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1. ABSTRACT
The formation of the vascular system is one of
the earliest and most important events during

organogenesis in the developing embryo because the
growing organism needs a transportation system to supply
oxygen and nutrients and to remove waste products. Two
distinct processes termed vasculogenesis and angiogenesis
lead to a complex vasculature covering the entire body.
Several cellular mechanisms including migration,
proliferation, differentiation and maturation are involved in
generating this hierarchical vascular tree. To achieve this
aim, a multitude of signaling pathways need to be activated
and coordinated in spatio-temporal patterns. Understanding
embryonic molecular mechanism in angiogenesis further
provides insight for therapeutic approaches in pathological
conditions like cancer or ischemic diseases in the adult. In
this review, we describe the current understanding of major
signaling pathways that are necessary and active during
vascular development.
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2. INTRODUCTION

The vascular system is essential for all
vertebrates because it provides tissues and organs with
oxygen and nutrients. Due to a relatively short (0.1 to 0.2
mm) diffusion distance, the entire body is covered with an
extensively branched network of blood vessels, which in
conjunction with the heart and blood represents the
circulatory system (1, 2). The connection between arteries
and veins forming a closed circulation filled with blood
was described for the first time in 1628 by William Harvey.
Even though Harvey was not able to visualize the
capillaries, he hypothesized their existence and accordingly
they were specified in 1661 by Marcello Malpighi (3, 4).

Capillaries are the smallest vessels in the
vasculature, and consist only of a single layer of endothelial
cells (ECs), creating the inner lining of blood vessels
(endothelium), and of occasional pericytes to maximize
contact with the surrounding tissue. In larger vessels
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(arterioles and venules) the endothelium is accompanied by
pericytes and connective tissue, whereas arteries and veins
comprise of a thick layer of smooth muscle cells (SMC)
and circumjacent connective tissue to stabilize these
vessels. Oxygenated blood is pumped by the heart from the
lungs with high pressure through arteries and arterioles into
the capillaries, where material exchange with the tissue
takes place. From there deoxygenated blood is transported
with lower pressure and therefore flows much slower
through venules and veins back to the lung. To withstand
the high pressure, arteries require a stronger wall and have
a thicker layer of SMCs compared to veins (5-7).

The circulatory vasculature serves not only to
transport gases, nutrients, metabolic waste, macromolecules
and liquids between tissues and organs, but also stabilizes
the body temperature and pH to maintain homeostasis.
Further important functions are to facilitate rapid
communication between different organs mediated by
hormones or cytokines, and finally to transport immune
cells to sites of inflammation or infection (7-9).
Consequentially, malformations or dysfunction of the
vascular system have a huge impact on the whole organism
and contribute to the pathogenesis of many diseases as, for
instance, ischemic cardiovascular diseases (6). The
importance of a complete and healthy vasculature is shown
best during embryonic development because mice failing to
establish functional blood vessels die early around day 10
(10).

In the developing embryo the formation of the
vascular system is one of the earliest events during
organogenesis (11) (see Figure 1). Two distinct processes
termed vasculogenesis and angiogenesis are involved in
generating the vasculature of the growing organism (7).

During vasculogenesis mesodermal precursor
cells migrate, differentiate and aggregate de novo to form a
bipotential haemangioblast which gives rise to blood and
ECs. Subsequently, the nascent blood vessels develop and
generate a primitive vascular plexus. Further expansion and
remodeling of this primary plexus of capillaries is denoted
as angiogenesis and covers several steps including
adhesion, proliferation, migration, differentiation and tube
formation from already existing vessels as well as vessel
maturation (7, 11). Over the past years, a plethora of
signaling pathways has been shown to be involved in
embryonic vascular development (Table 1). In particular,
vascular endothelial growth factor (VEGF) and the
angiopoetin/Tie receptor families, which are all nearly
endothelial cell specific and crucial for the establishment of
a functional vasculature, are the most extensively studied
pathways. Other signaling pathways such as the
Delta/Notch, ephrin/ephrine receptors, fibroblast growth
factor (FGF), platelet derived growth factor
(PDGF/PDGFR) and transforming growth factor beta
(TGFb) family or pathways that are involved in axonal
guidance such as the semaphorins, netrins and ROBO/Slits
are not restricted to the endothelial lineage, but
nevertheless play a specific and necessary role in vascular
development (Table 1) (12). Although environmental
factors such as hypoxia (13, 14) and hemodynamic forces
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(15, 16) modulate the establishment of the vasculature, the
initial process of vasculogenesis seems to be genetically
programmed (17-19).

3. VASCULOGENESIS

Vasculogenesis is the process of de novo
differentiation of endothelial cells from mesodermal
precursor cells. Around E6- E6.5 during development of
the mouse embryo, primitive endothelial cells begin to arise
from mesodermal tissue located in the extra-embryonic
yolk sac (20, 21) and afterwards in the embryo proper (22,
23) as well as in the allantois (24, 25) and placenta (26).
One of the earliest markers for the endothelial progenitor
cell lineage is fetal liver kinase (Flkl), also known as
vascular endothelial growth factor receptor 2 (VEGFR2)
(26), which is expressed together with the mesodermal
marker Brachyury in mesodermal angioblast precursor cells
located in the primitive streak (27). These progenitor cells
migrate in response to endoderm-derived signals including
FGF and bone morphogenetic protein 4 (BMP4) to sites of
vascularization — first into the extraembryonic visceral
mesoderm of the yolk sac (11). There, mesodermal
angioblast precursor cells proliferate, aggregate,
differentiate and contribute to the formation of blood
islands (28, 29).

In the early 20" century Sabin has observed a
spatio-temporal ~ proximity =~ of  endothelial  and
haematopoetic cell lineages in avian embryos and therefore
postulated the existence of a common precursor, which was
later called the haemangioblast by Murray (30-32). Indirect
evidence for the existence of a bipotential progenitor came
from FIk/VEGFR2 deficient mice that showed lack of
blood islands and organized blood vessels in the yolk sac or
embryo as well as only few haematopoetic progenitors (28,
33). Further insight for the haemangioblast theory was
provided by a study using embryonic stem (ES) cells
differentiating into blast colony-forming cells (BL-CFC). A
single colony of these progenitor cells can give rise to an
embryoid body containing both endothelial and
haematopoetic lineages (34). This result was supported by
Huber et al. using isolated haemangioblast cells from E7.5
mouse embryos that also could give rise to both lincages
(27) as well as by a single cell fate map study in zebrafish
(35).

However, another theory assumes that the
haematopoetic lineage arises from an endothelial cell
intermediate  with  haematopoetic  potential, called
haemogenic endothelium, and not directly from a
mesodermal precursor (36-38).

Recently, two independent research groups
provided additional evidence supporting this concept by the
use of new imaging and cell tracking methods to analyze
cell surface markers (39, 40). Mesodermal angioblast
progenitors give rise to blood islands that consist of
haematopoietic progenitor cells in the centre and a
peripheral layer of angioblasts. Upon fusion processes of
blood islands, a primitive capillary plexus arises (Figure 1).
Thereafter, intraembryonic vasculogenesis is initiated along
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Table 1. List of genes involved in vasculo-angiogenesis derived from knock-out mice

loss of blood island formation

Gene Vascular Phenotype Ref

Vegfa”™ Heterozygous lethality after E9.5, abnormal blood island formation, reduction (55, 56)
of embryonic vasculature

Vegfal 64/188™ 50% die shortly after birth with internal bleedings, other 50% die up to P14 due | (186)
to ischemic cardiomyopathy

Vegfb” Viable, but smaller heart and dysfunctional coronary vasculature (187, 188)

Plgf” Normal developmental vasculature, but impaired pathological angiogenesis (189, 190)

Vegfil” Embryonic lethal between E8.5-E9.5, increased amount but disorganized ECs (57)

Flkl (Vegfr2)” Embryonic lethal E8.5, failure of blood island formation (28)

Vegfr3” Embryonic lethal E9.5, disorganised and reduced ECs, defects in vascular | (58)
remodelling in yolk sac and embryo

Angl” Phenotype resembles Tie2” (73)

Ang2” Lack of patterning and development of the lymphatic vessels, defects in the | (75, 77)
development of vascular bed of the retina

Tiel” Embryonic lethal around E13.5, exhibiting defects in EC sprouting and vessel | (72, 74)
integrity

Tie2” Embryonic lethal E9.5, impaired vessel branching and dilated vessels, (71,72)
haemorrhages

Jagl” Embryonic lethal around E9.5-E11.5, remodelling defects in yolk sac and (191)
embryo vasculature

DIl4™" Dependent on mouse strain, heterozygous lethality around E9.5-E10.5 due to | (192, 193)
defects in vascular remodelling in the yolk sac and disorganized vasculature in
the embryo

Notchl™” Embryonic lethal around E9.5, defects in vascular remodelling in the yolk sac (194)
and the embryo

Tie2-Cre Notchl™ Embryonic lethal around E9.5, defects in vascular remodelling in the yolk sac (195)
and the embryo

Notchl/4” Embryonic lethal around E9.5, defects in vascular remodelling in the yolk sac (194)
and disorganized vasculature in the embryo

Heyl/2” Embryonic lethal around E9.5, defects in vascular remodelling in the yolk sac (196, 197)
and haemorrhages

Fgf2” Alive, decreased vascular tone and blood pressure (198)

Fefrl™ Embryonic lethal, reduction of paraxial mesoderm (199)

Pdgfb” Perinatal lethal, haematopoietic defects, microvascular haemorrhages, heart | (94, 95)
defects

Pdgfib” Perinatal lethal, haematopoietic defects, microvascular haemorrhages 93)

Tefbl” Embryonic lethal around E10.5, defects in haematopoiesis, yolk sac and | (100)
embryonic vasculature, less vSMCs leading to enlarged and fragile vessels

Tafb2” Perinatal lethal, aortic arch and cardial septal defects (200)

Bmp2” Embryonic lethal around E8, mesoderm defects leading to disturbed | (201)
amnion/chorion and cardiac development

Bmp4™” Embryonic lethal E7.5-E9.5, failure in mesoderm formation leading to loss of | (106)
blood island formation

Tafbrl (AlkS)" Phenotype like Tgfbl™” (202)

Tefbr2” Embryonic lethal around E10.5, defects in yolk sac haematopoiesis and | (203)
vasculogenesis, fragile and dilated blood vessels

Actvrll (Alkl)”" Embryonic lethal around E11.5, hyperdilated vessels and remodelling defect, (101, 204)
arteriovenous malformations

Endoglin™ Embryonic lethal around E11.5, less vSMCs leading to enlarged and fragile | (205-208)
vessels, similar to Tgfbl™”"

Bmprl (Alk3)” Embryonic lethal between E6.5-E9.5, failure in mesoderm formation leading to | (107)

Bmpr2” Embryonic lethal between E6.5-E9.5, failure in mesoderm formation leading to (109, 209, 210)
loss of blood island formation, defects in vascular remodelling and maturation

Smadl™ Embryonic lethal between E9.5-E10.5 caused by failure to remodel chorio | (111)
allantoic circulation and to develop a placenta, some embryos show defects in
yolk sac angiogenesis

Smad5” Embryonic lethal between E9 -E11.5, defects in amnion, heart, allantois and (112,113)
yolk sac vascular remodelling

Smad4” Embryonic lethal around E6.5-E8.5, failure to initiate mesoderm formation (211,212)

Tie2-Cre Embryonic lethal around E10.5, cardiovascular defects, attenuated vessel | (114)

Smad4” sprouting and remodelling

Ihh” 50% embryonic lethal at E10.5, failure in remodelling of yolk sac vasculature, (213)
fewer vessels

Shh™” Perinatal lethal, decreased branching morphogenesis and vasculature in lung (214)

Thh/Shh™ Embryonic lethal around E9.5, defects in vascular remodelling in the yolk sac (215)
and in the embryo

Ephrinb2” Embryonic lethal around E11, defects in yolk sac and embryonic vasculature, (121, 216)
myocardial trabeculation

Tie2-Cre Ephrinb2” Phenotype like Ephrinb2” (217)

Ephb4” Phenotype like Ephrinb2” (122)

Neuropilinl™” Embryonic lethal around E12.5, defects in vascular remodelling in the yolk sac | (218, 219)
and in aortic arches

Tie2-Cre Neuropilinl™ Perinatal lethal, defects in microvasculature (220)

Neuropilin2” Abnormal lymphatic vasculature, viable (221)

Neuropilinl/2” Embryonic lethal around E8.5, avascular yolk sac (59)
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Sema3a’” Mostly embryonic lethal, lack of anterior cardinal vein and intersomitic (222,223)
branching

Sema5a™” Embryonic lethal around E11.5, decreased complexity of cranial cardinal vein | (224)
and branches

Plexindl” Perinatal lethal, defects in vascular and outflow tract separation, aberrant (125, 225)
brachning of intersomitic vessels

Unc5b™” Embryonic lethal around E12.5, abnormal excessive vessel branching (226)

Tie2-Cre Unc5bh™” Embryonic lethal between E12-E13.5, defects in placental vasculature (227)

Scl (Tall)” Embryonic lethal around E9.5, failure of haematopoiesis (228, 229)

Foxol™” Embryonic lethal around El1, defects in branchial arches and impaired | (230)
vascular development in yolk sac and embryo

Flill™" Embryonic lethal around E12.5, haemorrhaging from dorsal aorta, neural tube (231)
and ventral brain

Hiflalpha™ Embryonic lethal around E11, malformations in heart, yolk sac and embryo (232,233)
vasculature

Epasl (/Hif2alpha)” Embryonic lethal between E9.5 and E13.5 defective vascular remodelling in (234)
yolk sac and embryo

Arnt” Embryonic lethal around E10, defective angiogenesis in yolk sac and branchial | (235)
arch

1d1/3" Embryonic lethal around E13.5, vascular malformations in the forbrain and | (236)
absence of sprouting in neuroectoderm

c-myc”” Embryonic lethal around E10.5, defect of vasculogenesis and angiogenesis (237)

Coup-tfII’” Embryonic lethal around E10.5, exhibiting defects in remodelling of primary | (238)
plexus and intersomitic vessel growth, heart defects

Tie2-Cre Coup-tfIl’” Embryonic lethal around E12, dilated and thin vessels, haemorrhages, loss of | (239)
arteriovenous identity

the paraaortic mesoderm (aorta-gonad-mesonephros
(AGM) region) and subsequently capillary plexi are
generated around the whole embryo (20, 41). The only
exception for this process is the generation of the dorsal
aorta and cardinal vein both of which are directly
differentiated from mesodermal angioblast precursors (11,
42). Further pruning and maturation of the existing primary
vascular plexus is described by the term angiogenesis (43,
44).

4. ANGIOGENESIS

Angiogenesis is defined as the growth of new
blood vessels from pre-existing vessels. Two principal
mechanisms - non-sprouting (intussusceptive) and
sprouting angiogenesis - are distinguished in embryonic
development (Figure 1). The major difference between
both mechanisms is that sprouting angiogenesis is also
invasive to unvascularized tissues like in the brain
primordium, but the process is relatively slow and
depends on cell proliferation (8). On the contrary, the
process of intussusceptive angiogenesis allows
formation of new blood vessels under flow and is quite
fast since it appears within minutes to hours and does
not primarily need proliferation of ECs (45).

Concurrent  with  sprouting angiogenesis
intussusceptive angiogenesis occurs during lung, heart
and yolk sac development (8). In lung development ECs,
predominantly in venules or capillaries, invaginate into
existing vessels and thereby create contact of opposing
endothelium walls. In the following steps the endothelial
bilayer becomes perforated and a transcapillary pillar is
formed, which is further stabilized by invading pericytes
producing collagen fibers. Finally, a longitudinal
division of one vessel into two vessels is achieved (46-
48).
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For sprouting angiogenesis, ECs of a pre-existing
vessel are activated by growth factors such as vascular
endothelial growth factor (VEGF). Upon stimulation, ECs
begin to release proteases such as members of the matrix
metalloproteinase (MMP) family. The degradation of the
extracellular matrix (ECM) surrounding the cells as well as
of plasma proteins from the blood leads to a provisional
scaffold facilitating EC migration (44, 49). Within the
capillary vessel wall some ECs are selected for sprouting
and the first cells of the growing sprout are denoted as tip
cells. For example, during retina angiogenesis tip cells
extend long filopodia to sense VEGF and thereupon
migrate in a directed way along the VEGF concentration
gradient. Interestingly, subsequent cells respond to VEGF
by proliferation rather than by migration and are thus
named stalk cells. Afterwards, they begin to form a lumen
and give rise to a new vessel (7, 50).

Finally, maturation of this new blood vessel is
achieved by recruitment of supporting cells, like pericytes
or SMCs, and production of the basal lamina. Further
growth of the organism requires remodeling of the vascular
system induced by environmental stimuli like hypoxia, or
changes in hemodynamic forces inducing multiple growth
factors. In response to these stimuli the whole vascular tree
is remodeled through branching and pruning (51).

5. MOLECULAR REGULATION OF VASCULAR
DEVELOPMENT

Until today, a various number of angiogenic
molecules and their corresponding signaling pathways have
been identified to be involved in the complex processes of
angiogenesis. Therefore growth factors, chemokines,
receptors, adhesion molecules, transcription factors and
intracellular signaling cascades need to be tightly
orchestrated in a spatiotemporal manner to achieve the
physiologic growth of the vasculature.
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Figure 1. Schematic overview of vasculogenesis and angiogenesis. During development, mesodermal cells differentiate into
haemangioblasts, which further develop into angioblast, the precursors of endothelial cells. Vasculogenesis involves the
differentiation of endothelial cells (ECs) from these angioblast cells to form a primitive vascular plexus. Remodeling and
growing processes of these pre-existing vessels is termed angiogenesis. Intussusceptive angiogenesis involves splitting by the
formation of translumen pillars and growing of vessels. In sprouting angiogenesis, endothelial cells proliferate behind the tip cell
of a growing branch in response to cytokines and lumens can form by vacuole fusion. Both forms of angiogenesis require the
recruitment of smooth muscle cells (SMCs) or pericytes to stabilize the nascent vessels. Neighboring mesenchymal cells migrate
towards the neovessel in response to platelet-derived growth factor (PDGF), which then differentiate into vascular SMCs
(vSMCs) in response to transforming growth factor-beta (TGF-b) signaling.

5.1. VEGF Signaling

Secreted vascular endothelial growth factor
(VEGF) ligands and their cognate receptors and co-
receptors play a pivotal role for all aspects of vascular
development — from the earliest event of endothelial cell
lineage specification to vasculogenesis, angiogenesis and
endothelial cell survival. VEGFRs are basically markers for
commitment to the endothelial cell lineage. However, they
can also be expressed in haematopoietic and neural stem
cells, which is an exception to their endothelial cell
specificity (52-54).

Gene deletion studies in mice revealed that a
majority of genes that have a critical impact on the
formation of the functional vessel network are related to the
VEGF signaling pathway (23). Moreover, deletion of only
a single allele of vegfa leads to embryonic lethality between
day 11 and 12 due to severe defects in the vasculature (55,
56). Similar phenotypes are observed for homozygous
deletions of any of the three major receptors VEGFR1/Flt1
(57), VEGFR2/FIk (28), VEGFR3/Flt4 (58) or of the two
co-receptors Neuropilin 1 and 2 (59). Besides the ligand
VEGFA there at least four more VEGF subtypes.
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Attenuation of any of the other VEGF subtypes (VEGFB -
D and placenta growth factor (PLGF)) also has a great
impact on the formation of a functional vasculature (see
Table 1).

VEGFA (VEGF subtype A) is the major mediator
of blood vessel growth, survival and permeability when
bound to VEGFR2, whereas, binding to VEGFRI in a
soluble form (sVEGFRI1) seems to trap VEGFA and
therefore may function as a decoy receptor or ligand
reservoir (60-63). The precise function of VEGFR1 is still
under debate, and seems to be dependent on its biological
context. Mice deficient in VEGFR1 die of an excessive
proliferation of angioblasts and malformation of blood
vessels (57, 64) suggesting excessive VEGF signaling (28).
On the other hand, VEGFA leads to weak phosphorylation
of VEGFRI1 (65), and additionally VEGFR1 is reported to
crosstalk with VEGFR2, which may result in either
inhibitory or stimulatory activity dependent on the
biological context (reviewed in reference (66)).

VEGFA is expressed in multiple alternative
splice isoforms with varying abilities to bind to VEGFRs
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and co-receptors such as neuropilins or heparin sulfate
proteoglycans (HSPGs). VEGFRs belong to the
superfamily of receptor tyrosine kinases (RTK) like
PDGFRs or FGFRs that dimerize and become
transphosphorylated upon activation. Binding of VEGF
induces homodimerization of VEGFRs that leads to
autophosphorylation and activation of different intracellular
signaling cascades (66). For example, in a confluent
endothelial cell layer Flk1 is associated with VE-cadherin
through pl120, beta-catenin and density enhanced
phosphatase (DEP1). Altogether this complex promotes
survival signals through phosphorylation of PI3K and Akt.
The appearance of DEP1 in this case inhibits Erk signaling
and subsequent proliferation of confluent cells (67-68).

VEGFB and PDGF can also mediate pro-
angiogenic signals by binding to VEGFR1, but to a tenfold
less extent compared to VEGFA binding to VEGFR2 (69).
VEGFC and D bind to VEGFR3 and thereby stimulate
lymphangiogenesis (70).

Taken together, activation of the VEGF pathway
is essential for the generation of the EC lineage and the
vasculature.

5.2. Ang/Tie2 Signaling

Other crucial members of the endothelial cell
lineage specific RTKs are the tyrosine kinase with Ig and
EGF homology (Tiel and Tie2) receptors with their
corresponding secreted ligands — the angiopoetins (Angl-
2). These are also highly important regulators of angiogenic
processes. Unlike VEGF deficient mice, gene deletion of
Tie receptors reveal that formation of blood vessels
proceeds normally but further maturation and expansion of the
vasculature is disturbed resulting in embryonic lethality. Mice
deficient in either the receptor Tie2 (71, 72) or its ligand Angl
(73), which have the same phenotype, die at E9.5 to E12.5
because of multiple cardiovascular defects (Table 1).
Therefore, Angl activity is suggested to be receptor-specific
(73). Deletion of the other receptor Tiel does not affect
angiogenesis but displays a loss of vessel integrity and
widespread edema resulting in lethality between E13 and birth
(72, 74). In contrast, embryonic vascular development of Ang2
deficient mice seems to be normal (75), however, later on in
adult mice vascular disorders have been found in various
tissues i.e. kidney or retina (76, 77). Interestingly, in Ang2
overexpressing transgenic mice, blood vessel formation is
disturbed and the phenotype resembles the Tie2 or Angl
deficient phenotypes (78, 79). Taken together, loss and gain of
function studies in mice suggest that Ang2 might function as
an antagonist of Angl to modulate Tie2 receptor activity (79).

Binding of Angl to Tie2 receptors induces
homodimerization. As the next step autophosporylation of
the receptors and recruitment of intracellular adapter
proteins that facilitate endothelial cell migration, survival,
maturation and permeability can occur (80). As expected
from the in vivo data, Ang2 can bind to Tie2 but does not
activate it (81, 82). However, the role of Tiel is still under
debate. Full length Tiel is either thought to form
heterodimers with Tie2 (83) or to be an orphan receptor.
Tiel and VEGF signaling are functionally linked. Tiel is
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cleaved by gamma-secretases following VEGF stimulation.
The cleaved form, remaining in the cell membrane,
interacts with Tie2 and is hypothesized to support Tie2
signaling (84, 85).

Taken together, stimulation of Tie2 by Angl
induces remodeling and stabilization of blood vessels by
recruiting pericytes and by formation of cell-cell and cell-
matrix interactions and thus plays an important role in
maintaining endothelial integrity and quiescence in the
adult organism (86-89). On the contrary, Ang2 has a
destabilizing effect on blood vessels, which may lead to
vessel sprouting or regression dependent on tissue and
biological context (i. e. availability of VEGFA) (90, 91).

5.3. PDGF and TGF-beta signaling

For stabilization of the newly formed vessels,
recruitment of pericytes and smooth muscle cells is
required and mainly involves PDGF, Angl/Tie2 and TGF-
beta signaling pathways. PDGFs are growth factors
comprising a family of four (A- D) structurally related
members binding to their appropriate RTKs — PDGFR-
alpha or —beta, which may be present as homodimer or
heterodimer (92).

During embryonic  development of the
vasculature, PDGF signaling has been shown to be
indispensable for proliferation and migration of pericytes
and SMCs. Deficiency of the PDGF-B chain or the
PDGFR-beta in mice leads to severe vascular defects
manifested in leakiness of vessels or in overproliferation of
endothelial cells that is due to lack of pericytes (93-95).
PDGF-B is secreted by endothelial cells, probably in
response to VEGF stimulation, to recruit pericytes
expressing ~ PDGFR-beta. Additionally,  pericytes
themselves can secrete PDGF-B and thereby amplify the
signal (96).

Another important growth factor released by ECs
is TGF-beta. It induces attraction and differentiation of
mesenchymal progenitor cells into pericytes and SMCs and
synthesis of the extracellular matrix (97, 98). TGF-beta
belongs to a large family of pleiotropic secreted growth
factors, which also includes activins and bone
morphogenetic proteins (BMPs). These ligands mediate
their effect by binding to a complex of type I and type II
serine/threonine kinase transmembrane receptors (99).

Interestingly, gene  deletion studies of
components related to the TGF-beta pathway (e.g. Tgfbr!
or 2) also revealed an abnormal formation of the primitive
vascular plexus in mice, which suggests an important role
of TGF-beta for endothelial cells besides decreased vessel
wall integrity by impaired recruitment of SMCs (100, 101).
Moreover, in vitro studies demonstrate that TGF-beta 1 has
a context dependent biphasic effect on endothelial cells: at
low concentrations extracellular TGF-beta 1 induces pro-
angiogenic effects on endothelial cells. However, at high
concentrations it leads to cytostasis, synthesis of
extracellular matrix, vessel muscularization, and thereby to
the status of quiescent endothelium (51). Furthermore, it is
reported that TGF-beta family members additionally affect
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angiogenesis in a paracrine manner via stimulation of pro-
angiogenic molecules like VEGF (102).

Early endothelial lineage specification is also
controlled by members of the BMP family. In vitro cell
culture models using murine embryonic stem (ES) cells to
differentiate them towards the endothelial lineage revealed
BMP4 to be indispensable for the generation of VEGFR
positive embryonic endothelial progenitor cells (EPCs)
(103). More recently, similar experiments using human ES
cells came to the same conclusion. BMP4 was shown to
signal downstream of Indian Hedgehog and to be essential
for promoting endothelial cell differentiation from human
ES cells (104). Even in a subgroup of EPCs derived from
adult peripheral blood expression of BMP2/4 was observed
and also implicated to be in conjunction with the capacity
to promote neoangiogenesis (105).

More insights came from gene deletion studies in
mice. Mice lacking BMP4 die around E7.5 with defects in
mesoderm formation and patterning. Some embryos
survive this developmental stage; however, they still die at
E9.5 and show a wvascular phenotype with a reduced
number of blood islands (106). Accordingly, mice lacking
either of the BMP type I receptors (Alk2 or Alk3) or
BMPRII fail to complete gastrulation and die around the
same time (E7.5 — E9.5) (107-109). Likewise, deletion of
the intracellular effectors Smads display varying degrees of
defects in vascular development. Targeted inactivation of
Smadl in mice results in defects in chorioallantoic fusion
and embryos die between E9.5 — E10.5 (110, 111). Though
overall vasculogenesis appears to be normal, some Smadl
deficient embryos show defects in yolk sac angiogenesis
(111). Smad5 deficient and conditional endothelial specific
Co-Smad4 deficient mice are embryonic lethal around
midgestation due to vascular defects in the embryo proper
and in the yolk sac (112-114). Interestingly, in these
embryos vasculogenesis is effectively initiated in both
the yolk sac and the embryo, but induction of
angiogenesis fails (113, 114). Collectively, mice
deficient for BMP ligands or receptors demonstrate the
importance of BMP mediated signals in early embryonic
development, but due to early embryonic lethality they
do not yet allow full investigation of vasculogenesis or
even angiogenesis. Of interest BMPER (BMP
endothelial progenitor cell-derived regulator) is a BMP
modulator that has been identified in a screen of
VEGFR?2 positive embryonal EPCs and therefore seems
to be involved in endothelial cell lineage commitment
and/or vasculogenesis (115). In addition, BMPER has
been shown to enhance concentration-dependent
angiogenic sprouting of endothelial cells (116), and loss
of BMPER in the zebrafish model disturbed intersomitic
vessel growth (117). These results point towards the
necessity of a strict control and fine-tuning of the BMP
signaling pathway to maintain proper blood vessel
formation.

5.4. Vessel guidance molecules

An emerging vessel sprout needs to know in
which direction it has to grow. Therefore vessel guidance is
nessecary. Like the vascular system, the nervous system
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forms a complex network. Thus, it is not surprising that
molecules which participate in axonal guidance are also
found to be involved in EC sprouting (118, 119). Prominent
protagonists of such proteins are the erythropoietin-
producing human hepatocellular carcinoma (Eph)
receptors, which are also members of the RTK family and
their corresponding eph family receptor interacting proteins
(ephrin ligands). Originally, Eph receptors and ephrin
ligands were described as neuron-specific molecules that
mediate attractive or repulsive guidance signals on growing
neurons (120). However, EphrinB2 and EphB4 have been
shown to be expressed in ECs and are key regulators of
arteriovenous specification. Both EphrinB2 (121) or EphB4
(122) deficient mice die around embryonic day 10.5
displaying defects in vascular remodeling.

Other proteins involved in axonal guidance that
are also important in vascular development are the Delta-
like-4 (DLL4)/Notch system (123, 124),
semaphorins/neuropilins/plexins (125, 126),
Netrin/uncoordinated-5 (UNCS5) (127) and Slit/round-about
(ROBO) receptor (128, 129) (Tablel).

Recent studies demonstrate that Notch receptors
and their Delta-like-4 (DLL4) ligand coordinate tip/stalk
cell behavior. DLL4 is prominently expressed in tip cells,
whereas Notchl is found in stalk cells. Disruption of the
Notch signaling pathway leads to an increase in tip cells
and massive endothelial cell sprouting and branching,
indicating that Notch signaling is necessary for the stalk
cell phenotype (124, 130). Notch signaling represses
VEGFR?2 expression in stalk cells and leads to proliferation
of ECs in response to VEGFA stimulation instead of
migration as it does in tip cells. Discrimination of tip versus
stalk cell fate seems to be dependent on the amount of
DLL4 expression induced by VEGFA. Cells with high
DLL4 expression repress the tip cell phenotype of
neighboring cells and are thus determined to be stalk cells
(123, 124, 130, 131). Of interest, neuropilins (Nrp) also act
as VEGFR co-receptors and enhance the affinity of VEGF
to VEGFR2 and subsequent downstream signaling
pathways. Furthermore, Nrpl is specifically expressed on
arteries and Nrp2 on veins (132-134).

Very recently two independent research groups
reported Ephb2 to be not only involved in arteriovenous
specification but also in angiogenic sprouting. Ephb2 has
been shown to act as a positive regulator of VEGFR
endocytosis, which then activates the downstream signaling
that is required for VEGF-induced tip cell filopodia (135,
136).

5.5. Transcription factors

Whereas interaction of numerous growth factors,
receptors and signaling pathways have been identified to be
crucial for the process of vasculogenesis and angiogenesis,
the transcriptional regulation of angiogenic molecules is
less explored. The same is true regarding the impact of
cytokines on regulation of transcription factors (TFs) in
endothelial cells (137). A plethora of TFs seem to have
important roles for the differentiation of endothelial cells
and for the formation of the vasculature; members of the
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ETS family have a central role in this process. The other
important families are the hypoxia-inducible factor (HIF),
the forkhead box (FOX), the GATA, the sry-related HMG
box (SOX), the homeobox (HOX) and finally the kruepple-
like factor (KLF) transcription factors (138-142).

So far, ETS transcription factors have appeared
to be central regulators of endothelial gene expression
because ETS motifs are present in virtually all analyzed
endothelial promoters and enhancers including
VEGFR1, VEGFR2, Tiel and Tie2 (137, 143). In
addition, expression of ETS family member Fli-1 is
detected in very early precursor cells of the
haematopoietic and endothelial lineages and seems to be
upstream of the TALI/SCL and GATA2, which are
known to be required for haemangioblast formation and
VEGFR2 gene expression (144-146). To achieve
endothelial-specific gene expression - as for example for
VEGFR2 - different transcription factors have to act
together in a complex manner. Besides ETS, Tall and
GATA2, others like FOXH1 (147), HIF2-alpha (148),
KLF2 (149) and HOXB5 (150) are known to participate
in the regulation of promoter and enhancer regions of
the vegfr2 gene.

Members of the HIF family are activated by
the potent stimulus of hypoxia, which is known to be an
important regulator of angiogenesis. Activated HIFs
stimulate the expression of several angiogenic
molecules, the most important being VEGF (151).

Endothelial cells express several members of
the Fox transcription factor family including FOXC1/2,
FOXF1, FOXHI and FOXO1/3/4 and deletion studies in
mice demonstrated severe defects in vascular
development for all of them (reviewed in (140)). In
addition to early functions in endothelial development,
FoxCl and FoxC2 also play an important role in
arteriovenosus differentiation.

FOXO1-deficient mice die
and display malformations in
major vessels of the embryo and in the yolk sac,
whereas FOXO3 and 4 are viable and are grossly
indistinguishable from wild type littermates (152).
Furthermore, several studies investigated the role of
FOXOs on ECs in the postnatal vasculature where
overexpression of FOXO1 and FOXO3 in endothelial
cells inhibited angiogenesis and silencing of FOXOs
resulted in enhanced angiogenic processes (153).
Moreover, mice lacking all three FOXOs developed
haemangiomas and angiosarcomas, which demonstrated
not only the importance of FOXOs for endothelial
homeostasis and but also the tumor suppressor potential
of FOXOs (154).

Interestingly,
during embryogenesis

Hox proteins interact with numerous
regulatory pathways like the FGF or BMP pathway,
which are also known to be involved in vascularization
(11). Multiple HOX transcription factors are reported to
regulate expression of different angiogenesis related
molecules: HOXADY is a direct transactivator of ephb4 and
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enos (155, 156), HOXB3 stimulates expression of ephrinal
and HOXD3 coordinates expression of integrin alphas,
integrin beta3 and wupa (urokinase-type plasminogen
activator) and thus activate migration and sprouting of
endothelial cells (157, 158). Along the same line of
evidence, HOXBS5 binds and transactivates the vegfi2
promoter and thereby increases the number of mature ECs
(150). Additionally, HOXBS has an activating effect on EC
sprouting and coordinated vascular growth conferred by
Ang2 (159). Another HOX-relative is prospero-related
homeobox1 (PROX-1), which is a major regulator for
lymphatic endothelial cell development (160). This is based
on the fact that deletion of PROX-1 in mice results in loss
of lymphatic-marker expression as well as the whole
lymphatic vasculature (161).

Smad transcription factors were originally
identified as a class of proteins that are related to the
drosophila mothers against decapentaplegic protein (Mad)
and the sma proteins from Caenorhabditis elegans. They
are components of the TGF-beta and BMP signaling
pathway and mediate signals upon activation through
phosphorylation from the receptor into the nucleus.
Regarding angiogenesis, Smad5 seems to be
indispensable due to the fact that Smad-null embryos
reveal distinct defects of the vasculature (112, 113).
Likewise, Smad3 is reported to mediate pro-angiogenic
effects by stimulating VEGFA expression (162). In
contrast, Smad4 and Smad2 have been shown to inhibit
angiogenesis by promoting expression of anti-
angiogenic factors such as thrombospondin-1. Taken
together, Smads display distinct roles in regulating
angiogenesis (163).

The inhibitors of DNA binding (ID) 1-3 lack a
DNA binding domain and consequently form
heterodimers with other transcription factors to regulate
gene expression. IDs are expressed during development
in endothelial cells but are mostly absent in postnatal
vasculature. Also, they are found to be highly expressed
in blood vessels of tumors and control the expression of
integrin alpha$, integrin beta3 and / or mmp2 (164).

Members of the KLF family are reported to be
inducible in response to shear stress or insufficient
vascular injury. KIf2 is induced by shear stress and
KLF2 deficient mice die at E14.5 due to haemorrhage
caused by incorrect vessel stabilization (165). Moreover,
KLF2 is reported to possess anti-angiogenic effects by
reducing endothelial cell proliferation and migration
(149). But in contrast, very recently KLF2 is reported to
be associated with the ETS transcription factors ERG
and to synergistically activate the transcription of vegfr2
(166).

Other transcription factors are essential for
controlling specification of endothelial cells into
arterial, venous or lymphatic subtypes. This includes
members of the SOX family, the hairy and enhancer of
split-related (HEY) transcription factors, and chicken
ovalbumin upstream promoter-transcription factor II
(COUP-TFI).
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Figure 2. Arterial-venous and lymphatic specification in
vertebrate embryo. Due to secretion of sonic hedgehog
from the notochord VEGF expression is induced in
adjacent somites. In nearby ECs VEGF leads to FoxC1 and
FoxC2 mediated upregulation of components of the Notch
signalling pathway (Notch-1 and DLL4). Thereupon
Hey1/2 are expressed which, in addition to Sox7, Sox17
and Sox18, lead to arterial specification and EphrinB2
marker expression. COUP-TFII is responsible for
suppression of Nrpl expression and inhibits Notch
signalling which leads to venous differentiation with the
marker expression of Nrp2 and EphB4. Later on some
venous ECs of the anterior cardinal vein begin to express
Sox18 that precedes expression of Prox-1 and COUP-TFIL.
Prox-1 induces expression of lymphatic markers like

podoplanin and is the major mediator for LECs
specification. Modified from (175).
5.6. microRNAs

Besides transcriptional control of signaling

pathways by transcription factors, the translational control
of genes by microRNAs (miRNA) gained broad attention
recently. MiRNAs are small non-coding RNAs, which bind
imperfectly to the 3’- untranslated regions of different
mRNAs and act to fine tune gene expression (167). The
key enzymes to process miRNAs, Drosha and Dicer, have
been targeted in endothelial cells by RNA interference
resulting in decreased angiogenesis in vitro (168, 169).
Accordingly, mice carrying a homozygous deletion of the
first 2 exons of the Dicer gene die between E12.5-E14.5
displaying defective blood vessels in the yolk sac and in the
embryo proper (170).
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Of interest, some miRNAs are highly expressed
in endothelial cells, namely miR-221/222, miR-21, the let-7
family, the miR-17~92 cluster, the miR-23~24 cluster and
the endothelial cell specific miR-126 (168, 169). MiR-126
has been shown to be enriched in VEGFR-2 positive
embryonal vascular progenitors as well as in mature
endothelial cells (171). Deletion of miR-126 in mice
resulted in severe vascular abnormalities: systemic edema
and multifocal hemorrhages (172). In vitro or ex vivo
experiments revealed miR-126 to be involved in
endothelial cell sprouting, migration, proliferation and
cytoskeleton organization. Mechanistically the effects of
miR-126 in VEGF signaling are due to translational
inhibition of negative regulators of the Akt and MAPK
signaling pathways PIK3R2 and SPREDI, respectively
(171, 172).

Recently, a connection between changes in
haemodynamics and miR-126 expression was reported in
the zebrafish model. Due to changes in blood flow,
expression of KLF2a is increased, which leads to enhanced
expression of miR-126. This miRNA is known to decrease
expression of SPREDI1, an inhibitor of VEGF signaling.
Thus, miR-126 facilitates enhanced VEGF signaling due to
changes in haemodynamics (173).

6. ARTERIOVENOUS DIFFERENTIATION

Arteries and veins are formed during remodeling
processes of the primary capillary plexus in the early
embryo. EphrinB2 is uniquely expressed by arteries and
EphB4 by veins (121). In the past, the differentiation into
arteries and veins was assumed to be induced by
hemodynamic forces, but studies in zebrafish and mouse
model systems have uncovered genetically predetermined
events before the onset of blood flow (see Figure 2) (174).
However, as known from coronary artery bypass grafting
where veins are grafted into the arterial circulation and
acquire arterial-like properties, there is plasticity of the
vascular wall to changes of microenvironment and of blood
pressure and flow (5).

Binding of EphrinB2 to its receptor EphB4
requires cell-cell contact because both are membrane bound
molecules. Interestingly, Ephrin ligand and Eph receptors
are able to signal bidirectional (forward: EphrinB - EphB
and reverse: EphB - EphrinB). This interaction is essential
to establish arterial-venous boundaries and proper vascular
development. To support this notion gene deletion studies
in mice revealed embryonic death at E9.5 due to failure in
vascular remodeling (175). Several genes act upstream of
EphrinB2 and EphB4 to establish arteriovenous
differentiation (see also Figure 2). Sonic hedgehog is
secreted by the notochord and induces arterial
differentiation via expression of VEGF in nearby somites
(176). ECs cultured in the presence of VEGF showed an
upregulation of components of the Notch signaling
pathway and subsequently of Heyl/2 (177). Hey 1/2
together with Sox7, Sox17 and Sox18 lead to arterial
marker expression (EphrinB2 and neuropilinl) and
accordingly arterial specification. Loss of any component
of the Notch pathway in zebrafish and mice results in
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arteriovenous malformations indicating the importance of
Notch signaling in arterial specification (178).

For venous specification, expression of Coup-
TFII is indispensable because it inhibits Notch signaling
and expression of Nrpl and therefore arterial specification.
Furthermore, it induces expression of venous markers
(EphB4 and Nrp2) and thus venous specification (175).

The development of coronary arteries is still
under debate. Early on observations of anatomical studies
in humans suggested that they emerge from the aorta (179).
However, chimeric chick-quail experiments had come to
the conclusion that endothelial cells of the coronary arteries
arise through differentiation of the proepicardium (180,
181). In contrast, lineage-tracing experiments in mice
found only very few ECs that differentiate from the
proepicardium (182, 183). Very recently Red-Horse et al.
showed by histological and clonal analysis in mice that
coronary arteries develop from differentiated venous ECs
in the sinus venosus and from the endocardium (184).
Interestingly, quite similar observations have been made for
the development of the lymphatic vasculature. Subsequent
to arterial-venous differentiation, lymphatic specification
begins with the expression of SOX18 preceding PROX-1 in
some ECs of the anterior cardinal veins. Overexpression of
SOX18 in cultured ECs results in increased expression of
lymphatic markers including PROX-1 (185). PROX-1 itself
is essential for lymphatic development because inactivation
in mice results in loss of lymphatic markers and lack of
lymphatic vasculature (Figure 2) (161).

Besides arterial-venous differentiation further
pruning and remodeling of the vascular tree involves vessel
regression and tissue specialization to build a full
functional circulatory vasculature. ECs are a quite
heterogeneous cell population that must adapt to the
underlying tissue and thus display organ specificity (4, 5).

7. CONCLUDING REMARKS

For a long time the VEGF signaling pathway
inherited the key position for vascular development.
However, as we discussed above many other pathways
regulate or are controlled by the VEGF pathway.
Accordingly, an interacting network of signal
transduction governs the outcome for further blood
vessel development, homeostasis or even regression of
existing blood vessels. Furthermore, the discovery of
microRNAs as regulators of gene expression adds an
additional element to fine tune signals from different
pathways. In the future, it will be interesting to see how
the orchestra of vascular signaling pathways assemble,
and also how they will play together during
embryogenesis.
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