide factors, which possess a homologous 
core domain and differentially activate several FGF tyrosine kinase 
receptors (Beenken and Mohammadi, 2009). In particular, FGF-2 
has been implicated in mesodermal induction and the induction of 
angioblasts from the mesoderm (Cox and Poole, 2000). 

The hedgehog family
The hedgehog family of morphogens including, sonic hedgehog 

(Shh), Indian hedgehog (Ihh) and desert hedgehog (Dhh), have 
been shown to have important roles in the formation of the vas-
culature at various stages of development. Binding of Hedgehog 
ligands to their transmembrane receptor, Patched, induces a con-
formational change that relieves repression of the transmembrane 
smoothened protein. Activation of smoothened expression allows 
GLI transcriptional activators (GLI-A) to accumulate and activate 

hedgehog target genes (Jenkins, 2009; Riobo et al., 2006). Of the 
three hedgehog molecules, Ihh has been implicated as a require-
ment for appropriate blood island formation in yolk sac vessel 
development (Dyer et al., 2001) and endothelial tube formation in 
the murine embryo (Vokes et al., 2004). Ihh-deficient mice display 
defective yolk sac angiogenesis (Byrd et al., 2002), a finding that 
was recently confirmed by pharmacological inhibition of hedgehog 
signaling (Nagase et al., 2006).

The VEGFs and VEGF receptors
It has been well established that vascular endothelial growth 

factor (VEGF) signaling has essential roles in vasculogenesis and 
angiogenesis. The VEGF protein family consists of a number of 

Fig. 1. Schematic of extra-embryonic vasculogenesis. (A) Endodermal 
cells (orange) induce mesodermal cells (aqua), initiating vasculogenesis. 
(B) Hemangioblasts migrate and associate. (C) Blood islands containing 
centrally located hematopoietic precursor cells (purple) and peripherally 
localized angioblasts (blue) are formed. (D) Angioblasts differentiate to 
endothelial cells (blue) and hematopoietic cells (red) further differentiate. 
(E) Lumenization occurs, tight junctions (dark blue dashes) form between 
endothelial cells and a basement membrane (green) is deposited along the 
basolateral endothelial cell surface. The association of pericytes (magenta) 
is correlated with the deposition of the basement membrane and marks 
vessel maturation.
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secreted glycoproteins: VEGF-A, VEGF-B, VEGF-C, VEGF-D, 
endocrine gland VEGF (EG-VEGF), VEGF-E, VEGF-F, VEGF-b 
and placental growth factor (PlGF). Of these, VEGF-A, originally 
identified as vascular permeability factor (Senger et al., 1990) has 
been the most widely studied VEGF family member and has been 
implicated in both vasculogenesis and angiogenesis. VEGF-B has 
been shown to play a central role in cardiac development (Aase 
et al., 2001; Bellomo et al., 2000). VEGF-C and VEGF-D promote 
lymphatic vessel development (Karkkainen et al., 2003; Tammela 
and Alitalo, 2010; Tammela et al., 2005) and may also contribute to 
angiogenesis (Cao et al., 1998). EG-VEGF appears to be a highly 
specific isoform that acts only on the endocrine gland endothelial 
cells (LeCouter et al., 2001). VEGF-b, a splice variant of the VEGF-A 
gene, has been shown to possess anti-angiogenic activity (Bates 
et al., 2002; Woolard et al., 2004). PlGF, originally identified in the 
placenta (Maglione et al., 1991), occurs at low levels in the embryo 
and adult and has been primarily studied in pathological conditions 
where it is thought to stimulate angiogenesis in coordination with 
VEGF-A (Carmeliet et al., 2001). 

Four main isoforms of VEGF-A occur through differential splic-
ing of the human Vegf gene. The isoforms of 121, 165, 189 and 
206 amino acids differ in their ability to bind heparan sulfate pro-
teoglycans and neuropilin. The largest isoforms (VEGF 206 and 
VEGF 188) bind heparan sulfate with high affinity and associate 
with the extracellular matrix, while the smallest isoform (VEGF 121) 
has low heparan sulfate affinity, is freely diffusible and thus forms 
a gradient away from its source of secretion. VEGF 165, which 
displays intermediate binding affinity, has been shown to exhibit 
the strongest mitogenic response (Keyt et al., 1996). 

VEGF family members interact with three main receptors, 
VEGFR-1 (Flt-1), VEGFR-2 (KDR in humans and Flk-1 in mouse) 
and VEGFR-3 (Flt-4), all tyrosine kinase receptors and members of 
the PDGF receptor family. VEGF receptors possess an extracellular 
domain consisting of immunoglobulin repeats responsible for VEGF 
binding and intracellular tyrosine kinase domains (Fig. 2). VEGF-A, 
VEGF-B and PlGF bind to VEGFR-1. VEGF-A, cleaved forms of 
VEGF-C and VEGF-D, VEGF-E, and VEGF-F and VEGF-b bind 
VEGFR-2, whereas the unprocessed forms of VEGF-C and VEGF-D 
bind to VEGFR-3 (Fig. 2). VEGF-A and its receptors VEGFR-1 and 
VEGFR-2 are expressed early in embryonic development. VEGF-
A is expressed in the extra-embryonic endoderm and mesoderm 
as blood islands are assembled and within the intra-embryonic 
endoderm at E8.5 (Patan, 2000). VEGFR-2 is an early marker 
of endothelial and hematopoietic precursor cells in blood islands 
(Choi et al., 1998; Yamaguchi et al., 1993). 

 Genetic studies demonstrate the requirement for VEGF and 
VEGF receptors in vasculogenesis. Embryos lacking VEGFR-2 
die early in development at approximately E9 due to a failure to 
initiate vasculogenesis and hematopoiesis (Shalaby et al., 1995). 
The lack of vessel and blood cell formation was deemed to be 
the result of defective blood island formation due to impaired cell 
migration (Shalaby et al., 1997). Embryos lacking VEGF are simi-
larly embryonic lethal due to severe vascular defects. Deletion of 
even a single VEGF allele results in embryonic lethality at E11 with 
defects in formation of the dorsal aorta and development of blood 
cells (Carmeliet et al., 1996; Ferrara et al., 1996). Embryos lacking 
VEGFR-1 are also embryonic lethal and exhibit vascular defects. 
In this case, the angioblasts associated with blood islands local-
ize inappropriately to the central regions of blood islands instead 

of the periphery (Fong et al., 1995), indicative of endothelial cell 
overgrowth rather than inhibition. This has led to the suggestion 
that VEGFR-1 may inhibit VEGF signaling by sequestering it. De-
ficiency of VEGFR-3, which is expressed on blood vessels early 
in development, but later becomes restricted to lymphatic vessels, 
also impacts blood vessel development, although its major role 
is in lymphatic vessel development. Embryos lacking VEGFR-3 
initiate vasculogenesis and angiogenesis, but major cardiovascular 
defects result in death at E9.5, well before the onset of lymphatic 
vessel formation. The precise role of VEGFR-3 in blood vessel 
formation is unclear. 

Binding of VEGF ligands to their respective receptors induces 
receptor homodimerization or heterodimerization, which activates 
receptor kinase activity, receptor autophosphorylation and down-
stream signaling. Activation of VEGFR-2 leads to strong auto-
phosphorylation, whereas activation of VEGF-1 results in weak 
autophosphorylation and signaling. The interaction of VEGFs with 
VEGFR-2 has been widely studied and appears to play a central 
role in stimulating endothelial cell migration, differentiation, prolif-
eration and survival. 

The VEGF receptors possess multiple tyrosine residues that 
have been identified as autophosphorylation sites, with some 
residues regulating intrinsic kinase activity (Eichmann et al., 
1997) and other residues functioning as docking sites for signaling 
molecules (Fig. 3). Phosphorylation at Tyr1054 and Tyr1059 are 
required for maximal VEGFR-2 activation (Kendall et al., 1999). 
Tyr1175 of VEGFR-2 acts as a docking site for phospholipase C-
gamma (PLC-γ), which activates mitogen-activated protein kinase 
(MAPK) to promote endothelial cell proliferation (Lyttle et al., 1994; 
Takahashi et al., 2001). PLC-γ in turn leads to calcium release and 
activation of protein kinase C (PKC) pathways. These pathways 
induce the transcription factors NFAT and EGR-1, respectively, to 

Fig. 2. Vascular endothelial growth factor (VEGF) receptors and their 
ligands. VEGFR-1 (orange), VEGFR-2 (blue) and VEGFR-3 (green) are 
depicted. Ligands known to activate the receptors are displayed above each 
receptor. Neuropilins-1 (red) and -2 (purple), co-receptors for VEGF receptors, 
are also shown adjacent to the receptors with which they associate.
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trigger the angiogenic response (Hofer and Schweighofer, 2007; 
Mechtcheriakova et al., 1999; Mechtcheriakova et al., 2001). PLC-γ/
PKC also activate protein kinase D (PKD) phosphorylation of histone 
deacetylase 7 (HDAC7) resulting in endothelial cell proliferation and 
migration (Wang et al., 2008). Src homology 2 and β cell (Shb), a 
phosphatidylinositol 3 kinase (PI3K) adaptor molecule, also binds 
to the phosphorylated Tyr1175 residue of VEGFR-2 (Holmqvist et 
al., 2004) and promotes endothelial cell migration. PI3K activates 
the Akt/PKB pathway, which mediates endothelial cell survival 
(Dayanir et al., 2001; Fujio and Walsh, 1999; Olsson et al., 2006) 

and vascular permeability through its activation of endothelial nitric 
oxide synthase (eNOS) (Fukumura et al., 2001). Phosphorylation 
of VEGFR-2 at Tyr1214 promotes endothelial cell migration by 
activation of actin cytoskeleton remodeling mediated by Cdc42 and 
p38 MAPK (Lamalice et al., 2004). VEGFR-2 Tyr951 represents 
a docking site for T-cell specific adaptor (TsAd) which associates 
with Src to stimulate endothelial cell migration and vascular per-
meability (Matsumoto et al., 2005). Through activation of Rac, Src 
also induces vascular permeability (Gavard and Gutkind, 2006). 
Other molecules involved in the regulation of endothelial motility 

Fig. 3. The vascular endothelial growth factor receptor 2 (VEGFR-2) signaling cascade 
and effects. The VEGFR-2 homodimer (blue) and its phosphorylated residues known to 
facilitate signaling are shown. Proteins that bind to VEGFR-2 are depicted (green) along 
with their downstream targets (purple). Phosphorylation of VEGFR-2 Tyr1054 and Tyr1059 
residues are required for maximal receptor activation. Binding of TsAd to phosphorylated 
residue Tyr951 enhances endothelial cell migration and vascular permeability through Src 
activation. Phosphorylation of residue Tyr1175 recruits PLCγ, which activates PKC to activate 
endothelial cell proliferation and migration through PKD or the MAPK pathways. Tyr1175 
is also a docking site for Shb, which activates endothelial cell migration or endothelial cell 
survival through the PI3K and AKT/PKB pathway. Phosphorylation of Tyr1214 subsequently 
activates cdc42 and p38 MAPK to induce endothelial cell migration. Finally, phosphorylation 
of VEGFR-2 also activates FAK and paxillin and IQGAP to stimulate endothelial cell motility. 
Abbreviations: VEGFR-2 (vascular endothelial growth factor receptor-2); TsAd (T-cell specific 
adaptor); Tyr (tyrosine); FAK (focal adhesion kinase), IQGAP1 (IQ motif containing GTPase 
activating protein 1); PLCγ (phospholipase C gamma); Shb (Src homology 2 and β cells); 
PKC (protein kinase C); MEK (mitogen-activated protein kinase/extracellular signal-regulated 
kinase kinase); MAPK (mitogen-activated protein kinase); PKD (protein kinase D); HDAC7 
(histone deacetylase 7); PI3K (phophatidylinositol 3’-kinase); PKB (protein kinase B); eNOS 
(endothelial nitric oxide synthase).

following VEGFR-2 activation include focal adhesion 
kinase (FAK) and paxillin, and IQ containing GTPase 
activating protein (IQGAP) (Suchting et al., 2007; 
Taylor et al., 2002) (Fig. 3). VEGFR-1 is proposed to 
interact with a number of signaling molecules, includ-
ing phospholipase C-γ, growth factor receptor bound 
protein 2 (Grb2) and Nck (Kowanetz and Ferrara, 2006; 
Olsson et al., 2006).

Neuropilins
VEGFs also signal through neuropilins which 

function as co-receptors for the VEGF receptors. The 
neuropilins are transmembrane glycoproteins with 
short cytoplasmic domains; it remains unclear whether 
neuropilins are capable of independent signaling (Gaur 
et al., 2009). Neuropilin signaling occurs through as-
sociation with plexins or VEGF receptors. Plexins are a 
family of nine large transmembrane proteins that signal 
upon semaphorin binding to neuropilins. Endothelial 
cells differentially express neuropilins; neuropilin-1 is 
found on arterial endothelium, whereas neuropilin-2 
is restricted to venous and lymphatic endothelium. 
VEGF-A, VEGF-B, VEGF-E and PlGF bind to neuro-
pilin-1, which then associates with either VEGFR-1 
or VEGFR-2. Neuropilin-2 binds VEGF-A, VEGF-C, 
VEGF-D and PlGF, then complexes with VEGFR-1, 
VEGFR-2 or VEGFR-3. Mutational studies have im-
plicated neuropilins in vasculogenesis. Neuropilin-1 
mutants display vascular defects (Kawasaki et al., 1999) 
whereas, neuropilin-2 mutants show no blood vascular 
abnormalities, but display defective lymphangiogenesis 
(Chen et al., 2000; Giger et al., 2000). However, together 
the neuropilins have been deemed to play roles in vas-
culogenesis, since mice lacking both neuropilins fail to 
undergo yolk sac vasculogenesis and lack a primary 
vascular plexus (Takashima et al., 2002). 

TGF-β and TGF-β receptors
Transforming growth factor-β (TGFβ) is a cytokine 

known to function during vasculogenesis. The TGFβ 
family encompasses an array of members including the 
TGFβs (TGFβ1, TGFβ2, TGFβ3), bone morphogenetic 
proteins, activins and inhibins (Rossant and Howard, 
2002). TGFβ family members bind to two types of re-
ceptors, type I and type II. Upon activation of the Type 
1 family of receptors, which include seven members, 
smads are phosphorylated, then translocate to the 
nucleus to activate transcription of target genes (Chen 
et al., 1998; Hoodless and Wrana, 1998). The five Type 
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II receptors, including TGFβRII, undergo conformational changes 
upon ligand binding and activate type I receptors. Endothelial cells 
express TGFβRII, a serine threonine kinase receptor, and the type 
I receptors Alk1 and Alk5. Alk1 phosphorylation activates smad1, 
smad5 and smad8 whereas Alk5 activates smad2 and smad3, 
which then complex with smad4 to activate transcription in the 
nucleus. Endothelial cells also express endoglin, a co-receptor 
that can alter TGFβ signaling response (Barbara et al., 1999; 
Letamendia et al., 1998).

Studies examining the effects of TGFβ on endothelial cells have 
produced conflicting data, underscoring the complexity of TGFβ 
signaling. In vitro studies initially indicated that TGFβ inhibited 
endothelial proliferation and migration (Baird and Durkin, 1986; 
Frater-Schroder et al., 1986). However, other studies suggested 
a mitogenic role for TGFβ on endothelial cells (Iruela-Arispe and 
Sage, 1993, RayChaudhury and D’Amore, 1991; Sutton et al., 
1991). These differences in TGFβ action could be due to differ-
ences in dose since low doses of TGFβ upregulate angiogenic 
factors, whereas high doses appear to inhibit endothelial cell growth 
(Hofer and Schweighofer, 2007). Contradictory results were also 
observed in vivo with studies showing both pro-angiogenic and 
anti-angiogenic roles for TGFβ (Li et al., 2001; Roberts et al., 1986). 
TGFβ treatment of endothelial cells induces a number of genes 
associated with the extracellular matrix, including fibronectin and 
collagens I, IV and V (Rossant and Howard, 2002).

With targeted deletion of TGFβ1, half of the mutant embryos die 
at E9.5-E10.5 due to defective yolk sac vasculogenesis while half 
survive several weeks before succumbing to inflammation (Dickson 
et al., 1995; Goumans and Mummery, 2000; Letterio et al., 1994). 
Ablation of TGFβRII also results in embryonic lethality at E10.5 due 
to defective vasculogenesis in the yolk sac and embryo (Larsson et 
al., 2001; Oshima et al., 1996). Finally, deletion of endoglin results 
in lethality at E11.5 with major vascular and angiogenic defects 
as well as growth retardation and abnormal cardiac development 
(Li et al., 1999). Deletion of Alk1 or Alk5 similarly causes lethality 
in embryos due to vascular defects, suggesting that these TGFβ 
signaling pathways are not redundant. In humans, mutations in 
endoglin and Alk1 result in hereditary hemorrhagic telangiectasia 
(HHT), a vascular disorder characterized by arterio-venous mal-
formations, external bleeding and telangiectases (Azuma, 2000).

Angiogenesis

Angiogenesis is defined as the formation of new vessels by 
the sprouting of endothelial cells of pre-existing vessels or intus-
susceptive angiogenesis (IA), the translumenal insertion of tissue 
pillars within existing capillaries to form new vessels. Angiogenesis 
commences in the embryo by E9.5 and mediates the formation 
of the majority of embryonic blood vessels. Angiogenesis is also 
responsible for the vascularization of organs derived from the 
ectoderm-mesoderm, including the brain and kidney. 

Much research into the mechanisms of angiogenesis followed 
after Judah Folkman proposed the inhibition of angiogenesis as 
a means of tumor treatment (Folkman, 1971). Based on an array 
of studies, we now understand that sprouting angiogenesis is a 
coordinated series of events centered on endothelial cells (Karamy-
sheva, 2008; Patan, 2000). Vascular sprouts are led by specialized 
endothelial “tip cells” that are responsive to angiogenic stimuli 
(Gerhardt et al., 2003) and connected to endothelial stalk cells 

that function in tube formation. The progression of angiogenesis 
is initiated by local destruction of the basement membrane of a 
vessel and the dissociation of pericytes from the capillary, followed 
by migration of tip cells toward an angiogenic stimulus. Proliferation 
and alignment of endothelial cells follows as an endothelial cell 
tube forms, establishing a lumen. Pericyte and/or smooth muscle 
cell association and basement membrane deposition mediate 
vessel stabilization. 

 IA, another mechanism of angiogenesis, is the expansion of 
the capillary network through a complex re-modeling process 
that involves insertion of tissue columns within existing vessels 
(Makanya et al., 2009; Patan, 2000). IA consists of three distinct 
processes including intussusceptive microvascular growth (IMG), 
intussusceptive arborization (IAR) and intussusceptive branch 
remodeling (IBR). IMG is initiated by contact between endothelial 
cells on opposing capillary walls, which organize into structural 
elements called the pillar core within the vessel. Peri-endothelial 
cells, including pericytes and myofibroblasts, invade the pillar 
core upon which collagen fibrils that stabilize the pillar core are 
synthesized. Formation of a basement membrane completes the 
process (Patan, 2000). IAR contributes to expansion of the vascular 
tree through formation of smaller vessels (Djonov et al., 2000). 
Finally, IBR allows for modulation of vessel structure and number 
in response to local blood supply demands (Djonov et al., 2002).

Regulation of angiogenesis

The goal of limiting blood vessel growth in tumors has led to 
much investigation of angiogenesis and its regulation in health 
and disease, which has provided a broad understanding of how 
angiogenesis is controlled on a cellular and molecular level. As 
part of this work, a number of proteins that modulate angiogenesis 
have been identified and their mechanisms of action have been 
elucidated. The VEGF family of proteins and their receptors play 
critical roles in stimulating angiogenesis, as previously described 
for vasculogenesis. In addition to the VEGFs, a number of addi-
tional factors important for proper regulation of angiogenesis are 
described below.

Notch signaling
Notch signaling is involved in determining the fate of multiple cell 

types. The Notch family of receptors and their ligands also control 
endothelial cell sprouting during embryonic vascular development. 
Four Notch receptors (Notch 1, 2, 3 and 4) are expressed in mam-
mals. Five Notch ligands have been identified, including Jagged1, 
Jagged2, Delta like ligand (Dll) 1, Dll3 and Dll4. In the vasculature, 
Notch 1 and 4 are expressed by the endothelium, whereas Notch 
3 functions in smooth muscle cells. Activation of Notch receptors 
results in proteolytic cleavage of the receptor at two distinct sites. 
A disintegrin and metalloproteinase (ADAM) initially cleaves the 
receptor within its extracellular domain, resulting in release of the 
extracellular domain with its bound ligand (Jakobsson et al., 2009). 
This complex is able to be trans-endocytosed by neighboring cells 
where it can influence signaling. Cleavage by ADAM is thought to 
induce a conformational change in the receptor allowing gamma 
secretase to mediate a second cleavage within the membrane, re-
sulting in the release of the Notch intracellular domain (NICD). NICD 
then traffics to the nucleus where it interacts with the transcription 
factor C promoter binding factor 1 (CBP) to activate transcription 
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of downstream targets, including the Hes and Hey helix-loop-helix 
genes (Shawber et al., 2003). 

Genetic studies have implicated the Notch signaling pathway 
in the regulation of angiogenesis. Notch 1 null mice die at E11 
and although they possess a normal primary vascular plexus, 
they eventually display vessel degeneration and abnormal vessel 
remodeling (Krebs, 2000). Notch 1 and 4 double homozygous 
mutants show increased vascular disruption compared to Notch 
1 null homozygotes, including defects in large vessel formation, 
indicative of a role for both Notch 1 and Notch 4 in vessel develop-
ment (Krebs, 2000). Constitutively active Notch signaling in endo-
thelial cells similarly leads to impaired vessel formation resulting 
in embryonic death at E10 (Uyttendaele et al., 2001). Deletion of 
Jagged1 results in death at E10 due to defective somite forma-
tion, lack of vitelline vessels and vascular hemorrhage (Hrabe de 
Angelis et al., 1997; Xue et al., 1999). Dll4, which binds to both 
Notch 1 and Notch 4, both expressed by endothelial cells, appears 
to play a critical role in angiogenesis. Deletion of a single copy of 
Dll4 results in embryonic death (Krebs et al., 2004). 

Notch and VEGF signaling appear to be intimately associated 
in angiogenesis. VEGF has been demonstrated to induce the 
expression of Dll4 and Notch signaling (Liu et al., 2003). Elevated 
Dll4 and VEGFR-2 expression was detected in tip cells compared 
to neighboring stalk cells (Benedito et al., 2009). In animal mod-
els, blockade of VEGF caused a decrease of Dll4 in vessels and 
inhibited sprouting (Suchting et al., 2007) whereas administration 
of VEGF induced Dll4 expression (Lobov et al., 2007). Notch 
signaling also influences VEGF receptors expression, leading 
to the downregulation of VEGFR-2, as evidenced by decreased 
VEGFR-2 levels after Notch activation in endothelial cells and in 
Dll4-deficient mice (Suchting et al., 2007; Taylor et al., 2002). Thus, 
Notch appears to act as a negative feedback mechanism to regulate 
VEGF signaling. This regulation may explain the observation that 
decreased VEGFR-2 allows for local differentiation of endothelial 
tip cells prior to sprout initiation with VEGF action on tip cells lead-
ing to increased Dll4 expression and activation of Notch signaling, 
which in turn downregulates VEGFR-2 in neighboring stalk cells. 
Tip cells with higher VEGFR-2 expression will, therefore, readily 
respond to VEGF while stalk cells with fewer receptors will be less 
responsive. Interestingly, tip cells do not proliferate in response 
to VEGF, but rather form filopodia and migrate in the direction of 
the VEGF gradient; instead it is the stalk endothelial cells of the 
growing capillary branch that proliferate (Gerhardt et al., 2003).

Semaphorins
Semaphorins are a family of secreted or membrane-bound 

glycoproteins that were originally identified as mediators of axonal 
guidance during neural development. Four classes of vertebrate 
semaphorins, classes 3-7, have been identified and letters designate 
individual members of these classes. All semaphorins possess a 
highly conserved N-terminal sema domain that is required for their 
function (Capparuccia and Tamagnone, 2009). 

Class 3 semaphorins, which bind to neuropilins, have been shown 
to function as inhibitors of angiogenesis. The class 3 semaphorins 
comprise seven soluble, secreted glycoproteins designated A-G. 
Upon semaphorin binding, neuropilins complex with plexins that 
initiate intracellular signaling. Class 3 semaphorins exhibit differ-
ential binding to the neuropilins; Sema3A preferentially binds neu-
ropilin-1, Sema3F and Sema3G bind to neuropilin-2 and Sema3B, 

Sema3C and Sema3D bind to both neuropilin-1 and 2. Sema3E 
appears to bypass interaction with either neuropilin and instead 
binds directly to plexin D1, triggering signaling (Gu et al., 2005). 
Sema3A and Sema3F display anti-angiogenic effects, including 
inhibition of endothelial cell proliferation, migration and survival 
(Bielenberg et al., 2004; Guttmann-Raviv N, 2007; Kessler et al., 
2004; Miao et al., 1999) as well as inhibition of tumor growth and 
tumor angiogenesis (Bielenberg et al., 2004; Kessler et al., 2004; 
Kigel et al., 2008). Sema3B and Sema3F have been proposed 
to function as tumor suppressors due to their downregulation in 
human cancers (Brambilla et al., 2000; Roche et al., 1996; Tse 
et al., 2002; Xiang et al., 2002). Interestingly, Sema3C has been 
shown to elicit a pro-angiogenic response, upregulating integrin 
activity in endothelial cells (Banu et al., 2006). 

Netrins
Netrins, similar to semaphorins, function in the regulation of 

both axonal guidance and angiogenesis. A family of secreted 
proteins, netrins bind to either the deleted in colorectal cancer 
(DCC) or uncoordinated-5 (UNC5) receptors. The UNC5 recep-
tor has been identified in arterial endothelium and endothelial tip 
cells. Mice lacking functional UNC5 die at E12.5 due to defective 
capillary branching (Lu et al., 2004). The overall role of netrins in 
angiogenesis is controversial as studies demonstrate both pro-
angiogenic and anti-angiogenic effects. Netrin-1 and netrin-4 have 
been proposed to exert pro-angiogenic effects through stimulating 
proliferation and migration in endothelial cells (Park et al., 2004; 
Wilson et al., 2006), with netrin-1 effects mediated by nitric oxide. 
In contrast, other reports indicate that netrins attenuate capillary 
sprouting via interaction with the UNC5B receptor (Lu et al., 2004). 

Slits and roundabouts
The slits, secreted glycoproteins, and their roundabout (Robo) 

receptors are yet another family of ligands and receptors that 
function in both neuronal development and guidance as well as 
angiogenesis. Of the four known Robo receptors, Robo1 has been 
identified in a number of cell types including endothelial cells, 
whereas Robo4 (also known as magic Roundabout) appears to be 
exclusively expressed by vascular endothelium (Huminiecki and 
Bicknell, 2000). The effect of Slit-Robo interactions on angiogenesis 
is controversial with reports that suggest both pro-angiogenic and 
anti-angiogenic responses in Slit-treated endothelial cells. Through 
an interaction with Robo1, Slit2 promoted endothelial tube formation 
in vitro. Also, Slit2 levels were determined to be elevated in human 
tumors (Ahmed and Bicknell, 2009; Park et al., 2003; Wang et al., 
2003). Genetic models of mice and zebrafish have been used to 
elucidate the role of Robo4 in angiogenesis. RNA interference of 
Robo4 in zebrafish resulted in defective vascular sprouting and 
patterning (Bedell et al., 2005) and administration of soluble Robo4 
inhibited endothelial proliferation and migration in vitro and inhibited 
angiogenesis in an in vivo murine model (Suchting et al., 2005).

Sprouty
The sprouty family of proteins, including four sprouty proteins 

(spry 1-4) and four sprouty-related proteins (spred) that contain the 
conserved sprouty-related domain (SPR) also regulate angiogen-
esis (Cabrita and Christofori, 2008). Spry proteins modulate receptor 
tyrosine kinase (RTK) signaling. These proteins are activated by 
growth factor signaling cascades; VEGF and FGF signaling result 
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in phosphorylation of spry proteins. Upon activation, spry proteins 
undergo nuclear translocation where they inhibit the MAPK pathway, 
establishing a negative feedback loop. Spry1 and Spry2 appear to 
attenuate FGF and VEGF-induced MAPK signaling (Impagnatiello 
MA, 2001). Spry4 has been shown to interact with Raf1, inhibiting 
VEGF-induced MAPK signaling (Sasaki et al., 2003). 

Vessel maturation

Stabilization of the nascent capillary is critical for proper vessel 
function and integrity, and includes mural cell (pericytes and smooth 
muscle cells) association with the ablumenal capillary surface. 
Incomplete stabilization can result in hyperpermeable vessels lead-
ing to edema or, in the case of tumor vessels, increased incidence 
of metastasis. As with regulation of angiogenesis, several growth 
factors appear to function in vessel maturation.

Platelet derived growth factor
Platelet-derived growth factor (PDGF) is a major effector in fa-

cilitating vessel wall maturation. The PDGF family consists of four 
different isoforms (PDGFA, PDGFB, PDGFC and PDGFD) that form 
homodimers or a PDGF-AB heterodimer. Receptors for PDGFs 
include PDFGRα and PDGFRβ, both tyrosine kinase receptors. 
PDGF-B, secreted by proliferating endothelial cells, binds to its 
receptor, PDGFRβ, which is expressed by local undifferentiated 
mesenchymal cells to recruit them to the vessels. Mice lacking 
PDGFB or PDGFRβ display a profound decrease in the number 
of smooth muscle cells and pericytes associated with vessels, 
leading to edema and embryonic death (Hellstrom et al., 1999). 
In addition, VEGF-A levels are elevated in the mutant embryos, 
likely contributing to further edema (Hellstrom et al., 2001). The 
expression of PDFG has been shown to be the highest in tip cells, 
where secretion would establish a gradient of PDGF allowing for 
efficient pericyte recruitment (Gerhardt et al., 2003). 

The angiopoietins and Tie receptors
Signaling through the Tie receptors, Tie1 and Tie2, functions 

to increase vessel stability. Tie1 and Tie2 are tyrosine kinase 
receptors that are expressed throughout the vasculature. Of the 
two receptors, there is a greater understanding of the role of Tie2. 
Angiopoietins, four secreted glycoproteins, function as ligands 
for the Tie2 receptor. The binding of angiopoietins 1 (Ang1) and 
4 (Ang4) to Tie2 leads to receptor phosphorylation and signaling, 
whereas angiogpoietins 2 (Ang2) and 3 (Ang3) induce weak activa-
tion and are therefore thought to function as receptor antagonists 
(Maisonpierre et al., 1997; Valenzuela et al., 1999). 

The angiopoietin/Tie2 signaling cascade has been shown to 
be important in mural cell recruitment to nascent vessels. Ang1 
is secreted by pericytes and smooth muscle cells and thought to 
interact with Tie2 on endothelial cells, facilitating the interaction of 
the two cell types (Sato et al., 1995; Suri et al., 1996). In contrast, 
Ang2 production by the endothelium destabilizes the interaction 
and is associated with vessel proliferation. 

Embryos lacking Tie2 die early in embryogenesis, between E9.5 
and E10.5. Though the primary vascular plexi in these embryos ap-
pears unaffected, there is defective vascular remodeling and mural 
cell coverage that results in edema and hemorrhage (Dumont et 
al., 1994; Sato et al., 1995; Suri et al., 1996). This is phenocopied 
in embryos deficient in Ang1 as well as embryos overexpressing 

Ang2 (Davis et al., 1996). Ang1 overexpression results in hyper-
vascularization where numerous small stable vessels form.

The effects of the angiopoietin-Tie2 signaling pathway are 
modified by VEGF. In the presence of VEGF Ang2 stimulates 
angiogenesis, whereas in the absence of VEGF vessels regress 
(Maisonpierre et al., 1997). As mural cells disassociate from vessels 
and undergo apoptosis, the underlying endothelial cells are more 
readily able to respond to VEGF, which stimulates angiogenesis 
(Holash et al., 1999; Karamysheva, 2008).

Hypoxic regulation of angiogenesis

The vascular system begins to form well in advance of the de-
veloping embryo’s requirement for blood flow; the primary vascular 
plexus is established as the embryo continues to be oxygenated 
through diffusion, indicating that the organism has evolved to avoid 
oxygen deficiency. However, hypoxia commonly occurs in physi-
ological and pathological conditions and also drives angiogenesis. 
For instance, tumors up to 1 mm3 can be oxygenated solely through 
diffusion, but to grow beyond this size, a vasculature is required. It 
has been demonstrated that hypoxia is at least one of the stimuli that 
drives tumor angiogenesis. Accordingly, the molecular mechanisms 
underlying hypoxia-driven angiogenesis have been the subject of 
intense interest and are well understood.

Hypoxia-inducible factor
Hypoxia-inducible factor (HIF) is a transcription factor com-

posed of two subunits, a constitutively active HIF-1β subunit and 
an oxygen-sensitive HIF1α subunit. Under normoxia, HIF-1α is 
synthesized and degraded whereas hypoxia leads to the accumu-
lation of HIF-1α. HIF-1α dimerizes with HIF-1β and binds DNA to 
activate transcription of a number of target genes including many 
factors involved in the regulation of angiogenesis such as VEGF, 
PLGF, Ang1, Ang2 and PDGF (Kelly et al., 2003).

 In normoxic conditions, the von Hipple-Lindau tumor suppressor 
protein (VHL) recruits a complex containing ubiquitin ligase to HIF-1α 
(Salceda and Caro, 1997). Binding of VHL to HIF-1α is mediated 
by hydroxylation of proline residues, a reaction that depends on 
oxygen (Ivan et al., 2001; Jaakkola et al., 2001). When oxygen is 
abundant, VHL is hydroxylated, and VHL mediated ubiquitination 
causes the degradation of HIF-1α. Under hypoxic conditions, VHL 
hydroxylation is inhibited and HIF-1α accumulates. HIF-1α itself is 
also subject to oxygen dependent hydroxylation (Peet and Linke, 
2006). Hydroxylation of HIF-1α prevents its interaction with tran-
scriptional co-activators including p300 and CBP (Semenza, 2007). 

Genetic studies have revealed the requirement for HIF-1α in 
embryonic vascular development. HIF-1α-/- embryos die during 
mid-gestation and display abnormal embryonic and yolk sac vas-
culatures (Iyer et al., 1998). Overexpression of HIF-1α induces 
vascularization without increased vessel permeability in contrast 
to VEGF overexpression, which induces tortuous and hyperper-
meable vessel growth (Detmar et al., 1998; Springer et al., 1998). 
This suggests that HIF-1α also regulates genes that are involved in 
vessel stability. Accordingly, overexpression of HIF-1α in the retina 
results in significant neovascularization and concomitant increases 
in VEGF, PLGF, Ang1, Ang2 and PDGF mRNA (Kelly et al., 2003). 
HIF-1α also induces expression of stromal cell derived factor-1 
(SDF-1), which functions to mobilize endothelial cell precursors 
in the bone marrow (Ramirez-Bergeron et al., 2006).
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Arterial and venous specification

Ephrins and Ephs
The specification of arteries and veins is thought to occur even 

before the formation of blood vessels themselves and has been at-
tributed to the differential expression of the ephrin family of proteins 
and their receptors, Ephs. The endothelium of developing arteries 
express ephrinB2 while its receptor, EphB4, is restricted to the en-
dothelium of developing veins (Wang et al., 1998). Ephrin B2 and 
EphB4 appear to be necessary for proper vascular development 
as mice lacking either of these proteins die as embryos (E10.5) 
and display defects in vascular patterning in both the yolk sac and 
within the embryo itself (Gerety et al., 1999; Wang et al., 1998). 
Ephrins also appear to influence the arteriovenous anastomoses 
by inhibiting VEGF and Ang1 endothelial cell stimulation (Gerety 
et al., 1999; Wang et al., 1998).

Other proteins that are differentially expressed in arteries and 
veins include the neuropilins and members of the Notch family 
(Ribatti et al., 2009). Neuropilin-1 is expressed in arterial endo-
thelium and neuropilin-2 is expressed in venous endothelium early 
in embryonic vasculogenesis, well before the onset of blood flow 
(Herzog et al., 2005). The Notch family members restricted to the 
arterial system include Notch 3, DDL4 and GRIDLOCK. Roles for 
Notch in remodeling of the primary vascular plexus and maintenance 
of differentiated arteries have been described (Hirashima, 2009).

Conclusions

Abnormal vessel development is central to a number of diseases 
such as cancer, psoriasis, rheumatoid arthritis, age-related vision 
loss (including diabetic retinopathy and age-related macular de-
generation), ulcers, cardiovascular disease and stroke. A host of 
anti-angiogenic therapeutics is currently FDA-approved and used 
for treatment of cancers, vision loss and other diseases. In addition, 
numerous therapeutic angiogenesis agents, aimed at stimulating 
angiogenesis, are being developed for use in the clinic.

It is clear that the molecular signaling that occurs in vasculo-
genesis and angiogenesis is both complex and diverse. Precise 
coordination of these signals in multiple cell types is critical for 
appropriate vascular development and function. The need for 
additional research into the signaling pathways involved in vas-
culogenesis and developmental angiogenesis is clear. Not only 
will such research further our mechanistic knowledge of vessel 
formation and development, but it will also have practical applica-
tions to human disease and pathological states. 
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