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Introduction

The vascular system is composed of arteries and arterioles, carrying the oxy-
genated blood from the heart to the tissues. Finer branches form the capillary 
bed where oxygen and nutrients are released. Venules and veins carry the 
blood back to the heart. The mature vasculature is composed of tubes lined 
by endothelial cells and covered by a specialized basement membrane on 
which supporting cells, pericytes, rest. Larger vessels are surrounded by a 
smooth vascular cell coat that contributes to the control of the vascular tone. 
Endothelial cells are indispensable in their function in maintenance of a non-
thrombogenic blood-tissue interface and they regulate platelet adherence, 
vascular tone and blood flow. Thereby, they are key players in many patho-
logical situations. 

Vessel formation in the embryo and the adult mammal 
Vasculogenesis
Vasculogenesis is the process when new vessels develop from endothelial 
precursor cells, angioblasts (1, 2). This is a highly regulated and complex 
process during development of the mammalian embryo, which begins in 
structures denoted blood islands, in the extra embryonic tissues. Murine 
blood islands form around embryonic day 7-7.5 (E 7-7.5) from the meso-
derm layer of the yolk sac (3, 4), a process which is induced by fibroblast 
growth factors (5, 6). These blood islands contain hemangioblasts, the sug-
gested common precursor for primitive hematopoietic cells and endothelial 
cells (7, 8). A marker for the hemangioblast, the basic-helix-loop-helix tran-
scription factor Tal-1/SCL has been shown to be critical for development of 
all hematopoietic lineages (9). The cells in the outer layer of the blood is-
lands, the angioblasts, differentiate further and connect into a primitive vas-
cular plexus that expands throughout the embryo. The primitive plexus is 
perfused with blood upon connection of the vascular channels to the devel-
oping heart tube at E 9.0. 

Within the embryo itself, the first blood vessels develop in the absence of 
hematopoiesis, suggesting that these precursors are solely endothelial pre-
cursors or angioblasts (10). The vessels are subsequently remodeled and 
pruned through angiogenesis, a process in which new vessels are formed 
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from an existing capillary bed. One of the earliest markers of the heman-
gioblast is brachyury, which is found co-expressed with VEGFR-2 in precur-
sor cells in the embryo proper. Thus, the earliest stages of hematopoietic and 
vascular commitment are initiated at the posterior region of the primitive 
streak before migration of cells to the region of the presumptive yolk sac 
(11). This population of embryo hemangioblasts represents a transient pro-
genitor population, which is generated between the mid-streak and head fold 
stages of development. In the adult, vasculogenesis is suggested to occur via 
bone marrow-derived endothelial progenitor cells participating in neovascu-
larization (12). 

Angiogenesis 
Normally, angiogenesis, the formation of a new blood vessel sprouting from 
a pre-existing vessel, occurs during embryonic development, wound healing, 
inflammation and during ovulation, but also during pathological situations 
such as diabetic retinopathy, rheumatoid arthritis, and tumor growth (13, 14). 
Angiogenesis can also occur as intussusception (non-sprouting), which is a 
process were a larger capillary is divided into two smaller vessels by in-
growths of tissue pillars (15). It is believed that organs of ectodermal origin 
(e.g. the brain) are vascularized during development through angiogenesis 
and that in organs of endodermal origin (e.g. the lung) vasculogenesis is 
common. In the lung, the microvasculature is predominantly developed 
through intussusceptive growth (16). 

The cellular responses needed for formation of new capillaries consist of 
digestion of the basement membrane, migration, proliferation and differen-
tiation of endothelial cells (2). Growth factors such as fibroblast growth fac-
tor (FGF), platelet derived growth factor (PDGF) and vascular endothelial 
growth factor (VEGF) induce these cellular responses (17). The effects of 
growth factors are initiated by binding to cell surface-expressed receptors, 
which have intrinsic tyrosine kinase activity and are able to activate a large 
number of intracellular signaling pathways ultimately resulting in a biologi-
cal response. 

Under most conditions, capillaries do not increase in number or size, be-
cause the endothelial cells do not divide. This quiescence of endothelial cells 
is probably a result of the arresting effect of endogenous angiogenesis inhibi-
tors (18). However, during ovulation or tissue damage, endothelial cells and 
vessels start to grow rapidly (19) due to increased production of angiogenic 
growth factors. This form of angiogenesis is tightly regulated and lasts for 
about one to two weeks. This is strikingly different from the situation in 
progression of angiogenesis-dependent diseases, such as growth of solid 
tumors. A small cancer in situ receives oxygen and nutrients through diffu-
sion, which limits the growth of the tumor arresting it in a dormant state 
(20). However, tumor cells may start to produce angiogenic growth factors, 
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such as FGF or VEGF as a result of genetic drifting. Due to the continuous 
production of the growth factors, the angiogenic process is deregulated, lead-
ing to hyperstimulated and malfunctioning vessels. Vascularization of the 
tumor tissue, the angiogenesis switch (21), is one of the crucial steps in tu-
mor transition from a small cluster of mutated cells to a large, malignant 
growth, capable of spreading to other organs in the body. 

Endothelial precursor cells 
New vessels in the adult are generated by angiogenesis as a result of expo-
sure to various growth factors and cytokines. In addition to stimulation of 
endothelial cells in local vessels, peripheral circulating precursors derived 
from the bone marrow may contribute to formation of the new vessels. These 
circulating endothelial precursor cells (CEPs) are recruited to the site of ac-
tive angiogenesis. Here they can differentiate and become incorporated into 
the new vessel; a process referred to as adult or postnatal vasculogenesis (22, 
23). CEPs appear to contribute to the formation of new blood vessels both in 
physiological and pathological processes. In treatment with anti-
angiogenesis substances, the strategy is regarded as targeting the local proc-
ess of sprouting angiogenesis. However, it is likely that angiogenesis inhibi-
tors at least in part act by inhibiting the process of CEP mobilization and 
differentiation to build a new vessel. Also, correlation has been shown be-
tween the angiogenic ability and the number of CECs and CEPs in mouse 
models (24). Therefore, the CEPs could be used as a surrogate pharmacody-
namic marker to monitor antiangiogenic drug activity. 

Development of antiangiogenesis drugs is often associated with complica-
tions in the selection of an optimal dose. The reason is that many drugs of 
this category have an optimal therapeutic activity close below a maximum 
tolerated dose. In patients with advanced stage of disease, the definition of 
disease regression is usually defined by empiricism as tumor shrinkage. A 
better tool to determine the benefit of the treatment would be measurement 
of a surrogate marker such as the CEPs (25). 

Hematopoiesis and hematopoietic stem cells 
Hematopoiesis is the formation and development of blood cells involving 
both proliferation and differentiation from stem cells. In adult mammals 
hematopoiesis usually occurs in the bone marrow. It is a progressive process 
of differentiation of pluripotent, multipotent and unipotent cellular interme-
diates leading to functionally distinct mature blood cell types such as eryth-
rocytes, leukocytes and platelets (26). The proliferation and differentiation of 
the precursor and intermediate cells is necessary for the steady state mainte-
nance of the hematopoietic system. Rare pluripotent hematopoietic stem 
cells (HSC) provide the foundation for this cellular differentiation hierarchy 
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and are maintained in constant numbers in the adult bone marrow. HSC give 
rise to all blood cells through complex series of proliferation and differentia-
tion events that occur throughout the lifespan of an individual. 

The process of hematopoiesis has been carefully studied in the developing 
mouse embryo. During development, the HSC expression starts in the yolk 
sac around E 7.5 of gestation (27). The first sign of hematopoiesis in the 
yolk sac is the appearance of blood islands, which fuse into a vascular net-
work at E 8.0. The yolk sac has for more than twenty years been considered 
as the source of the adult mammalian hematopoietic system. In the embryo 
proper, the hematopoietic cells develop in the intraembryonic region sur-
rounding the dorsal aorta, denoted the aorta-gonad-mesonephros (AGM) 
(28) and in the para-aortic splanchnopleura (PAS) region (29). The AGM 
contains hematopoietic progenitors and stem cells around E 10.0. Later at E 
11.0, HSC can be detected in the fetal liver (30). Due to that the circulation 
between the yolk sac and the embryo is established at such an early stage (E 
8.5), it has been difficult to identify the origin of the hematopoietic cells 
(26). It is believed that both the yolk sac and the AGM region contribute to 
the pool of cells colonizing the fetal liver (31). However, the intraembryonic 
AGM appears to be the most potent contributor as it contains many more 
HSC than the yolk sac. 

To be able to purify and thereafter expand endothelial precursor cells 
would have great therapeutic potentials. When HSC were purified from 
mouse yolk sacs and transplanted into congenic adult recipient mice, en-
graftment failed (32). Instead, in vitro culture of adult murine HSC in co-
cultures of yolk sac and PAS cells was shown to support the expansion of 
the stem cells indicating a critical role of the local cellular microenviroment 
(33).

Growth factors 
Family of fibroblast growth factors 
The fibroblast growth factors, FGFs, belong to a family of structurally simi-
lar polypeptides. This family consists today of 23 heparin-binding polypep-
tides (34). The name FGF is misguiding as only some of the FGFs promote 
proliferation of fibroblasts (35). However, the proliferation of many other 
cells, such as endothelial cells, smooth muscle cells, platelets, retinal cells 
and melanocytes is induced by FGFs (36). FGF-1 and FGF-2 were the first 
isolated FGFs and they share about 55% sequence identity (37). They, to-
gether with FGF-9 and FGF-11 -14, are unique compared to the other FGFs 
as they lack a signal sequence for transport out from the cell (38). There 
have been many speculations as to how they exert their effects on neighbor-
ing cells. One theory is based on release from cells upon mechanical cell 
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damage and cell apoptosis (39). This theory might apply to wound repair but 
hardly to development. There are moreover, suggestions that ATP-driven 
peptide pumps mediate the transport over the plasma membrane (40). Also, 
FGF-1 has been shown to utilize a non-classical transport over the cell 
membrane. During temperature stress, FGF-1 is released in complex with the 
vesicular protein synaptotagmin-1 (41). In release of FGF-1, synaptotagmin-
1 may act as a chaperone together with other proteins, such as calcium-
binding proteins (38). 

After release, the growth factors are stored on the cell surface or in the 
basement membrane, binding with high affinity to heparan sulfate pro-
teoglycans (HSPGs). An interesting feature of the FGF family is their poten-
tial nuclear functions. FGF-1, 2, 3, and 11 to 14 contain nuclear motifs. The 
nuclear translocation might promote the mitogenic capacity of these FGFs. 
In the case of FGF-1, removal of the nuclear translocation motif has been 
shown to abrogate its mitogenic effect (42). A nuclear binding protein has 
been characterized, aFGF intracellular binding protein, which binds FGF-1 
with high affinity. This further suggests a role of the growth factor in the 
nucleus in addition to its extra cellular FGFR-dependent properties (43). 

Fibroblast growth factor receptors 
The FGF family of growth factors produce their mitogenic and angiogenic 
effects by binding to cell-surface tyrosine kinase receptors. There are five 
FGF receptors, (FGFR)1-5. The receptors consist of two to three extra cellu-
lar immunoglobin (Ig)-like domains, an acidic region between IgI and IgII, a 
transmembrane domain and an intracellular tyrosine kinase domain ending 
with a C-terminal extension (Figure 1). 

The nomenclature for the respective FGFRs is dictated by alternative 
splicing. If the receptor contains all three Ig domains it is called ; with only 
the second and third loops, it is a -type and without a secretory signal, it is 
a -type. The fifth receptor, FGFR-5 has either three or only two Ig-like 
loops and both isoforms lack the intracellular kinase domain (44). Expres-
sion of FGFR-5 mRNA has been localized to the pancreas, suggesting a role 
in regulation of pancreatic function (45). The IgIII domains of the FGFRs 
are important for binding of the growth factor and binding is further speci-
fied by three splicing variants of the IgIII loop; IgIIIa, IgIIIb and IgIIIc (38). 
IgIIIa is a soluble truncated isoform which may act as decoy-receptor. 
FGFR-1 alone occurs as more than 11 splice variants (46). 
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Figure 1: FGFR-1 structure, activation and signal transduction. Upon binding 
of FGF-2 and HSPGs, the FGFR-1 molecules dimerize and tyrosine residues such as 
Y463, Y653/Y654 and Y766 in the receptor become phosphorylated. These residues 
are in turn coupled to intra cellular signal transduction pathways such as the PLC- -
and Ras-pathways. Figure adopted from (56). 

FGFR-1 activation and signaling 
Activation of FGFR-1 involves binding of FGF-2 with high affinity to Ig-loop 
III. Current evidence indicates that FGF may form a 1:1 low affinity complex 
with the receptor and this complex becomes stabilized by binding of hepa-
rin/heparan sulfate (HS). Binding of a second FGF molecule to the complex, 
further increases its stability. HS are N- and O-sulfated polysaccharides linked 
to membrane bound and secreted proteoglycans (HSPG), which are cell sur-
face expressed or matrix deposited constituents. The structurally related, but 
more heavily sulfated polysaccharide heparin, is released from tissue type 
mast cells (47, 48) and is used as a substitute for HS in in vitro studies. Thus, 
to achieve full receptor activation, a ternary complex must be formed between 
the receptor, the ligand and heparin/HS. Therefore, HSPGs are said to act as 
co-receptors for the FGF/FGFR complex (49). Binding of HSPG to the recep-
tors occurs via a specific binding-site which spans the second loop to the third 
loop (50). HS from different tissues and different cell types vary in their O-
sulfation, while the N-sulfation is more or less conserved. Variation in the 
pattern of sulfation allows specific interactions with FGF-1, -2 and –4 (51). In 
spite of the apparent specificity, the FGFs display extensive sharing of binding 
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sites in HS and the interaction strength is increased upon increasing saccharide 
charge density (52). The mechanism regulating release of FGF from HSPGs 
most likely involves enzymes that degrade the oligosaccharide chains of HS, 
such as heparanase (53). 

Binding of FGF to the FGFR extracellular domain induces receptor 
dimerization and activation of the tyrosine kinase, leading to phosphoryla-
tion of specific tyrosine residues in the receptor intracellular domain. The 
phosphorylated tyrosine residues and adjacent residues serve as binding sites 
for cytoplasmic proteins which in turn becomes phosphorylated (54). Impor-
tant tyrosine residues for signaling events in the FGFR-1 are Y463 and 
Y766. The small adaptor molecule Crk binds Y463 in the juxtamembrane 
domain. This domain also binds the docking protein FGF receptor substrate 
(FRS)-2 that is required for activation of the Ras pathway involving MEK 
and MAPK/Erk (Figure 1). The enzyme phospholipase C-  (PLC- ) binds 
Y766, which in turn leads to activation of protein kinase C (PKC). Other 
tyrosine residues critical for kinase activation in the FGFR-1 are Y653 and 
Y654 (55). 

One important enzyme in many diverse biological processes is phosho-
inositide 3-kinase (PI3-kinase). This enzyme phosphorylates the inositol ring 
of the phospholipid phosphatidylinositol (PtdIns), of which PtdIns 3-
phosphate directly stimulates the kinase activity of Akt. Activated forms of 
Ras have also been shown to be responsible for Akt activation (56). Akt 
signaling leads to essential cellular functions such as survival, proliferation, 
differentiation and migration, effects that not only are important in biological 
events but which are also involved in pathological situations such as cancer 
(57).

Developmental functions of FGFs and FGFRs 
FGFs are very important players during development, both pre- and post- 
implantation. Thus, FGFs have been shown to be critical in the formation of 
the three germ layers, endoderm, ectoderm and mesoderm, during gastrula-
tion (58). FGF-2 knockout mice are viable and phenotypically indistinguish-
able from wild type mice. However, they do have altered vascular tone, most 
probably due to decreased smooth muscle contractility (59, 60). Wound re-
pair in the skin is delayed in FGF-2 knockout mice, but vessel repair is not 
altered (61). This may indicate that other growth factors can replace FGF-2 
during angiogenesis but not in regulation of vascular tone. In neuronal de-
velopment, FGF-2 is critical for proliferation of cortical progenitors. Injec-
tion of FGF-2 into the cerebral ventricles of FGF-2 knockout mice leads to 
an increase in the cortical volume and number of neurons (62). FGF-4 
knockout mice suffer from impaired development after implantation and in 
the FGF-8 knockout mice, neither mesoderm nor endoderm are formed (63). 
Due to undeveloped lungs, the FGF-10 knockout mice die at birth (64). 
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During embryonic development, FGF receptor signal transduction ap-
pears to be critical for the development of a wide range of organs and for 
patterning of the embryo (6, 65). Targeted inactivation of the FGFR-1 gene 
leads to embryonic death prior to gastrulation and the embryo displays se-
vere growth retardation and defects in mesodermal structures (66, 67). To 
overcome the embryonic death prior to gastrulation, chimeric mouse em-
bryos were created (68) by injecting FGFR-1-deficient embryonic stem (ES) 
cells into wild type blastocysts. Embryos with low contribution of FGFR-1 
knockout cells completed gastrulation and displayed malformations of the 
limb buds, partial duplication of the neural tube, tail distortion and spina 
bifida indicating that FGFR-1 plays a critical role in neural development. 

Further, FGFR-1 knockout mice show defects in movement and pattern-
ing of the mesoderm layer (6). Mutation or inactivation of FGFR-2 and 
FGFR-3 show defects in bone growth and mineralization (69). Mutations of 
FGFR-1, FGFR-2 and FGFR-3 are implicated in genetically inherited bone-
related diseases (70-72). 

Family of vascular endothelial growth factors 
The vascular endothelial growth factor (VEGF) family is a group of glyco-
proteins denoted VEGF-A, -B, -C, -D, -E and placental growth factor 
(PlGF). VEGF-E is encoded by a parapoxvirus open reading frame and is a 
VEGFR-2 specific ligand. The VEGFs are important in vessel formation and 
modeling. VEGF-A is able to induce vascular leakage and is therefore also 
denoted vascular permeability factor (VPF) (73). There are five isoforms of 
VEGF-A produced in humans by alternative splicing, 206, 189, 165, 145 and 
121 amino acids (a.a.) long. The mouse VEGF-A gene encodes three iso-
forms of 120, 164 and 188 a.a. The most abundant isoforms are the 120/121 
and 164/165 a.a., with the 164/165-a.a. form being a survival factor for en-
dothelial cells (74). The VEGF splice isoforms have different affinity for 
heparan sulfate and their interaction with endothelial cells differ. Recombi-
nant VEGF-A189 and VEGF-A206 are unable to stimulate endothelial mito-
genicity. This could possibly be due to protein mis-folding, that makes sites 
important in receptor binding inaccessible (75). Furthermore, the larger iso-
forms are firmly anchored to HSPGs while the 120 form diffuses freely (76). 

In a growing tissue such as a tumor, nutrients and oxygen are delivered by 
diffusion until the volume of the tissue expands to a stage where this means 
of transportation becomes insufficient. The tissue will then experience lack 
of oxygen, a state of hypoxia, and this will induce VEGF secretion to attract 
vessel ingrowth (77). The expression of VEGF during hypoxia is regulated 
by the transcription factors hypoxia-inducible factors (HIF) (78, 79). HIF is 
composed of two subunits, the oxygen regulated alpha unit and the constitu-
tively active beta unit. In the presence of normal oxygen levels, HIF-  unit 
is quickly degraded through hydroxylation by the ubiquitin E3 ligase com-
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plex containing the von Hippel-Lindau tumor suppressor protein. The ubiq-
uitination subsequently leads to proteosomal degradation of HIF- . In the 
absence of oxygen, the two HIF units dimerize and bind to promoter ele-
ments in a multitude of genes, such as the VEGF gene, resulting in increased 
transcript expression (75). 

Vascular endothelial growth factor receptors and ligand 
interactions
The VEGFs bind to different extents to three major receptors, VEGFR-1/Flt-
1, VEGFR-2/KDR/Flk-1 and VEGFR-3/Flt-4. In addition, there are two well 
characterized co-receptors for VEGF/VEGF receptors, namely HSPG and 
the neuropilin family. The neuropilins interact also with members of the 
collapsin-semaphorin family which have a role in neuronal guidance (80). 
Neuropilins enhance the binding of VEGF-A164/165 to VEGFR-2, and may be 
the reason for the increased mitogenic potency of VEGF-A164/165 compared to 
VEGF-A120/121 (81, 82). VEGFR-1 and VEGFR-2 consist of seven extra-
cellular Ig-like domains, while VEGFR-3 has one Ig loop replaced by a di-
sulfide bridge (Figure 2). 

All three receptor types have an intracellular split tyrosine kinase domain. 
One form of the VEGFR-1 lacks the intracellular domain and is therefore 
freely soluble and is known to act as a decoy receptor for VEGF (83). The 
soluble VEGFR-1 is highly expressed in the placenta during pregnancy, 
thereby acting as a negative regulator of endothelial cell function (84). PlGF 
and VEGF-B are specific VEGFR-1 ligands. VEGF-A binds both VEGFR-1 
and VEGFR-2. VEGF-C has affinity for both VEGFR-2 and VEGFR-3. 
Proteolytic processing of VEGF-C leads to several forms of the growth fac-
tor with higher affinity towards VEGFR-3, while only the fully processed 
form binds VEGFR-2 (85). VEGF-D is also proteolytic processed and binds 
both VEGFR-2 and VEGFR-3 (86). 
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Figure 2: VEGFs and the VEGF receptors. Ligand binding leads to receptor 
dimerization and signaling events resulting in cellular responses such as vascu-
logenesis, angiogenesis, lymphangiogenesis, cell survival and permeability. Recep-
tor heterodimers composed of VEGFR-1/VEGFR-2 or VEGFR-2/VEGFR-3 occur 
but their functions are unclear. Figure adopted from (154). 

Expression and function of VEGF-A and VEGFRs 
VEGFR-1 and VEGFR-2 are expressed on vascular endothelial cells while 
VEGFR-3 is expressed on lymphatic endothelial cells (87) (Figure 2). 
VEGFR-2 is one of the earliest marker of the developing endothelial lineage 
during embryonic vessel formation and the major mediator of VEGF-A ef-
fects such as permeability and mitogenicity (88). Both receptors are found 
on circulating cells; VEGFR-1 is expressed on monocytes (89) and VEGFR-
2 is expressed on endothelial progenitor cells (90-92). Both VEGFR-1 and 
VEGFR-2 are expressed on smooth muscle cells and co-expressed on Leydig 
cells in the mouse testis (93, 94). 

Gene inactivation of VEGF-A in mice leads to abnormal vasculature with 
lack of angioblasts and embryonic lethality. Even inactivation of only one of 
the alleles of the VEGF-A gene leads to embryonic death around E 11-12 (95). 
The vasculature of VEGFR-1 knockout animals are nonpatent and show over-
growth of endothelial cells (96) indicating a negative role of VEGFR-1 during 
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development. However, during pathological situations, VEGFR-1 acts as a 
positive regulator, promoting increased vessel formation in tumors compared 
to VEGFR-1 tyrosine kinase deficient tumors (97). Mice lacking VEGFR-2 
suffer from complete lack of angioblasts and die at E 8.5-9.5 (98). Inactivation 
of VEGFR-3 leads to a defective blood vessel development and is embryonic 
lethal at E 9.5. These animals develop vessels which are large and abnormally 
organized with defect lumen formation (99). 

Platelet derived growth factors and their receptors 
Platelet derived growth factor (PDGF) is a growth factor known for more 
than 3 decades as a mitogen in serum for cells of mesodermal and neuro-
ectodermal origin (100, 101). PDGF is composed as a dimer of A, B, C or D, 
polypeptides which assemble to create PDGF homo- or heterodimers 
(PDGF-AA, -BB, -AB, -CC and –DD). PDGF-C and PDGF-D, which were 
identified five years ago, are structurally related to PDGF-A and PDGF-B 
(102, 103). PDGF-A and PDGF-B isoforms are produced as preforms which 
are proteolytic processed during synthesis to generate soluble or membrane-
associated forms respectively (104). Knowledge of the physiological func-
tions of PDGF-C and PDGF-D is still lacking but it is known that a CUB 
(complement subcomponent Clr/Cls – sea Urchin EGF-like-BMP-1) domain 
of the peptide must be proteolytic separated from the peptide to allow bind-
ing to the receptors (105). 

Many cells, such as pericytes and mesangial cells depend on PDGF sig-
naling for their proliferation during development. Gene inactivation of the 
PDGFs results in characteristic phenotypes. PDGF-A knockout mice em-
bryos are lethal, but the time of lethality spans from E 10 to postnatal day 60 
(106). This variability could be due to different genetic backgrounds. PDGF-
B is expressed by endothelial cells, and especially by a specialized endothe-
lial cell at the very front of a sprouting vessel, the tip-cell (107). Also, 
PDGF-B has a role during development in recruitment of pericytes towards 
the endothelial vessel wall. PDGF-B knockouts die at late gestation from 
widespread microvascular bleedings due to lack of pericyte coating (108). In 
transgenic mice where the retention motif, a basic stretch of amino acids in 
the C-terminus of PDGF-B, has been deleted, the pericytes detach from the 
endothelium. The reason is that the HS-binding retention motif is needed for 
restriction of a diffusion range of PDGF-BB around the sprouting vessels 
(109). PDGFs bind to two distinct receptors; PDGFR-  and PDGFR- .

Ligand binding of PDGF to the receptors creates homo- or heterodimeri-
zation of the receptors. PDGF-AA binds selectively to PDGFR- , PDGF-
AB binds PDGFR-  and PDGFR-  and PDGF-BB can bind all three 
versions of receptor dimers PDGFR- , PDGFR-  and PDGFR- .
PDGF-CC binds PDGFR-  and PDGFR- , whereas PDGF-DD binds 
PDGFR-  and PDGFR-  (110) (Figure 3). 
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Gene inactivation of either PDGFR results in embryonic lethality. A large 
number of mesenchymal cells are dependent upon proper PDGFR-  expres-
sion while PDFGR-  elimination leads to defective smooth muscle cells of 
which the vascular smooth muscle cells and pericytes are most severely af-
fected (106, 111). 

The role of PDGF and PDGRs in pathology 
Many fibrotic diseases and various vasculoproliferative and tumor diseases 
have been associated with PDGF receptor signaling. Interstitial deletions of 
the PDGFR-  can lead to hypereosinophilic syndromes, a disease which is 
most common in men. The disease is characterized by hematologic abnor-
mality and organ damage resulting in cardiovascular, dermatologic, neu-
rologic or pulmonary symptoms. Gastrointestinal stomal tumors (GISTs) are 
rare tumors of the gastrointestinal tract, commonly occurring in the stomach 
(112). Although GISTs are rare, they are the most common sarcoma of the 
gastrointestinal tract. The phenotype of the disease is a mutation in c-Kit, the 
receptor for stem cell factor (SCF) (113) causing hyperphosphorylated pro-
teins. In a third of the GIST patients mutations have been identified in 
PDGFR- , either within exon 12 encoding the juxtamembrane domain (e.g. 
at V561) or within exon 18 encoding the activation loop (e.g. D842). These 
mutations have been shown to cause ligand-independent receptor phosphory-
lation and activation of downstream signaling proteins (114). 

α α β β α β

A A

A B

B B

C C

B B

D D

A B

B B

C C

D D Figure 3: The PDGFs and the 
PDGF receptors. PDGF hetero- or 
homodimerize and bind two specific 
PDGF receptors: PDGFR-  and 
PDGFR- , which also can hetero- or 
homodimerize. There are four known 
PDGFs; PDGF-A, -B, -C and –D. 
Upon dimerization they bind the 
receptors as shown in the picture. 
Figure adopted from (111). 
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Cytokines 
Cytokines are small peptide molecules important in many biological events 
such as inflammatory and immune reactions. They can stimulate or inhibit 
many normal cell functions as cell growth and differentiation. The cytokines 
can be grouped in families depending on structure and they are produced 
mainly by macrophages and lymphocytes but also by leukocytes, endothelial 
cells and fibroblasts (115). 

The cytokines bind to their respective receptors leading to a variety of 
signaling events such as regulation of hematopoiesis, immune, inflammatory 
and vascular reactions. In their effects on endothelial cells, smooth muscle 
cells, dendritic cells (the major regulators of cellular immune response), 
macrophages and T-cells, cytokines can exhibit stimulatory or inhibitory 
actions (116, 117). Human endothelial cells are capable of expressing a 
broad spectrum of pro- and anti-inflammatory cytokines including IL-1 (in-
terleukin-1), IL-5, IL-6, IL-8, MCP-1 (monocyte chemotactic protein-1) and 
CSFs (colony-stimulating factors) (117). 

Processes such as inflammation, hypoxia and bacterial infection are in-
ducers of cytokine expression. It has furthermore been shown that adhesive 
interactions between endothelial cells and recruited inflammatory cells may 
signal the secretion of cytokines. This cross-talk between inflammatory cells 
and the endothelium may be critical in the development of chronic inflam-
matory states (118). In an inflammatory reaction, interleukins create adhe-
siveness on the endothelial cell surface to leukocytes, neutrophils and mono-
cytes. The vasculature then permeabilizes and leukocytes can pass through 
the junctions between the endothelial cells to migrate and reach into the tis-
sue at the site of inflammation (119). 

Embryonic development
Germ layer formation 
In a 3.5-day old mouse embryo, the blastocyst develops into a structure de-
noted the inner cell mass (ICM) which will give rise to the embryo proper 
(120). The POU-domain (the group of transcription factors Pit, Oct and Unc 
(121)) transcription factor Oct-4, a marker for pluripotency, is essential for 
ICM development (122, 123). The ICM is surrounded by a monolayer of 
epithelial cells, the trophoectoderm (Figure 3). The trophoectoderm produces 
leukemia inhibitory factor (LIF) and ICM cells have LIF receptors (124). 
The rationale may be to inhibit differentiation in case of a delayed implanta-
tion of the embryo (120). LIF is also essential for implantation of the embryo 
into the uterus (125). 

By E 4.0–4.5, the ICM becomes covered by primitive endoderm which 
will develop into the endodermal layers of the yolk sac; visceral and parietal 
endoderm (Figure 4). 
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The main functions of visceral endoderm is absorption and production of 
–fetoprotein (AFP), the major gamma-globulin in fetal blood (126). The 

parietal endoderm secretes a thick membrane, the Reichter’s membrane, 
which functions as a barrier between the fetus and the maternal tissues. At 
the time of implantation, a small population of cells, the epiblasts or primi-
tive ectoderm are colonized in the ICM close to the primitive endoderm 
(125). During gastrulation at E 6.5 the epiblasts ingress between the polar 
trophoectodem and visceral endoderm in the primitive streak to become ei-
ther ectoderm, mesoderm or definitive endoderm germ layers (6). 

Embryonic stem cells and embryoid bodies 
ES cells are pluripotent cells derived from the ICM of the mouse blastocyst 
at E 3.5. Correct in vitro culture conditions of ES cells allows maintenance 
of the pluripotency and self-renewal capacity, characteristics which are tran-
sient in vivo (127). Thus, in the presence of LIF and cytokines the ES cells 
are maintained in an undifferentiated state and express markers of pluripo-
tency, including Oct-4 (128). ES cells reinjected back to the blastocyst fail to 
contribute to the trophoectoderm or primitive endoderm lineages of the chi-
mera (129). Therefore, ES cells are considered to be pluripotent but not toti-
potent (130). Upon removal of LIF, differentiation of the ES cells starts and 
Oct-4 is rapidly downregulated within four days (131). These differentiating 
ES cells self-aggregate to spheroids, called embryoid bodies, which in the 
presence of serum spontaneously develop endothelial cells, blood vessels, 
hematopoietic cells, vascular smooth muscle cells and contracting cardio-
myocytes. Under further specified culture conditions neuronal lineages and 
germ cells may develop (131, 132). 

Figure 4: Development of the mouse blastocyst. By embryonic day 3.5 (E 3.5) 
the blastocyst is composed of an outer layer of trophoectoderm, an epithelial 
monolayer of cells. The inner cell mass (ICM) is located in a region of the fluid-
filled cavity, the blastocoel. Just before implantation (E 4.0) a new layer of cells 
is differentiated, the primitive endoderm, which covers the surface of the ICM. 
During implantation at E 4.5 the primitive ectoderm, the epiblasts, are developed 
in close contact with the primitive endoderm. By gastrulation these epiblasts will 
migrate to the primitive streak where they contribute to all the three germ layers 
of the embryo, definitive endoderm, mesoderm and ectoderm. 
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Differentiating ES cells undergo a program reminiscent of embryogenesis 
(133). Both morphological (Figure 5) and gene expression patterns of the 
embryoid bodies share similarities with the early mouse embryo (134). 

The ES cells aggregate and the position of the cells in the aggregate de-
termines their fate (Figure 6). The outer cells will differentiate and form a 
layer of extra-embryonic parietal (sparc+) and visceral (AFP+) endoderm 
surrounding a core of undifferentiated Oct-4 expressing cells (135). Subse-
quently, the inner cells rearrange and form an epithelial monolayer, similar 
to the embryonic ectoderm or epiblast (134). Around day 4, the inner cell 
core develops into the three embryonic germ lineages, mesoderm (brachy-
ury+), ectoderm (FGF-5+, Oxt2+) and endoderm (GATA-4+) (135-137). Cul-
ture of embryoid bodies in suspension creates cystic embryoid bodies. The 
cavitation is a process of cell death caused by signals from the visceral en-
doderm on the outside of the embryoid body (138). The central cavity repre-
sents the proamniotic canal of the eggcylinder stage mouse embryo (134). 

Figure 5: Vascularization of embryoid bodies and embryos. Embryoid body 
cultured for 6 days in suspension and embryo E 6.5 stained for CD31. Embry-
oid bodies cultured on a flat surface for 8 days (green) and dissected yolk sac 
from embryo E 9.5 (red) stained for CD31. Bars; 100 m. 

Figure 6: Germ layer formation in the embryoid bodies. Development of the 
three germ layers in the embryoid bodies is reminiscent of embryogenesis. 
Figure adopted from (136). 
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Studying the vascular development in embryoid bodies shows that during 
day 4-6 vasculogenesis occurs in the embryoid bodies (Figure 7).  

Subsequently, from day 6 and onwards, the vascular plexus undergoes 
pruning and eventually sprouting angiogenesis, as indicated by the appear-
ance of capillary sprouts composed of a cord of endothelial cells headed by a 
tip cell with extending filopodia. 

Embryoid body applications 
Embryoid bodies provide access to pre- and early hematopoietic cells, as 
well as to developing related populations, such as early endothelial cells 
(139, 140). Therefore, ES cells and embryoid bodies serve as good models 
for poorly understood developmental processes and human diseases. Also, in 
vitro studies on pluripotent embryoid bodies represent alternatives to analy-
ses of isolated mammalian embryos which are scarcely available in suffi-
cient quantity for many biochemical studies, and not as ethically acceptable 
(141). ES cells can be genetically manipulated either by addition of a new 
gene or by gene targeting, in which a specific endogenous gene of interest is 
modified (133, 136, 142). When genetically altered undifferentiated ES cells 
are injected back into a blastocyst, they will associate with the inner cell 
mass cells of the embryo and the resulting animal will become a chimera of 
cells originating from two different mouse strains (133, 136). When the ge-
netically engineered ES cell-derivatives populate the germ line of the chi-
mera it is possible to obtain germ-line transmission of the genetic alteration 
to the mouse offspring, thereby eventually creating a mouse that to 100% 
contains that alteration (143). Studies on knockout ES cells have demon-

Figure 7: Vascular development and sprouting angiogenesis in embryoid 
bodies. At day 4, clusters of hemangioblasts in blood island-like structures are 
seen in restricted regions of the embryoid body. From these clusters, angioblasts 
differentiate and migrate to form primary plexus of endothelial cells. As the dif-
ferentiation processes, secondary vascular plexus develop and sprouting angio-
genesis occurs. Bars; 100 m. 
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strated the potential of the embryoid body model system, complementing the 
in vivo gene knockout analyses (144).  

When undifferentiated ES cells are injected subcutaneously or intraperi-
toneally into syngeneic or nude mice, they form tumors called teratocarci-
nomas or teratomas. These tumors contain many differentiated cell types, 
including muscle, cartilage, bone, secretory epithelium and melanocytes 
(136). The system provides a more complex environment compared to the 
embryoid body formation, stimulating both vasculogenesis and angiogenesis. 
The tumors are angiogenic and will not only attract and induce growth of 
host endothelial cells but they will also differentiate ES cells into vascular 
endothelium. Thus, teratomas demonstrate the intrinsic potential of ES cells 
to establish vasculogenesis and angiogenesis. 

Pathological situations of angiogenesis 
Pathological angiogenesis occurs when the balance between endogenous 
stimulators and inhibitors is shifted. Vessel growth is then initiated, a proc-
ess that has been denoted the angiogenic switch. Increased angiogenesis is 
coupled to several inflammatory diseases such as rheumatoid arthritis, pso-
riasis and diabetes. 

Rheumatoid arthritis is a disease preferentially affecting the peripheral 
joints. The thin layer of tissue lining the joint space, the synovium, becomes 
inflamed and increases in mass due to hyperplasia (145). The increased tis-
sue mass creates hypoxia and stimulates infiltration of blood-derived cells. 
In rheumatoid arthritis the synovium invades the cartilage and the bones, 
creating erosion. The vasculature stimulates this invasion and therefore 
therapies to attenuate the vasculature may be beneficial. 

Psoriasis is a chronic inflammatory skin disease with a strong genetic com-
ponent. The disease has been shown to be angiogenesis-dependent, involving 
upregulation of a large number of angiogenic factors like IL-8, tumor necrosis 
factor-  (TNF- ) and VEGF-A produced by the keratinocytes which are trig-
gered by activated T cells or tissue hypoxia. In psoriasis, the vasculature is 
characterized by dilated and elongated capillaries that pass into the dermal 
papillae (146). Furthermore, vessels are destabilized and expression of v 3-
integrins may provide interaction of the vessels with the extra-cellular matrix 
and thereby support vessel ingrowth from the dermis into the overlying epi-
dermis. Monoclonal antibodies against TNF-  are used in clinical trials in 
these diseases. Also drugs that bind and block v 3-integrins are used in trials 
of treatments for psoriasis and rheumatoid arthritis. 

Diabetic patients usually suffer from various degrees of retinopathy, due 
to blood vessel overgrowth in the retina. VEGF has been shown to be a key 
growth factor during retinopathy, causing leakage of vessels which creates 
scarring of the retina and death of the photoreceptors and eventually, blind-
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ness (147). A successful trial has been completed with a VEGF-specific ap-
tamer  (148) locally distributed in the eye to “soak” the VEGF in the tissue 
thereby preventing its effect on the vessels. 

Endogenous angiogenesis inhibitors are small peptide fragments cleaved 
off from a larger protein. Angiostatin, a fragment of plasminogen, was the 
first discovered endogenous inhibitor (149). Cancer treatments with endoge-
nous angiogenesis inhibitors such as endostatin, angiostatin or throm-
bospondin are in clinical trials. A major benefit with endogenous inhibitors 
is the reduced risk of toxicity and lowered risk of drug resistance (150). 
Negative drawbacks include the high production costs of the protein frag-
ments and life-long treatments. One antiangiogenic drug that has shown 
promising results is the humanized monoclonal VEGF antibody (bevacizu-
mab), which has been used as a single substance or in combination with 
fluorouracil-based chemotherapy as a first-line treatment in patients with 
metastatic cancer of the colon or rectum (151, 152). 

Anti-angiogenic therapy may moreover be based on small molecule sub-
stances acting as antagonists by interfering with the ATP-binding site in 
tyrosine kinases, such as the VEGF receptors. Neutralizing antibodies can be 
directed either against the binding domain of the receptor, or against the 
growth factor itself (153). To attenuate the actual production of growth fac-
tors, small interference RNA (siRNA) consisting of short complementary 
nucleotide sequences will inhibit transcription of a specific gene. 

Although there are many diseases where angiogenesis should be inhibited 
there is significant research into diseases where angiogenesis should be 
stimulated. In ischemic diseases such as coronary artery diseases or periph-
eral ischemic disease, stimulation of vessel growth would be valuable. The 
most difficult problem has been to efficiently distribute the active drug into 
the tissue of interest and to obtain exposure for an extended time period 
(154). Clinical trials are ongoing for treatment of ischemic diseases in the 
heart by injection of naked DNA encoding VEGF which will both stimulate 
local blood vessel growth and attract circulating EPCs/CECs (155). 

The possibility to control blood vessel growth, either by inhibition or 
stimulation, will hopefully lead to great progress in therapies in a wide range 
of diseases. 
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Present investigations 

Aim 
The aim of this thesis was to characterize the role of FGFR-1 in endothelial 
cell expression and differentiation. Evaluation was performed by the use of 
ES cells as a model system of vascular development. 

Paper I: Deregulation of Flk-1/vascular endothelial growth 
factor receptor-2 in fibroblast growth factor receptor-1-
deficient vascular stem cell development 

Results and discussion 
Embryonic stem (ES) cells derived from the inner cell mass of a blastocyst 
can in culture generate many of the embryonic tissues. Our particular interest 
was focused on vessel formation, both from precursor cells as a result of 
vasculogenesis but in particular from pre-existing vessels (angiogenesis). 

The embryoid body cultures supported development of hemangioblasts, 
the common precursor for endothelial and hematopoietic lineages. The de-
veloping vasculature expressed a number of markers for endothelial cells, 
such as VEGFR-2, CD31 and vascular endothelial (VE)-cadherin in a time 
span similar to that in the developing mouse embryo. The model also re-
vealed development of erythroblasts inside lumenized vessels and contract-
ing cardiomyocytes reflecting the similarities with embryo development. 
Treatment with exogenous growth factors, FGF-2 and VEGF-A, resulted in 
characteristic vessel structures. ES cells derived from gene targeted ES cells, 
lacking either of the receptors for these growth factors, VEGFR-2-/- and 
FGFR-1-/-, were employed to study the contribution to vascular develop-
ment. Elimination of VEGFR-2 is known to result in embryonic lethality at 
gastrulation due to a complete lack of angioblasts. Culture of VEGFR-2 de-
ficient ES cells led to creation of small CD31+/VE-cadherin+/CD41+ cell 
clusters incapable of forming vessel structures. Treatment with FGF-2 pro-
moted migration of the immature clusters towards the rim of the embryoid 
body, but no vessel structures were formed. These data show that vessel 
formation is VEGFR-2 dependent while migration may be regulated via the 
FGFRs. Mice lacking FGFR-1 present a lethal phenotype due to a severe 
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gastrulation defect. In FGFR-1-deficient embryoid bodies, an increase in 
vessel formation occurring in the absence of exogenous growth factor was 
seen. Addition of VEGF-A to FGFR-1-/- ES cells induced the characteristic 
peripheral vessel sprouting, while FGF-2 addition had no further effect. 
Evaluation of VEGFR-2 expression in the FGFR-1 deficient embryoid bod-
ies showed a two-fold reduction in protein expression compared to the con-
trol. This small pool of VEGF receptors were hyperphosphorylated and the 
embryoid bodies responded with normalization or close to complete regres-
sion of the vasculature upon administration of neutralizing antibodies against 
VEGF-A or VEGFR-2, indicating the dependence of VEGFR-2 in the in-
creased vascularization in the FGFR-1-/- ES cells. 

In conclusion, this study showed that differentiating ES cells may be a 
useful tool in the study of vessel formation and the effects of added growth 
factors or neutralizing antibodies. More over, gene inactivation that would 
lead to early or serious developmental defects in vivo can successfully be 
studied using the embryoid body model. 

Paper II: Fibroblast growth factor receptor-1 expression is 
required for hematopoietic but not endothelial cell 
development

Results and discussion 
FGF and FGFR-1 exhibit important functions during pathological situations 
such as cancer. In many cancers, FGF levels are increased and may contrib-
ute to increased vessel formation in tumors. FGF-2 has high affinity to 
FGFR-1, and endothelial cells in vitro express this receptor. However, it has 
been difficult to identify expression of FGFR-1 on endothelial cells in vivo. 
Therefore we decided to search for FGFR-1 expression in endothelial cells 
by use of embryoid bodies and teratomas as models, using a panel of differ-
ent FGFR-1 reagents. 

Staining of embryoid bodies with antibodies against both FGFR-1 and the 
activated receptor, pY653/FGFR-1, revealed co-expression with the endothe-
lial specific marker CD31 in embryoid body vessels. The FGFR-1 antibodies 
also stained other cell structures, as expected. The FGFR-1-expressing endo-
thelial cells were estimated to comprise a fifth of the total endothelial cell 
pool. In teratomas derived from different ES cell clones, we noted approxi-
mately the same fraction of FGFR-1-expressing endothelial cells of the total 
pool. Further examination of the CD31+/FGFR-1+ endothelial cells showed 
expression of VEGFR-2 and VE-cadherin on these cells, verifying their en-
dothelial cell authenticity. Analysis of the mitogenic capacity of the 
CD31+/FGFR-1+ endothelial cells indicated that a considerable fraction of 
this pool was in the S/G2 phase, in contrast to endothelial cells lacking 
FGFR-1 expression, which preferentially were found in the G1 phase. This 



31

result agrees with earlier data that endothelial cells expressing FGFR-1 have 
an increased replication capacity. Both FGFR-1-expressing and non-
expressing endothelial cells responded to VEGF-A with increased mito-
genicity.

Analysis of FGFR-1-deficient embryoid bodies showed that vessel forma-
tion was markedly enhanced under basal culture conditions, in agreement 
with the data in Paper I. The decreased expression of different heman-
gioblast markers, such as VEGFR-2, Tal-1/SCL and brachyury indicated a 
deviation in hemangioblast development. In agreement, expression of sev-
eral markers for primitive and definitive hematopoiesis, such as Runx1, 
CD41, CD45, and GATA-1 were severely reduced or even absent. When 
FGFR-1 was reintroduced into the FGFR-1-/- ES cells, hematopoiesis was 
restored and vessel development normalized. 

In summary, we have identified expression of FGFR-1 on endothelial 
cells in embryoid bodies and teratomas derived from ES cells. The increased 
endothelial development and loss of hematopoiesis in embryoid bodies defi-
cient in FGFR-1 indicate a role for FGFR-1 in guiding hemangioblast differ-
entiation.

Paper III: Enhanced vascularization and growth of teratoma 
as a consequence of FGFR-1 gene inactivation 

Results and discussion 
FGFR-1 gene inactivation leads to enhanced vascular development in differ-
entiating ES cells and to reduced expression of VEGFR-2 and hematopoietic 
markers. In this study we wished to evaluate the capacity of FGFR-1-
deficient ES cells to grow in vivo as teratomas, to study development of 
endothelial cells and to further analyze the mechanisms underlying the en-
hanced vascularization presented in Papers I and II. 

We previously described hyper-activation of VEGFR-2 in FGFR-1-
deficient embryoid bodies (Paper I). Phosphoinositide 3-kinase (PI3-kinase) 
is an important signal transducer downstream of VEGFR-2. PI3-kinase acti-
vation results in accumulation of the lipid phosphatidylinositol 3,4,5 
trisphosphate which in turn promotes activation of the serine/threonine 
kinase Akt, a signaling molecule essential in biological events such as sur-
vival and migration. In FGFR-1-/- embryoid bodies, phosphorylated Akt 
(pAkt) was localized in vessel structures in the absence of exogenous stim-
uli, indicating increased survival and migration of endothelial cells lacking 
FGFR-1. This is in agreement with the morphology of the vessels structures 
observed in the FGFR-1-/- embryoid bodies. FGFR-1-/- ES cells injected sub-
cutaneously into nude mice to create teratomas, grew bigger and had signifi-
cantly increased vessel formation compared to control. Frequently, the ves-
sels in the FGFR-1-/- teratomas showed a hyperactive phenotype character-
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ized by double layers of endothelial cells. Interestingly, medium conditioned 
by FGFR-1-/- ES cells transferred the FGFR-1-deficient phenotype to wild 
type embryoid bodies. Thus, the hematopoietic profile was suppressed in 
conditioned medium-treated wild type embryoid bodies, as in FGFR-1-/-

embryoid bodies, and the wild type vessels adopted an FGFR-1-/- phenotype 
after exposure to conditioned medium. This indicated loss of an inhibitory 
factor or increase of a stimulatory factor in the FGFR-1-/- conditioned me-
dium. To screen for a candidate secreted molecule, a cytokine antibody array 
was exposed to medium from either FGFR-1+/- or FGFR-1-/- cultures. Ex-
pression of IL-4 was decreased whereas expression of TIMP-1 was in-
creased, in FGFR-1-/- medium compared to control. IL-4 has been implicated 
previously in negative regulation of angiogenesis. Downregulation of IL-4 
expression may be a consequence of loss of hematopoietic cells such as mast 
cells. Matrix metalloproteinases, MMPs are important in degradation of the 
matrix surrounding vessels during sprouting. Increased levels of the MMP 
inhibitor TIMP-1 may indicate an increase in proteinase activity in FGFR-1-

/- embryoid bodies. 
These data indicate that FGFR-1 affects vascular development on several 

levels. The shift in hemangioblast development with a preference towards 
endothelial cell differentiation, in combination with a disturbed balance of 
stimulatory and inhibitory factors creates an environment were vessel forma-
tion is enhanced. 

Paper IV: Platelet-derived growth factor receptor-
activating mutation (D849V) promotes vascular development 
and angiogenic sprouting by differentiating embryonic stem 
cells

Results and discussion 
PDGF and their receptors are key players during development of the vascu-
lature and in recruitment of smooth muscle cells to newly formed vessels. 
The PDGF family of growth factors is also involved in progression in most 
types of solid tumors. Mutations in PDGFR-  have not yet been associated 
with tumor progression. However in about 30% of patients with gastrointes-
tinal tumors (GIST), mutations have been identified in the conserved region 
of the activation loop in the PDGFR-  kinase domain. The majority of GIST 
patients carry mutation in the activating loop in c-Kit, the stem cell factor 
(SCF) receptor. We have studied ES cells in which we have created an 
amino acid exchange of the highly conserved aspartic acid (D) 849 in the 
activation loop of the PDGFR- , for valine (V). During differentiation, these 
ES cells exhibited an increased vessel formation in the absence of exoge-
nously added growth factors. Tyrosine phosphorylation of the mutant 
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PDGFR-  was induced under basal culture conditions as was phosphoryla-
tion of the signaling molecules Akt and Erk. Culture of the D849V PDGFR-

embryoid bodies in 3-D collagen gels showed higher invasiveness into the 
gel compared to the wild type embryoid bodies and the D849V angiogenic 
sprouts were to a higher extent associated with smooth muscle cells. 

Transcript levels of CD31, VEGFR-2 and ASMA were similar in the 
D849V and wild type ES cells; however, transcript levels of VEGF-A and 
the pericyte differentiation marker RGS-5 were increased. Although the 
VEGFR-2 transcript levels were unaffected by the mutation, protein expres-
sion was increased in the mutant PDGFR-  compared to wild type. Vessel 
formation in the D849V embryoid bodies was reverted by neutralizing anti-
bodies against VEGF-A and VEGFR-2, indicating the importance of these 
factors in mediating the enhanced vascularization as a consequence of the 
PDGFR-  mutation. 

To conclude, the D849V PDGFR-  activating mutation leads to increased 
vessel formation and ligand-independent receptor signaling as shown by 
increased basal phosphorylation of the receptor itself and the signaling 
molecules Akt and Erk. The augmented PDGFR-  signaling, which both 
quantitatively and qualitatively may differ from wild type PDGFR-  signal-
ing, leads to increased VEGFR/VEGFR-2 expression and enhanced endothe-
lial and perivascular smooth muscle cell development. 
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Future perspectives 

In this thesis, I employ differentiating ES cells to study vessel formation and 
the role of several growth factors and their respective receptors. Work in this 
thesis demonstrates the usefulness of the embryoid body model and the faith-
ful replication of embryonic processes. The results described in Papers I-IV 
provide answers to some questions of vital interest to the vascular biology 
field such as the role of FGFR-1 in endothelial cell development, but in addi-
tion, new matters have arisen that need further attention. 

I show that differentiating ES cells, embryoid bodies, recapitulate vessel 
development in the mouse embryo. Spontaneous development of contracting 
cardiomyocytes and a vascular network with vessels containing erythroblasts 
in their lumen is seen in embryoid bodies cultured in calf serum. The mor-
phology of vessels is influenced by exogenously added growth factors creating 
characteristic patterns of the vascular plexus. I have identified increased vessel 
formation and reduced hematopoiesis in ES cells lacking expression of FGFR-
1. The mechanism underlying loss of hematopoietic development was pin-
pointed to the level of the Tal-1 expressing hemangioblast. We linked the en-
hanced vessel formation to a state of hyper-activity of VEGFR-2. The hyper-
activity was defined as reduced mobility of the kinase active receptor in SDS-
PAGE (Paper I) possibly due to increased phosphate content, increased levels 
of the VEGFR-2 substrate pAkt in endothelial cells in FGFR-1-/- embryoid 
bodies (Paper III) and the presence of vessels composed of double layers of 
endothelial cells in vessels in FGFR-1-/- teratomas (Paper III). The hyperphos-
phorylation of VEGFR-2 described in Paper I could be due to decreased phos-
phatase activity in the absence of FGFR-1, or alternatively, to loss of clearance 
of VEGFR-2 from the cell surface, allowing accumulation of activated recep-
tors. Internalization of VEGFR-2 probably involves several cellular mecha-
nisms for rapid degradation of cell surface proteins, such as ubiquitination and 
proteosomal degradation. As hyperactive VEGFR-2 may be a driving force in 
tumor progression, promoting enhanced vascularization of the tumor, it is 
important to identify the mechanisms in more detail. It is also important to 
further analyze the functionality of the double-layer vessels in FGFR-1-/- tera-
tomas e.g. by confocal analysis of thick sections stained for expression of 
CD31 and ASMA. To evaluate if the vessels are host derived or if they have 
developed from the ES cells, fluorescence in situ hybridization (FISH) probing 
for Y chromosome expression in the male ES cells (not detecting the female 
host-derived vessels) will be employed. 
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The underlying mechanisms leading to increased vascularization in the 
FGFR-1-/- situation were, apart from the suggested VEGFR-2 hyperactivity, 
linked to modulation of expression of angiogenic modulators such as IL-4 
and TIMP-1. The global pattern of transcript changes in the absence of 
FGFR-1 will be further analyzed by microarray. Our result that the FGFR-1 -

/-phenotype may be transferred by conditioned medium strongly indicates 
one or several secreted molecules. To validate the role of IL-4, a pilot ex-
periment was performed were IL-4 was added to the FGFR-1-/- embryoid 
cultures. Addition of IL-4 partially rescued CD41 expression (data not 
shown) but unfortunately, there was a general deterioration of the embryoid 
body cultures with time, and vessel formation could therefore not be evalu-
ated. Moreover, rescuing a wild type phenotype is probably not achieved by 
adding one missing factor. Future plans include suppressing IL-4 function in 
wild type embryoid bodies by treatment with neutralizing antibodies against 
IL-4 and thereafter evaluating the effect on hematopoietic and vascular de-
velopment. 

Partanen and Rossant have created a conditional endothelial cell knockout 
of FGFR-1, which shows normal development. However, tumor studies have 
not been done in this model. Our data in Paper II showed a high mitogenic 
potential of the CD31+FGFR-1+ pool which points to the possibility that such 
cells could contribute e.g. to pathological angiogenesis such as in tumors. 
Further, screening tumor arrays for evaluation of FGFR-1 expression in ves-
sels in various tumors may provide valuable information on the involvement 
of FGFR-1 expressing endothelial cells in pathological angiogenesis. 

The effect of a single amino acid exchange in the activation loop of the 
PDGFR-  (D849V) leads to a phenotype incompatible with survival, even in 
chimeric mice. The D849V ES cells cultured in vitro show enhanced vessel 
formation probably due to increased VEGF/VEGFR-2 signaling. To further 
evaluate the consequences of the D849V exchange, teratomas will be created 
to investigate in vivo effects on growth and vascularization. 
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