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ABBREVIATIONS

Ang Angiopoietin
ATP Adenosine triphosphate
Bmx Bone marrow tyrosine kinase gene in chromosome X
Btk Bruton’s tyrosine kinase
E8.5 Embryonic day (8.5)
EC Endothelial cell
EPC Endothelial progenitor cell
Etk Epithelial and endothelial tyrosine kinase (Bmx)
FGF Fibroblast growth factor
HIF Hypoxia inducible factor
HPC Hematopoietic progenitor cell
HSPG Heparan sulfate proteoglycan
Itk Interleukin-2-inducible T cell kinase
KO Knockout
mRNA Messenger ribonucleic acid
NRTK Non-receptor tyrosine kinase
P2 Postnatal day (2)
PC Pericyte
PDGF Platelet-derived growth factor
PDGFR Platelet-derived growth factor receptor
PI3K Phosphatidylinositol 3-kinase
PlGF Placenta growth factor
PTKs Protein tyrosine kinases
RA Rheumatoid arthritis
RTK Receptor tyrosine kinase
SMC Smooth muscle cell
STAT Signal transducer and activator of transcription
sVEGFR-1 Soluble VEGFR-1
Tec Tyrosine kinase expressed in hepatocellular carcinoma
TG Transgenic
TGF-a Transforming growth factor alpha
Tie Tyrosine kinase with Ig and EGF homology domains
TNF-a Tumor necrosis factor alpha
Txk T cell X chromosome kinase
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
WT Wildtype
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ABSTRACT

Neoplastic cells are characterized by distinct alterations in the genome that are associated with
characteristic changes in cell physiology: self-sufficiency in growth signals, insensitivity to anti-

growth signals, resistance to programmed cell death, limitless replicative ability, the ability to
invade tissue and metastasize and the capability of inducing sustained angiogenesis through the

secretion of angiogenic molecules. Vascular Endothelial Growth Factor (VEGF) is the principal

angiogenic molecule involved in both physiologic and pathologic angiogenesis. VEGF belongs to
the VEGF gene family comprising of VEGF, VEGF-B, VEGF-C, VEGF-D and Placenta Growth

Factor (PlGF). VEGF gene family members bind and phosphorylate receptor tyrosine kinases on
endothelial cells. This signal is relayed to the cell nucleus through intracellular signal mediators

such as the Bmx tyrosine kinase leading to changes in gene expression.

In this study, newly cloned members of the VEGF family were analysed. Human VEGF-B and

VEGF-C genes were localized to the chromosomal loci 11q13 and 4q34, respectively. VEGF-B and

VEGF-C were not significantly amplified in the breast cancer cell lines studied and they did not
localize to known cancer amplicons in the human genome. The mRNA regulation of VEGF-B and

VEGF-C by serum, growth factors, oncoproteins and hypoxia was analysed and found to differ
significantly from the VEGF mRNA regulation. For example, unlike VEGF, neither VEGF-B nor

VEGF-C was upregulated by hypoxia. Serum, growth factors and oncoproteins upregulated VEGF-

C mRNA, whereas VEGF-B mRNA was not regulated by any of these stimuli. The receptor for
VEGF-C and VEGF-D, VEGFR-3, was found to be expressed in lymphatic endothelial cells during

the transient in-growth of lymphatic vessels into the wound bed during dermal wound healing.
Wound healing angiogenesis and lymphangiogenesis were concurrent processes with different

kinetics. VEGFR-3 was upregulated on blood vascular endothelium during chronic inflammation

and VEGF-C was strongly expressed in the inflamed synovial membranes in rheumatoid arthritis.
VEGFR-3 was expressed on lymphatic endothelium and also on the endothelium of synovial

capillaries and venules. These studies indicate that VEGF-C is induced by various proinflammatory
cytokines and growth factors and that VEGF-C and its receptor VEGFR-3 could be involved in the

pathogenesis of inflammatory processes.
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Bmx, a tyrosine kinase involved in VEGF signaling and expressed in arterial endothelium, was not

upregulated in angiogenic vessels during angiogenesis. Bmx was however expressed in migrating
epithelial keratinocytes during the re-epithelialization of dermal wounds. Epidermal overexpression

of Bmx in transgenic mice stimulated keratinocyte proliferation and accelerated dermal wound
healing. The Bmx transgene also induced dermal inflammation and angiogenesis with strong

changes in the epidermal gene expression profiles. These results suggest that Bmx expression, that

has been detected in prostate carcinomas, could be associated with important aspects of tumor
progression.
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REVIEW OF THE LITERATURE

Vascular development

Vasculogenesis and angiogenesis

During human embryogenesis, the vascular system appears during the third week of development
when the nutritional requirements of the embryo can no longer be met solely by diffusion 1. The

angioblasts, i.e. the endothelial progenitor cells (EPC) and the hematopoietic progenitor cells
(HPC) are thought to originate from a common mesoderm-derived progenitor cell, the

hemangioblast. Hemangioblasts aggregate to form primitive blood islands in the yolk sac in

response to growth factor signals 2. The cells in the center of these blood islands become
hematopoietic progenitor cells while the outer cells become angioblasts 2. Angioblasts proliferate,

differentiate and organize to form a primitive vascular plexus composed of endothelial tubes.
VEGF and its receptors represent the first endothelial-cell specific signaling pathway during

development 3. The primitive vascular system is remodeled into a mature vascular network through

a process termed angiogenesis 4. During angiogenesis, new vessels are formed from pre-existing
ones through sprouting or non-sprouting mechanisms such as splitting or bridging 3. The novel

vascular sprouts form capillary loops that develop into capillary networks. Excess vessels are
pruned and vessels may fuse together. Endothelial cells (EC) acquire a basement membrane,

vessels become covered by pericytes (PC) and smooth muscle cells (SMC) and undergo arterial-

venous differentiation 5. The EC at the site of angiogenesis may also be derived through
recruitment of circulating EPC derived from the bone marrow 6-8. Cells capable of differentiating

into EC have also been discovered in skeletal muscle 9. Angiogenesis is tightly controlled in the

adult by a balance between angiogenic and anti-angiogenic stimuli, occurring only in special
circumstances such as during the female reproductive cycle, during placental development or

during wound healing 10.

Arteriogenesis

Arteriogenesis is the development of functional collateral vessels from pre-existing small arterioles
in occlusive arterial disease 3,11. Although arteriogenesis is often accompanied by angiogenesis and



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 9

vice versa, arteriogenesis differs significantly from angiogenesis at the cellular and molecular level.

Angiogenesis is rarely capable of providing functional blood perfusion to acutely ischemic tissues
but arteriogenesis results in the development of true collateral arteries capable of providing a 10- to

20-fold increase in tissue blood flow. Arteriogenesis is initiated by an increase in fluid shear stress,
which activates the vascular endothelium. The activated endothelium begins to express monocyte

chemotactic protein and cell adhesion molecules involved in the attachment and trans-endothelial

migration of monocytes 12. Monocytes are recruited to the perivascular space where they release
proteases, growth factors and cytokines involved in the recruitment of EC and SMC to the new

vessel. Arteriogenesis then proceeds with the remodeling phase. A new elastic lamina is
synthesized by the SMC, the vessel wall thickens and the vessels increase in tortuosity.

Hematopoiesis

During early development, hematopoiesis, the development of blood cells, occurs in tight proximity
to the development of the vascular system. Hematopoietic cells appear first in the extraembryonic

yolk sac 13. These inner cells of blood islands are mostly nucleated red blood cells expressing fetal
hemoglobin. In humans, primitive hematopoiesis is only transient and as it declines, the so-called

definitive hematopoiesis begins in the embryo proper in the fetal liver. Since different animal

models have yielded contradicting data, the origin of definitive hematopoietic stem cells (HSC) is
unclear 14. The intraembryonic HSC of humans are thought to be derived primarily from clusters of

hematopoietic cells attached to the ventral wall of the dorsal aorta in the para-aortic
splanchnopleura 14-16. EC and definitive HSC have common surface markers, vascular endothelial

growth factor receptor -1 (VEGFR-1), VEGFR-2 and Tie-2 among others 17. Definitive

hematopoiesis occurs from mid-gestation onwards also in the spleen, moving to the bone marrow in
the adult 1. In the adult, hematopoiesis occurs solely in the bone marrow, except for certain

pathologic conditions where extramedullary hematopoiesis may be present.

Lymphangiogenesis

The lymphatic system begins in the interstitium as blind-ended lymphatic capillaries that collect

interstitial fluid, immune cells, proteins, other macromolecules and debris and in the gut, also
lipids. Lymphatic capillaries are very permeable, thin-walled vessels with large inter-endothelial

pores lacking a continuous basal lamina and pericytes 18-20. The lymphatic capillaries feed into
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lymph nodes where antigen presentation and clonal expansion of immune cells takes place. Lymph

continues into larger collecting ducts, the left and right thoracic ducts and finally into the systemic
blood circulation. The development of embryonic lymphatic vessels has been less studied than

vasculogenesis and angiogenesis. In 1902, Sabin proposed that during embryogenesis, the
lymphatic vasculature develops by sprouting lymphangiogenesis from the lymph sacs 21. Recent

data on the expression of early markers of lymphatic endothelium on the endothelium lining the

budding lymphatic sacs in mice have supported Sabin’s theory 22-25. The lymphatic vascular system
in peripheral tissues has been suggested to develop from the fusion of mesenchymal lymphatic

spaces that develop separately from blood vessels 26. In a quail-chick chimera model, mesodermal
lymphatic progenitor cells may participate in lymphatic vessel development 27-29. Lymphatic EC are

thought to develop from venous EC. This theory has been supported by studies on the ability of the

prospero related homeobox protein-1 (Prox1) to re-program blood vascular EC into lymphatic EC
and also by studies on the differences and similarities in the gene expression profile of lymphatic

and blood vascular EC 30-33. Studies on the VEGF-C knockout mice have offered insight into the

interplay between VEGF-C and VEGFR-3 in the development of the lymphatic vasculature 34.
Lymphangiogenesis in the adult has not been extensively studied and the cell-cell communication

between angiogenic and lymphangiogenic EC in vivo is unclear.

Vascular endothelial growth factor family

Figure 1. A simplified scheme of ligand-receptor binding in the VEGF gene family in humans.
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VEGF

In mammals, the Vascular Endothelial Growth Factor (VEGF) gene family comprises five dimeric
glycoproteins able to bind and activate VEGF receptor tyrosine kinases (VEGFRs): VEGF, VEGF-

B, VEGF-C, VEGF-D and the placenta growth factor (PlGF). VEGF binds VEGFR-1 and VEGFR-

2. VEGF is secreted by a broad range of cells including PC/SMC, fibroblasts and hematopoietic
cells. VEGF induces the proliferation, sprouting, migration and tubule formation of EC 35. VEGF is

also a potent survival factor for angiogenic EC during physiological and tumor angiogenesis and

induces the expression of anti-apoptotic proteins in the EC 36-38. VEGF was originally described as a
permeability factor 39. VEGF induces potent changes in the permeability of EC through formation

of transcellular gaps, vesico-vascular organelles, vacuoles and fenestrations 40. VEGF causes
vasodilatation through the induction of the endothelial nitric oxide (NO) synthase and the

subsequent increase of NO production 41-43. Although VEGF acts mostly on EC it has been shown

to also bind VEGF receptors on HSC, monocytes, osteoblasts and neurons 44-47. In these cells VEGF
induces for example HSC mobilization from the bone marrow, monocyte chemoattraction,

osteoblast-mediated bone formation and neuronal protection and angiogenesis 48-50. VEGF
stimulates inflammatory cell recruitment and also the expression of proteases implicated in the

degradation of the basal lamina in the early stages of angiogenesis 51-53. VEGF is strongly induced

by hypoxia due to hypoxia-inducible factor (HIF) regulated elements of the VEGF gene 54,55. Many
cytokines including platelet-derived growth factor, epidermal growth factor, transforming growth

factors and basic fibroblast growth factor induce VEGF expression and may also regulate VEGF
mRNA stability 56,57. Six forms of VEGF are produced through alternative splicing: VEGF121,

VEGF145, VEGF165, VEGF183, VEGF189 and VEGF206 50. VEGF121, VEGF165 and VEGF189 are the

major forms secreted by most cell types 58. VEGF121 diffuses freely, while in general approximately
half of the secreted VEGF165 binds to cell surface heparan sulfate proteoglycans (HSPGs). VEGF189

remains almost completely sequestered by HSPGs in the extracellular matrix and the HSPGs
provide a reservoir of VEGF isoforms that may be released by proteolytic enzymes 59-61. VEGF145

and VEGF206 are expressed primarily in the placenta and VEGF183 is expressed in the retina 62-64.

Recently, also an inhibitory splice form of VEGF, termed VEGF165b, has been found and it is
downregulated in renal cell carcinoma 65.

VEGF is ubiquitously expressed in embryonic tissues, but expression is stronger at sites of active
vasculogenesis and angiogenesis 66. VEGF is expressed in practically all solid tumors studied and

also in hematological malignancies 50,67. VEGF inhibition in experimental tumors reduces tumor
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growth and correlations have also been found in human cancer patients between VEGF expression

and various parameters such as disease progression and survival 68-70. Transgenic mice
overexpressing VEGF in the skin develop an inflammatory skin condition resembling psoriasis 71.

Overexpression of VEGF in murine skin also accelerates experimental tumor growth 72.
Homozygous VEGF knockout (KO) mice die at E8-E9 from defects in the very early blood island

formation, in EC development, in EC differentiation and in tubule formation (see Table 2) 73. The

levels of VEGF protein during development are crucial since mice lacking even a single VEGF
allele also die at E11-E12, displaying defects in early vascular development 74. The different

biological functions of VEGF isoforms were recently demonstrated by studying isoform-specific
KO mice. Mice expressing only VEGF120 (human VEGF121) die in part soon after birth and those

that survive develop lethal ischemic cardiomyopathy 75. Mice expressing only VEGF188 (human

VEGF189) display impaired arteriolar development and approximately half die at birth 76. Mice
expressing only VEGF164 (human VEGF165) are viable and healthy 76. These studies underline the

importance of VEGF164 (human VEGF165) as the principal effector of VEGF action.

Gene Chromosomal
localization

Splice variants Major protein size Major mRNA transcript
size

VEGF 6p23.1 77 121,145, 165*,
183*, 189*, 206*,
165b

21kDa 3.7kB, 4.5kB

VEGF-B - 167*, 186 21kDa, 30kDa 1.4kB
VEGF-C - - 20-21kDa 2.4kB
VEGF-D Xp22.31 78,79 - 20-21kDa 2.2kB
PlGF 14q24 80,81 131, 152*, 219 38kDa, 30kDa 1.7kB

1.2kB
VEGFR-1 13q12-q13 82 180kDa 7.5kB, 8.0kB
VEGFR-2 4q11-q12 83 230kDa 7.0kB
VEGFR-3 5q33-qter 84 VEGFR-3,

(VEGFR-3 short)
195kDa 4.5kB, 5.8kB

Table 1. VEGF family members and receptors in humans, chromosomal localization, splice

variants, major protein and mRNA transcript sizes. * indicates heparin-binding form. kB = kilobase

(1000 nucleotide bases), kDa = kilodalton (100 daltons).

PlGF

Placenta growth factor (PlGF) was originally discovered in a human placental cDNA library 85.
PlGF binds VEGFR-1 86,87. PlGF is angiogenic and also arteriogenic 88. It induces recruitment and

survival of bone marrow derived VEGFR-1 positive stem cells 89. Alternative splicing leads to three

different forms of human PlGF: PlGF-1 (PlGF131), PlGF-2 (PlGF152) and PlGF-3 (PLGF221) 80. PlGF
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forms homodimers and PlGF/VEGF165 heterodimers 90,91. In mice, PlGF is expressed most

abundantly in the heart and lungs 92,93. In several animal models PlGF induces the formation of
mature, leakage-resistant PC-covered vessels 94,95. PlGF has also been shown to induce dermal

angiogenesis, increase permeability and increase induction of dermal inflammation when
overexpressed in the skin of transgenic mice 96,97. PlGF KO mice are viable but exhibit impaired

pathologic angiogenesis and arteriogenesis (see Table 2) 98-100.

Figure 2. Phylogeny of the VEGF gene family.

VEGF-B

VEGF-B (also called VEGF-related factor/VRF) was discovered independently by two laboratories
101,102. VEGF-B binds VEGFR-1, but its biological function is not known 103. Two different splice

forms of human VEGF-B exist: the predominant form VEGF-B167 that is partly sequestered by
HSPGs and VEGF-B186 104. During development, VEGF-B is expressed most prominently in the

developing myocardium 105. In the adult VEGF-B is expressed in most tissues but expression is
more abundant in the heart and in the skeletal muscle 106. VEGF-B has been shown to regulate

plasminogen activity in EC 103. Two independently generated VEGF-B KO mice were healthy and

had a slightly prolonged PQ-conduction time or slightly reduced myocardial size (Table 2) 107,108.
The VEGF-B KO mice recover slightly less well from experimental transient myocardial ischemia
107.
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VEGF-C

VEGF-C is produced as a single propeptide, the N-terminal and C-terminal ends are proteolytically
processed to generate a protein with high affinity for VEGFR-2 and VEGFR-3 109. VEGF-C

induces mitogenesis and migration of EC 109. VEGF-C is also a survival factor for lymphatic EC 30.

During development, VEGF-C is expressed along with its receptor VEGFR-3 predominantly in
regions where lymphatic vessels develop and also in the developing mesenterium 110. VEGF-C

induces selective lymphangiogenesis in vivo in a chick chorioallantoic membrane assay 20. VEGF-C

overexpression in the skin of transgenic mice induces the development of hyperplastic dermal
lymphatic vessels in vivo with no such effects on blood vasculature 111. Adenovirus mediated gene

transfer of VEGF-C (AdVEGF-C) reduces experimental neointima formation in balloon-neduded
rabbit aorta 112. AdVEGF-C induces growth of functional lymphatic vessels in several different

animal models 113-116. Tumor cells overexpressing VEGF-C induce peritumoral lymphangiogenesis

and tumor cell invasion into lymphatic vessels in animal models 117-121. VEGF-C, the proteolytically
processed form in particular, has also been shown to be angiogenic at high concentrations 122,123.

Studies of cancer patients have shown a positive correlation between VEGF-C expression and
lymphatic invasion and metastasis and patient survival whereas in a small number of studies no

such correlation was found 67. VEGF-C expression is an independent prognostic factor in cervical

cancer and gastric cancer 124,125. VEGF-C KO mice die prenatally from fluid accumulation in tissues
due to lack of development of lymphatic vessels (see Table 2) 34. The endothelial cells commit to

the lymphatic lineage but do not however sprout to form lymphatic vessels. The lymphatic vascular
sprouting is rescued by the lymphangiogenic VEGF-C and VEGF-D but not by the angiogenic

VEGF, indicating specificity for VEGFR-3 34. These results indicate that VEGF-C is a crucial

paracrine growth factor for the development of the lymphatic vasculature. VEGF-C is not however
essential for the development of blood vessels unlike its receptors VEGFR-2 and VEGFR-3.

Heterozygous VEGF-C KO mice also have lymphatic developmental defects indicating that VEGF-
C is essential for the development of the lymphatic vasculature in a concentration dependant

manner 34.

VEGF-D

VEGF-D is the closest relative of VEGF-C 78,126. Like VEGF-C, the human VEGF-D also binds and

activates VEGFR-2 and VEGFR-3 and is mitogenic for EC and angiogenic and lymphangiogenic in
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vivo 127-129. Murine VEGF-D binds only VEGFR-2 indicating a possibly different role for VEGF-D

in mice 130. VEGF-D is processed like VEGF-C in its N-terminal and C-terminal ends 78,131. VEGF-
D is present in most human tissues but it is most abundant in the lung 132. In experimental tumors

VEGF-D increases lymphatic vessel growth and lymphatic metastasis 133. VEGF-D is expressed by
melanoma cells and has been proposed to have a role in tumor angiogenesis and

lymphangiogenesis 134. VEGF-D has been shown to be of prognostic value for lymphatic invasion

and also survival in certain human cancers 67. A VEGF-D KO has not been published.

Gene KO lethality Defects in vascular development
observed in KO

Proposed vascular function

VEGF (-/-) E8-E9
(+/-) E11-E12

Defective blood vessel and blood
island development † 74

Induction of vasculogenesis, angiogenesis
and hematopoiesis

VEGF-B survive No phenotype 108 or slightly smaller
myocardium 107

Unknown

VEGF-C E15.5-E17.5,
no live pups
born

Defective lymphatic vessel sprouting,
edema 34

Induction of lymphatic sprouting,
lymphatic EC survival

PlGF survive Defective pathologic angiogenesis 98 Recruitment of EPC?
VEGFR-1 E8.5 Defective vasculogenesis and

angiogenesis, excess EC progenitors
135,136

VEGF regulation, pathologic angiogenesis,
recruitment and survival EPC?

VEGFR-2 E8.5-E9.5 Defective vasculogenesis, blood island
and hematopoietic cell development 137

Hemangioblast differentiation, proliferation
and migration

VEGFR-3 E9.5-E10.5 Defective angiogenesis, pericardial
effusion 138

BV maturation in development, growth and
survival of LV

PDGF-B P0 Hemorrhaging, microaneurysms,
defective PC recruitment 139

SMC growth and PC recruitment and
survival

PDGFRb P0 Hemorrhaging, microaneurysms,
defective PC recruitment 140

PC maturation, BV stabilization

Ang-1 E12.5 Defective vascular modeling 141 Recruitment of PC, BV stabilization
Ang-2 <P14 Defective postnatal angiogenesis,

lymphatic vessel abnormalities 142
BV stabilization, BV and LV remodeling

Tie-1 E13.5-P0 Defective EC integrity, edema,
hemorrhaging 143

BV stabilization and EC survival, EC-PC
interactions

Tie-2 E9.5-E10.5 Defective vasculogenesis,
angiogenesis, PC recruitment, cardiac
defects 144

BV stabilization and EC survival, EC-PC
interactions

Nrp-1 E12.5-E13.5 Defects in neural vascularization, and
yolk sac vasculature, cardiac defects 145

Axon guidance, VEGF co-receptor, VEGF
regulation in development

Ephrin B2 E11 Defective vascular remodeling and
cardiac defects 146

Establishment of arterial EC identity

EphB4 E10 Defective vascular remodeling and
cardiac defects 147

Establishment of venous EC identity

Table 2. Mouse models of targeted inactivation of genes involved in vasculogenesis and
angiogenesis. EC = endothelial cell, BV = blood vessel, LV = lymphatic vessel, EPC = endothelial

progenitor cell, PC = pericyte, SMC = smooth muscle cell. † see text for details on isoform-specific
KO-studies.
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VEGFR-2

VEGFR-2 is composed of seven extracellular immunoglobulin (Ig) homology domains, a single
transmembrane region and an intracellular tyrosine kinase (TK) domain that is interrupted by a

kinase-insert domain 148,149. VEGFR-2 binds VEGF, VEGF-C and VEGF-D. Although the binding

affinity of VEGF towards VEGFR-2 is lower than that for VEGFR-1, it is thought that most of the
biological effects of VEGF are transduced through VEGFR-2 150,151. Using receptor-specific VEGF

mutants VEGFR-2 has also been shown to be the sole VEGF receptor signaling EC migration,

angiogenesis and vascular permeability 152. In addition to EC, VEGFR-2 is also expressed on
neuronal cells, osteoblasts, pancreatic duct cells, retinal progenitor cells, megakaryocytes and

hematopoietic stem cells 50,153. VEGFR-2 expression is downregulated in the adult blood vascular
EC but VEGFR-2 is upregulated in the endothelium of angiogenic blood vessels 154. VEGFR-2

associates with integrin aVb3 upon binding VEGF and this may be associated with integrin-

dependent migration of EC 155,156. During development VEGFR-2 is expressed by the primitive

endoderm and embryonic angioblasts 73,74,157. VEGFR-2 is also expressed in the blood islands and in
angiogenic vessels 158,159. VEGFR-2 KO mice are embryonic lethal at E8.5-E9.5 from

developmental defects including lack of development of the blood islands, embryonic vasculature
and hematopoietic cells (see Table 2) 137,159.

VEGFR-1

The overall structure of VEGFR-1 is similar to that of VEGFR-2 160. VEGFR-1 binds VEGF,

VEGF-B and PlGF. Upon ligand binding to VEGFR-1, phosphorylation and mitogenic signaling to

EC is much weaker than that of VEGFR-2 161,162. VEGFR-1 may act as a decoy receptor regulating
the bioavailability of VEGF and it may also modulate VEGFR-2-mediated signaling 163. VEGFR-1

forms heterodimers with VEGFR-2 in vivo 164. VEGFR-1 is expressed on EC and also on

osteoblasts, monocyte/macrophages, pericytes, placental trophoblasts, renal mesangial cells and in
some hematopoietic stem cells 50,165. VEGFR-1 activation induces monocyte migration and may

also have an important role in inflammatory angiogenesis 166,167. VEGFR-1 signaling is also
involved in the recruitment and survival of bone marrow derived progenitor cells 89,168. VEGFR-1 is

also expressed along with VEGFR-2 in human testis and myometrium 153. VEGFR-1 expression is

upregulated during angiogenesis and unlike VEGFR-2, hypoxia upregulates VEGFR-1 expression
154,169. Pathologic angiogenesis e.g. during experimental tumor growth is impaired with anti-
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VEGFR-1 antibodies 95. A soluble form of VEGFR-1 (sVEGFR-1, i.e. the extracellular portion of

VEGFR-1) has been described which inhibits VEGF action 170. sVEGFR-1 has been linked to the
development of gestational toxemia and pre-eclampsia 171,172. Women with pre-eclampsia have

elevated circulating sVEGFR-1 levels and decreased circulating PlGF and VEGF 173. The relative
absence of VEGF and PlGF may lead to EC dysfunction in the maternal and placental vasculature.

During development, VEGFR-1 is first expressed in angioblasts and in endothelia although less

strongly than VEGFR-2, VEGFR-1 expression subsides during later embryonic development
135,158,174. VEGFR-1 KO mice die at E8.5 due to disorganization of blood vessels and overgrowth of

EC in the blood vessels with few hemangioblasts being formed (see Table 2) 135,136. Although
VEGFR-1 KO mice do not survive, mice lacking only the intracellular kinase domain are fertile

and normal with impaired pathologic angiogenesis 175,176.

VEGFR-3

VEGFR-3 has only six Ig-homology domains as the fifth Ig-homology domain is proteolytically

cleaved soon after biosynthesis and the resulting polypeptide chains remain linked via a disulfide
bond 177,178. VEGFR-3 binds VEGF-C and VEGF-D 131,179. The VEGF-C/VEGFR-3 pathway is

crucial for the development of the lymphatic vasculature 34. VEGFR-3 is present on all endothelia

during development but in the adult it becomes restricted to lymphatic EC and certain fenestrated
blood vascular EC 22,180. VEGFR-3 is upregulated on blood vascular EC in pathologic conditions

such as vascular tumors and in the periphery of solid tumors 120,154. A recombinant soluble
extracellular portion of VEGFR-3 can disrupt the development of lymphatic vessels in animal

models by inhibiting VEGF-C and VEGF-D actions that leads to lymphatic EC apoptosis 121,181.

Transgenic mice overexpressing the extracellular portion of VEGFR-3 in the skin completely lack
dermal lymphatic vessels and also have poorly developed deeper lymphatic vessels especially

during development 181. Missense mutations in VEGFR-3 have been linked to hereditary
lymphedema in humans and also to a similar condition in a mouse model of lymphedema 182,183.

VEGFR-3 gene targeted  mice die at E9.5 from defective remodeling of the primary vascular

plexus and disturbed hematopoiesis 138.
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Other factors involved in vascular biology

Platelet derived growth factors

The platelet-derived growth factors (PDGF) belong to the VEGF/PDGF family. PDGF monomers
include PDGF-A, PDGF-B, PDGF-C and PDGF-D 184,185. Through binding their receptor tyrosine

kinases PDGFRa and PDGFRß, PDGFs act as paracrine growth factors during development and as

mitogens for fibroblasts, SMC, EC and many other cell types in the adult 185. PDGFs promote

wound healing and overexpression of PDGFs has been linked to many diseases such as
atherosclerosis, fibrotic diseases and neoplasia 186,187. Mice deficient for PDGF-B or PDGFRß die

during development or perinatally from absence of mesangial cells in the kidney, defective vascular
development, aortal dilatation, and defective PC recruitment leading to hemorrhaging (see Table 2)
139,140.

Fibroblast growth factors

The fibroblast growth factors (FGF) comprise at least 22 secreted growth factors with four tyrosine

kinase receptors and pleiotropic effects during development and adult physiology 188,189. FGFs
induce proliferation of a number of cell types: they are involved in tissue repair, vasculogenesis,

angiogenesis, hematopoiesis and tumor growth 190. FGF-1, FGF-2, FGF-4 and FGF-5 have been

shown to induce angiogenesis in vivo 188,191,192.

Angiopoietins and Tie-receptors

Angiopoietins (Ang) are involved in the formation and maintenance of the vascular system 193-195.
Ang-1 and Ang-4 activate the Tie-2-receptor and Ang-2 is a Tie-2 antagonist whereas no ligand has

been found for Tie-1 196-199. The Ang/Tie-2 system mediates vessel stabilization through EC-PC
interactions whereas the function of Tie-1 is unknown. During development, Ang-1 is involved in

vascular remodeling, maturation and stabilization and also in EC-PC interactions 141,144,195,200. Ang-2

is involved in postnatal vascular and lymphatic vessel remodeling 142. In adults, Ang-2 is
upregulated during angiogenic sprouting in the presence of VEGF and during vessel regression in

the absence of VEGF 197,201,202. Ang-2 inhibition is anti-angiogenic in a rat corneal angiogenesis
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assay 203. An activating mutation of Tie-2 has been found in patients with venous malformations

involving dilated vessels and incomplete vessel PC coverage 204. Overexpressing Ang-1 in mouse
skin results in larger, more branched vessels resistant to leakage 205. Adenoviral transfer of Ang-1

induced angiogenic vessels resistant to vascular leakage 205. Ang-1 KO mice are embryonic lethal at
E12.5 from defective vascular remodeling (see Table 2) 141. Tie-2 gene targeted embryos die on

E9.5-E12.5 from insufficient formation of the vascular plexus, insufficient sprouting and

recruitment of perivascular cells and from myocardial developmental defects 144. A similar
phenotype of disorders in vascular maintenance is also seen in adult mice with a Tie-2 conditional

knockout that is activated 206. Tie-1 deficient mice exhibit defects in EC integrity resulting in edema
and hemorrhage and death at E13.5-P0 143. Soluble forms of the extracellular domains of Tie-1 and

Tie-2 have been described 207,208.

Ephrins and Ephs

Ephrins are membrane-bound multimeric ligands which bind to the Eph tyrosine kinase receptors

on opposing cells resulting in bi-directional signaling between cells, in the generation and
maintenance of patterns of cellular organization, especially in axonal guidance during neuronal

development 209-211. The Eph-ephrin system is also involved in communication of EC with

surrounding mesenchymal cells 212,213. Murine studies have shown that ephrin B2 is expressed
primarily on arterial endothelium while its EphB4 receptor is expressed on venous endothelium
146,147. Mice lacking ephrin B2 or its cytoplasmic domain and mice lacking EphB4 are embryonic
lethal at E10-E11 from defective remodeling of the primary vascular plexus and defective venous-

arterial remodeling (see Table 2) 146,147,214.

Neuropilins

The neuropilins, Nrp-1 and Nrp-2, have roles in immunology and neuronal development but they

are also involved in angiogenesis 215,216. Neuropilins bind class 3 semaphorins which are secreted
molecules that mediate the repulsive signals during neuronal axon guidance 217. Nrp-1 also binds

VEGF, VEGF-B and PlGF while Nrp-2 binds VEGF, VEGF-C and PlGF 215. Nrp-1 acts as a co-

receptor to enhance the function of VEGF through VEGFR-2, to form complexes with VEGFR-1
and to enhance tumor angiogenesis 218-220. Overexpression of Nrp-1 in mice leads to excessive

formation of capillaries and blood vessels and hemorrhages in addition to cardiac malformations 145.
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In chick embryos, endothelial Nrp-1 expression is mostly restricted to arteries, whereas Nrp-2

primarily marks veins, indicating a role in arterial/venous identity of EC 221. Nrp-2 is specific for
arterial and lymphatic ECs and mutated Nrp-2 induces abnormalities in the formation of small

lymphatic vessels and capillaries in mice 222. Nrp-1 gene targeted mice die at E13 from vascular
defects such as insufficient development of yolk sac vascular networks, deficient neural

vascularization and transposition of large vessels (see Table 2) 223,224. It is thought that during

vascular development, Nrp-1 is required for cardiovascular development because it regulates
VEGF165 levels 224. While Nrp-2 gene targeted mice do not have a vascular phenotype, a combined

Nrp-1 and Nrp-2 KO mouse is embryonic lethal at E8.5 resembling the VEGF and VEGFR-2 KO
phenotypes 225.

Bmx tyrosine kinase

The phosphorylation of proteins in response to extracellular signals is an important regulator of the
survival, homeostasis, proliferation, differentiation and apoptosis of most cell types 226. Protein

phosphorylation is also important in cellular communication during development and in

immunological responses. The human genome has 518 known protein kinases, 1.7% of all human
genes. Mammalian protein kinases comprise of serine-threonine kinases and at least 90 protein

tyrosine kinases (PTKs) 226. PTKs are classified according to cellular localization into non-receptor
tyrosine kinases (NRTK or cytosolic TK) and receptor tyrosine kinases (RTK) located on the cell

surface. The known 32 NRTKs and 58 RTKs are subdivided according to structure and sequence

homology into 10 and 20 subfamilies, respectively 226. Protein kinases modify substrate activity
through the transfer of the phosphate of ATP to specific tyrosine residues. Activation of PTKs

requires an enhancement of the intrinsic catalytic activity and the creation of binding sites for the
recruitment of downstream signal transduction molecules 227. On the other hand, phosphorylation of

tyrosine residues outside of the activation loop in NRTKs and RTKs can negatively regulate kinase

activity 227. Protein phosphorylation is very specific as approximately only 0.05% of protein
tyrosine kinases are phosphorylated at any given moment. Protein phosphatases are capable of

regulating protein kinase activity through removal of phosphate groups from target residues 228,229.
The 130 known protein phosphatases are also subdivided into tyrosine and serine/threonine specific

kinases. Neoplastic transformation involves inactivating mutations in tumor suppressor genes or

activating gain-of-function mutations in proto-oncogenes 230,231. Approximately 50% of PTKs have
been found to be deregulated in various human cancers through for example gain-of-function
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mutations, deletions, gene amplification or chromosomal translocations. In this respect, PTKs

represent targets for cancer therapy 232.

Tec family of tyrosine kinases

The Tec family of tyrosine kinases is the second largest family of NRTKs after the rous sarcoma
oncogene (Src) family. The mammalian Tec family comprises of Tec, Btk, Itk/Tsk/Emt, Txk/Rlk

and Bmx/Etk 233. The Tec family proteins share a characteristic domain structure with a pleckstrin

homology (PH) domain in the N-terminal part, followed by a Tec homology (TH), Src homology 3
(SH3) and SH2 domains and a C-terminal tyrosine kinase domain. Tec family members are mostly

present in hematopoietic lineages but they are also expressed on other cell types 234. The Tec
kinases are involved in signal transduction in response to growth factor receptor signaling, cytokine

receptor signaling, G-protein coupled receptor signaling, antigen-receptor signaling, death receptor

signaling and integrin-mediated signaling 235. Tec kinases are regulated by many other kinases and
Tec kinases regulate at least the phosphatidylinositol-3-kinase (PI3K), the protein kinase C and the

phospholipase C gamma pathways 236,237. Mutations in Btk gene are associated with a severe

immunological B-cell deficiency termed X-linked agammaglobulinemia in humans 238,239. Similar
yet milder immunological phenotypes can be observed in Btk KO mice and in mice with Btk

mutations 240,241. Itk KO mice have disorders in T-cell maturation and thymocyte development 242.
Mice lacking Tec or Txk do not have a clear phenotype 241,242. Loss of multiple Tec family kinases

leads to more pronounced phenotypes compared to the single-gene deficient mice in Itk/Txk and

Tec/Btk double KO mice 241,242.

The Bmx tyrosine kinase

The Bone Marrow tyrosine kinase gene in chromosome X (Bmx, also called epithelial and
endothelial tyrosine kinase or Etk) was cloned from human bone marrow 243. Bmx is expressed in

arterial endothelium, in the atrial endocardium, in hematopoietic cells and in certain EC 244-247. Bmx

is activated by VEGFR-1 and Tie-2 in vitro 247. Bmx promotes epithelial and endothelial cell
survival and proliferation by upregulating VEGF in vitro, indicating a VEGF-Bmx autoregulatory

loop 248. In vitro Bmx is expressed in EC and in prostate and breast carcinoma cells and it is
involved in integrin- and tumor necrosis factor (TNF)-induced cell migration in vitro 249-252. Also,

TNF induces transactivation between Bmx and VEGFR-2 253. Bmx directly activates the PI3K-Akt
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angiogenic signaling independent of the VEGF-induced VEGFR2-PI3K-Akt signaling pathway

indicating that Bmx may be involved in TNF-induced inflammatory angiogenesis 253. Bmx interacts
with focal adhesion kinase during integrin-mediated cell migration of normal and cancer cells in

vitro and Bmx also regulates reorganization of actin filaments in vitro 251,252,254,255. Bmx is involved
in src-mediated cellular transformation through signal transducer and activator of transcription

(STAT) transcription factors, Bmx associates with STAT and dominant-negative Bmx inhibits

cellular transformation 256-258. Bmx is a target for caspase 3 during apoptosis and following caspase
cleavage, Bmx is converted into a proapoptotic form, sensitizing prostate cancer cells to apoptosis
259. On the other hand, Bmx has been shown to protect prostate cancer cells from apoptosis in vitro

and Bmx has been shown to be necessary for androgen-independent growth and survival of prostate

cancer cells 250,260. In Bmx KO mice, there was no apparent phenotype 247.

Therapeutic aspects of angiogenesis research

The basis of anti-angiogenic therapy

Pathologists have known for a long time that most solid tumors are highly vascularized 261,262.

Tumor angiogenesis was described early on in several animal models but most notably by Ehrmann
and Greenblatt who along with others proposed the existence of “humoral substances” that are

produced by tumors and which are able to induce tumor angiogenesis 263,264. Others had shown in
animal models that experimental tumors failed to thrive in the absence of neovascularization 265,266.

Later, Folkman and Williams proposed the presence of a tumor-angiogenesis factor and Folkman

also proposed anti-angiogenesis as a therapeutic alternative in cancer 267,268. Angiogenesis in
neoplasia is thought to occur as a result of an imbalance in the pro-angiogenic and anti-angiogenic

stimuli. Correlation has been found in human tumors between tumor angiogenesis, tumor VEGF
expression, tumor vascularization and prognosis 67. The ability to induce angiogenesis is thought to

be one of the main hallmarks of human neoplasia 269. Tumor angiogenesis produces structurally

heterogeneous, leaky, tortuous vessels with incomplete PC/SMC coverage which grow and regress
according to tumor microenvironment needs 270. Tumor vessels are often mosaic vessels, in part

lined by tumor cells but it has also been suggested that blood conducting channels without EC

lining exist in certain tumors 271,272. Hypoxia is seen as one of the major driving forces of the
upregulation of VEGF and angiogenesis in the tumor microenvironment 273.
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Although nearly all traditional chemotherapeutics also have anti-angiogenic effects, drugs are being

developed with direct anti-angiogenic effects (see http://www.nci.nih.gov) 274. Targets of anti-
angiogenic therapy include the proteolytic enzymes involved in angiogenesis, the VEGF-VEGFR

system and integrin signaling pathways to name but a few. It is also possible to specifically target
angiogenic EC with toxins coupled to homing peptides 275. VEGF and tumor angiogenesis have

been successfully blocked in animal experiments with humanized blocking murine antibodies,

soluble VEGFR extracellular domains, RTK inhibitors or ribozyme/antisense molecules 276. Anti-
angiogenic therapy targeting the VEGF-VEGFR-system in human trials has proven to be more

challenging than previously thought. Side-effects and complications have involved known
biological effects of VEGF and patient responses have also varied, presumably because trials have

targeted resistant and highly advanced tumors 276.

Bevacizumab (Avastin‰, Genentech, USA) is an example of anti-angiogenic therapy based on

VEGF. It is a recombinant human monoclonal anti-VEGF antibody well tolerated in early trials.

Bevacizumab is in randomized Phase III trials in combination with traditional chemotherapeutic

agents in advanced colorectal adenocarcinoma, non-small cell lung cancer and in breast cancer 277

(see http://www.nci.nih.gov). Patients with newly diagnosed metastatic colon cancer who had not

received previous therapy and who received bevacizumab (Avastin™) along with the traditional 5-
fluoruracil, leucovorin and irinotecan (IFL) regimen had substantially longer overall survival time

(by about 5 months) than those that received only the IFL regimen. Bevacizumab is the first anti-

angiogenesis agent to prove effective in a randomized Phase III trial.

Angiogenesis in wound healing and rheumatoid arthritis

Wound healing involves the concerted action of cytokines and growth factors including VEGF as
summarized in Table 3 278. Directly after the injury, platelets and injured cells release wound

healing mediators. Polymorphonuclear (PMN) leukocytes are recruited to the site of injury

followed by macrophages to remove all necrotic and foreign material: PMN leukocytes and
especially macrophages are reservoirs of growth factors and cytokines during the healing process.

A provisional matrix is formed through deposition of fibrin, fibronectin, vitronectin and connective
tissue. In the adult, EC at the wound edge proliferate and migrate via lamellopodial crawling over

the provisional matrix. Fibroblasts and EC become the major cell populations within the wound as

the inflammation subsides and a highly vascular granulation tissue is formed 278. The granulation
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tissue matures through deposition of collagen and a decrease in vascularity. VEGF is secreted by

the platelets directly after injury, very early by keratinocytes at the wound edge, by macrophages
and also possibly by other cells in the granulation tissue 279-281. Re-epithelialization is delayed in

genetically diabetic mice with decreased baseline dermal VEGF expression 280. Wound healing is
also impaired in FGF-2 gene targeted mice partially due to decreased granulation tissue

angiogenesis 282. When chronically overexpressed in the skin of transgenic mice the anti-angiogenic

matrix molecule thrombospondin-1 delays wound healing although the anti-angiogenic vasostatin
did not affect wound healing even at anti-tumor dosage in a mouse tumor xenograft model 283,284.

Growth factor/ Cytokine Main cell source Function
FGF-1, FGF-2 Macrophages,

EC
Angiogenesis, fibroblast proliferation

Colony stimulating factor
(CSF-1)

Many cells Macrophage activation and matrix synthesis

Epidermal growth factor
(EGF)

Platelets Pleiotropic, cell motility, proliferation

Heparin binding epidermal
growth factor-like growth
factor (HB-EGF)

Macrophages Pleiotropic, cell motility, proliferation

Insulin-like growth factor-1
(IGF-1)

Fibroblasts, keratinocytes Re-epithelialization, matrix synthesis, angiogenesis

Interleukin-1a (IL-1a), IL-1b Neutrophils Pleiotropic expression of growth factors
Keratinocyte growth factor
(KGF)

Fibroblasts Keratinocyte motility and proliferation

PDGFs Platelets, macrophages,
keratinocytes

Fibroblast recruitment and proliferation, macrophage
recruitment and activation, matrix synthesis

Transforming growth factor-
a (TGF-a)

Macrophages,
keratinocytes

Pleiotropic, cell motility, proliferation

TGF-b1, TGF-b2 Platelets, macrophages Keratinocyte motility, macrophage/fibroblast
recruitment, matrix synthesis, remodeling, angiogenesis

TGF-b3 Macrophages Anti-scarring effects
Tumor necrosis factor a
(TNF-a)

Neutrophils Pleiotropic expression of growth factors

VEGF Macrophages,
keratinocytes

Angiogenesis, permeability changes

Table 3. A list of important growth factors and cytokines involved in wound healing, their main

cellular sources during wound healing and their proposed functions.

Infectious diseases and autoimmune disorders involve the recruitment of inflammatory cells which

express angiogenic molecules such as VEGF 285. Rheumatoid arthritis (RA) is an autoimmune
chronic inflammatory disorder with increased angiogenesis in the synovial membrane and in the

proliferating pannus tissue and increased expression of angiogenic peptides in the synovial

membrane and fluid 286. VEGF and VEGFRs are expressed in the synovial membrane 287,288. High
VEGF concentrations are found in RA synovial fluid and inflammatory cells and synovial fluid
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VEGF has been shown to correlate with disease activity in juvenile RA 289-291. Most anti-rheumatic

drugs also have indirect anti-angiogenic effects. Direct anti-angiogenic therapy has also been
suggested to possibly be beneficial in RA treatment 292. In RA, targeting angiogenic factors

ameliorates experimental disease and human trials are expected to follow soon 293,294.

Other human disease involving angiogenesis

Excessive ocular neovascularization contributes to visual loss in retinopathy of prematurity and

diabetic retinopathy affecting the retinal vasculature and in age-related macular degeneration
affecting primarily the choroidal vasculature. Retinal hypoxia and inappropriate secretion of

angiogenic factors like VEGF leads to inappropriate retinal neovascularization and hemorrhages 295-

297. Experimental retinal neovascularization can be inhibited with anti-angiogenic therapy 298-300.

Clinical trials are underway to treat disease involving ocular neovascularization with bevacizumab

and ranibizumab (Lucentis‰, Genentech, USA). Psoriasis is a chronic inflammatory skin disorder

characterized by keratinocyte hyperproliferation, dermal inflammation, dermal angiogenesis and
overexpression of angiogenic factors such as VEGF 301,302. Animal models have supported the role

of VEGF in psoriasis: transgenic mice with sustained overexpression of murine VEGF in the skin

have many of the classical features of psoriasis 71,303. Pathologic angiogenesis is also involved with
endometriosis, several uterine bleeding disorders and other gynecological disorders 304.

Atherosclerotic plaque progression has been associated with increased VEGF and angiogenesis 305.
Experimental atherosclerosis can be induced with VEGF and the experimental atherosclerotic

changes can be reduced with anti-angiogenic therapy 306,307. Vascular malformations also involve

angiogenesis and the first successful treatment with anti-angiogenic agents involved regression of
pulmonary hemangiomas with administration of interferon-a2a in 1989 308. Furthermore, Tie-2

mutations have been found in hereditary vascular malformations 204.
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Endogenous stimulators of angiogenesis
Angiogenin
Ang-1
FGF-1, FGF-2
Hepatocyte growth factor (HGF)
Insulin-like growth factor -1, -2 (IGF-1, -2)
Platelet-derived endothelial cell growth factor (PD-ECGF)
PDGF-BB
PlGF
TGF-a
TNF-a
VEGF

Endogenous inhibitors of angiogenesis
Angiostatin (fragment of plasminogen)
Antithrombin III
Arrestin (fragment of type IV collagen)
Canstatin (fragment of type IV collagen)
Endostatin (fragment of type XVIII collagen)
Heparinases
Interferon-inducible protein-10 (IP-10)
Interferon-a (IFN-a), IFN-b, IFN-g
Interleukin-12 (IL-12)
Kringle 5 (fragment of apolipoprotein a)
Plasminogen activator inhibitor (PAI)
Platelet factor-4 (PF-4)
Restin (fragment of type XV collagen)
Retinoids
TGF-b
Thrombospondin-1 (TSP-1), TSP-2
Tissue inhibitors of matrix metalloproteinases (TIMPs)
Tumstatin (fragment of type IV collagen)
Vasostatin (fragment of calreticulin)
2-methoxyestradiol

Table 4. Table of known endogenous stimulators and inhibitors of angiogenesis.

Pro-angiogenic therapy

Angiogenic growth factors may also be useful in increasing collateral vessels in coronary heart
disease, other ischemic heart conditions and in critical limb ischemia and claudication or in

ameliorating diabetic neuropathy of the lower extremities 309. Trials utilizing pro-angiogenic

therapy have shown some successful endpoints 310-312. Unrelated gene therapy has however involved
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serious side-effects in human trials 313,314. In patients with critical limb ischemia and claudication,

injection of VEGF plasmid induced the growth of functional collateral vessels and reduced
morbidity due to the vascular insufficiency 315-317. Inoperable myocardial ischemia has been treated

with naked VEGF plasmid injections resulting in clinical benefit 318-320. Adenoviral gene transfer of
VEGF has also been used as a pro-angiogenic therapy in human patients with ischemic heart

disease 321. Currently therapy is being developed utilizing different viral vectors for gene delivery

of angiogenic molecules 309. Because of the side-effects of VEGF, it has been suggested that use of
a combined approach with several growth factors such as VEGF and angiopoietins or the more

arteriogenic PlGF may lead to better results 94,322,323.

Lymphangiogenic therapy

Studies in mice have provided evidence on the possibility of manipulating tumor

lymphangiogenesis and thus possibly also lymphatic metastasis in cancer 118-121. It is unclear which
subgroups of cancer patients would benefit from such therapy. Conversely, also lymphedematous

states may be treated with pro-lymphangiogenic therapy. Inadequate lymphatic vessel functioning
may be acquired or hereditary 324,325. In acquired lymphedema, the lymphatic vessels may be

destroyed as the result of infection such as recurrent cellulitis, filiriasis or following surgical or

radiation therapy induced trauma resulting in blockage of lymph flow and lymphedema 324-326.
Hereditary lymphedema disorders involve either a partial or complete absence of lymphatic vessels

and some hereditary lymphedema syndromes have been linked to missense mutations in VEGFR-3
182,327,328. In all its forms, lymphedema is a chronic disease of tissue swelling, increased risk of

infection in the affected area, dermal fibrosis, thickening of the skin and accumulation of adipose

tissue 324,325. In animal experiments, the formation of functional lymphatic vessels has been
documented in several studies and pro-lymphangiogenic therapy may be beneficial also in human

lymphedema disorders 67.
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AIMS OF THE STUDY

The goal of this work was to contribute to the knowledge of the biology of VEGFs and to elucidate

the in vivo role of the intracellular tyrosine kinase Bmx. The specific aims of the present study

were:

I. To study the chromosomal localization, genomic amplification in cancer and relation to known

human amplicons of VEGF-B and VEGF-C.

II. To study the regulation of VEGF-B and VEGF-C expression in relation to VEGF.

III. To study lymphangiogenesis and VEGFR-3 expression in vivo, particularly in wounds, using an

animal model.

IV. To study the expression of lymphangiogenic growth factors VEGF-C and VEGF-D and their
receptors in arthritis.

V. To study the function of the Bmx tyrosine kinase in vivo using mouse transgenic and gene-
targeted mice.
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MATERIALS AND METHODS

More detailed description of the materials and methods is in the original publications.

Polymerase chain reaction (PCR) and quantitative reverse transcription-PCR. (I, IV, V)

PCR was performed with appropriate primers according to standard PCR protocols. A DNA panel

of 24 interspecies somatic cell hybrids, which retained one or two human chromosomes, was used
for the chromosomal localization of VEGF-B and VEGF-C by PCR using appropriate primers.

PCR products were visualized in 1% agarose gel with UV light and ethidium bromide. For
quantitative PCR, a LightCycler PCR machine was used, amplicons were verified by sequencing

and beta-actin was used as an internal control for determining amplicon copy number.

Southern blotting (I, V)

a-32P-dCTP-labelled cDNA inserts of plasmids representing complete VEGF-B and VEGF-C

coding domains were used as probes in Southern blotting and hybridization analysis of the somatic

cell hybrid DNAs according to manufacturer’s instructions. Mouse tail DNA Southern blotting and

analysis was performed in a similar fashion with plasmids representing Bmx coding domain.

Northern blotting (II, V)

Total RNA was isolated using kits from a commercial source. Alternatively the poly(A) mRNA

fraction was isolated by binding to oligo(dT) cellulose. 5-20 mg of total RNA or mRNA was

denatured and electrophoresed through a 1.6% formaldehyde-agarose gel, the gels were transferred
to nylon membranes which were hybridized with appropriate radiolabeled fragments and visualized

on film.

Isolation and analysis of RNA from cell culture and tissues (II, IV, V)

Tissues and cell cultures were homogenized and lysed in appropriate lysis buffer. RNA was

isolated either with oligo(dt) cellulose or with commercially available kits according to



Karri Paavonen30

manufacturer’s protocol. For RT-PCR mRNA was obtained from total RNA with magnetic (dt)25-

polystyrene beads and a magnetic collector. The mRNA was used to prepare primary cDNA with
(dt)12-18 primers and SuperScript enzyme followed by RNase treatment. RNAs were transferred to

a nylon membrane and analyzed by Northern blot hybridization with a-32P-dCTP-labelled cDNA

inserts of appropriate plasmids.

Fluorescent in situ hybridization (I)

For fluorescent in situ hybridization, P1 clones (obtained from a commercial source) verified by

Southern blotting to contain part of the VEGF-B and VEGF-C genes were labeled with nick

translation with biotin-11-dUTP, biotin-14-ATP or digoxigenin 11-dUTP according to standard
protocol. Peripheral blood lymphocytes were stimulated with phytohemagglutinin and treated with

5-bromodeoxyuridine at an early replicating phase to induce G-banding. Hybridization was carried
out with the labeled probes and specific hybridization signals were detected by incubating the

hybridized slides in labeled anti-deoxigenin antibodies followed by counterstaining. The signal was

detected with fluorescent markers and image analysis was performed with personal computer with
appropriate image analysis programs and basic statistical methods.

Cell culture (II)

Cells were cultured on petri dishes in the appropriate media with added growth factors or serum.
Before stimulation cells were starved overnight. Growth factors for stimulation experiments were

obtained from commercial sources. For hypoxia treatment, cells were exposed to hypoxia in an
Anaerocult A anaerobic culture jar. For mRNA half-life studies, cells were kept in low-serum

medium, transcription was blocked with actinomycin D (10mg/ml) treatment and translation was

blocked with cycloheximide (10mg/ml).
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Immunohistochemistry (III, IV, V)

For immunohistochemistry, either Tissue-Tek-embedded frozen samples or paraffin-embedded

samples were cut with a microtome into sections. Frozen sections were fixed in acetone or
methanol. For paraffin-embedded sections, tissues were fixed in paraformaldehyde or neutral

formalin, dehydrated and embedded in paraffin. Sections were then de-parafinized and rehydrated.

Antigen retrieval was performed when necessary with microwave treatment in 0.02 M sodium
citrate, trypsin digestion or commercial kit digestion followed by treatment with hydrogen peroxide

for inhibition of background peroxidase activity. Sections were blocked by incubating them with
appropriate serum or commercial blocking kit and stained with primary and secondary antibodies

obtained from our laboratory or from commercial sources as detailed in the publications.

Immunohistochemistry kits for assaying apoptosis and cell proliferation were used according to the
manufacturer's protocol. The signal was amplified with signal amplification kits, staining was

visualized with a chromophore. Negative staining controls were by omitting the primary antibodies,

by using irrelevant primary antibodies of the same isotype or by preabsorption of the primary
antibody using an excess of the immunizing antigen. Sections were counterstained in hematoxylin

when required. Immunohistochemistry results were analyzed by microscope and digital image
analysis using a personal computer and appropriate image analysis software.

Wound experiments (III, V)

Young domestic pigs were anesthetized with intravenous ketamine hydrochloride, atropine sulfate
and diazepam. Circular punch-biopsy wounds with a 6 mm diameter or incisional wounds were

made on the backs of the pigs and the wounds were allowed to heal. The pigs were sacrificed with

a lethal dose of intravenous pentobarbital and the wounds were collected. Alternatively, mice were
anesthetized with subcutaneous ketamine hydrochloride and xylazine hydrochloride. Circular

punch-biopsy wounds with a 5 mm diameter or incisional wounds were made on the backs or ears
of the mice and the wounds were allowed to heal. The mice were sacrificed with carbon monoxide

and cervical dislocation and the wounds were collected. Pain medication in the experiments was

with either diclofenac for pigs or buprenorphine for mice. Infected wounds were discarded.
Samples were snap-frozen in liquid nitrogen and embedded in Tissue-Tek or fixed in neutral

formalin or 4% paraformaldehyde, dehydrated and embedded in paraffin for immunohistochemical
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analysis. Permits for animal experiments were acquired from the Provincial State Office of

Southern Finland or from the Helsinki University Central Hospital Ethics Committee.

Generation and analysis of transgenic mice by Western blotting (V)

The cDNA encoding full-length Bmx fused to a C-terminal hemagglutinin (HA) epitope was

cloned into a human keratin-14 (K14) promoter expression cassette and injected into fertilized
FVB/NIH mouse oocytes. The progeny were genotyped using PCR of tail DNA, Southern blotting

of tail DNAs, and Bmx expression was verified by Northern blotting and by immunoprecipitation
and Western blotting using anti-Bmx antibodies. For immunoprecipitation, frozen tissue samples

were homogenized and lysed in radioimmunoprecipitation assay (RIPA) buffer supplemented with

aprotinin, leupeptin, phenylmethylsulfonyl fluoride (PMSF) and sodium vanadate.
Immunoprecipitations were carried out from equal lysate aliquots by incubation with anti-Bmx abs,

followed by incubation with protein-G-sepharose, elution into Laemmli sample buffer and

separation in 7.5% SDS-PAGE. The proteins were transferred to a nitrocellulose membrane and
detected by using anti-Bmx abs.

High-throughput gene expression array (V)

For high-throughput gene expression analysis, total RNA from skins of newborn mice was
extracted as mentioned above, treated with DNAse I and labeled according to the manufacturer’s

protocol. Murine genome microarray gene chips were hybridized with the labeled RNAs according
to the manufacturer’s protocol and results were analyzed with a personal computer and software

provided by the manufacturer.
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RESULTS AND DISCUSSION

1. Chromosomal localization of VEGF-B and VEGF-C

VEGF-B and VEGF-C presented as possible candidate genes for mutations leading to vascular
malformations or other diseases. Mutations in Tie-2, endoglin and activin are for example

associated with venous malformations and hereditary hemorrhagic telangiectasia 1 (HHT1) and

HHT2 204,329-331. Cutaneous and cerebral capillary-venous malformations are associated with the
Krev1 interaction trapped (KRIT1) 332.

The chromosomal location of VEGF-B and VEGF-C was studied using several different

overlapping techniques. Their relation to possible amplicons present in human cancer was also

studied. PCR was used to amplify VEGF-B and VEGF-C from human rodent somatic cell hybrids
containing defined sets of chromosomes. Chromosomal localization was also studied by using

fluorescent in situ hybridization (FISH) of metaphase nuclei. VEGF-C was localized to 4q34, in the
proximity of the aspartylglucosaminidase gene locus. VEGF-B localized to 11q13, near to the

cyclin D1 locus. The 11q13 region containing the genes for cyclin D1 and EMS-1 is amplified in

many human mammary and squamous cell carcinomas 333 but VEGF-B in our analysis was not
found to be a part of this amplicon in the breast cancer cell lines analyzed.

2. Regulation of expression of VEGF, VEGF-B, VEGF-C and Ang-1

The mRNA regulation of VEGF-B and VEGF-C and angiopoietin-1 was studied in relation to the
VEGF mRNA regulation. The effects of serum and different serum component growth factors such

as PDGF, EGF and TGF-ß on the mRNA expression of VEGF, VEGF-B, VEGF-C and
angiopoietin-1 were also studied. In a Northern blotting panel of tumor and normal cell lines,

VEGF-B mRNA was present in all cell lines analyzed, VEGF mRNA was present in most and

VEGF-C mRNA was present only in certain cell lines. Stimulation of serum-starved human
fibroblast cells with serum, PDGF, EGF or TGF-ß induced the expression of VEGF and VEGF-C

but not of VEGF-B. Angiopoietin-1 expression decreased upon serum stimulation or treatment with

the growth factors. While VEGF has a short half-life, VEGF-B mRNA levels were stable
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throughout the experiments and VEGF-C was found to have a half-life of 3.5 hours; this was

increased in the presence of serum.

Hypoxia is known to induce the activation of the HIF complex and to subsequently increase VEGF
protein through increased transcription but also through post-transcriptional mechanisms such as

stabilization of the VEGF mRNA 334. Previously it had also been shown that stimulation with the

tumor promoter phorbol myristate 12,13-acetate (PMA) and expression of the Ras oncoprotein
increases VEGF mRNA expression 335,336. Additionally the mutant p53 tumor suppressor had been

shown to increase VEGF expression in vitro 337. Hypoxic treatment of rat glioma cells, human and
mouse embryo fibroblasts or fibroblasts with a dominant-negative p53 tumor promoter had no

effect on levels of VEGF-B or VEGF-C mRNA. VEGF was strongly induced in all these cell lines

while Ang-1 mRNA expression was down-regulated by hypoxia. Treatment with the tumor
promoter PMA increased the steady-state mRNA levels of VEGF and VEGF-C but not of VEGF-B

while the expression of the Ras oncoprotein had no effect on mRNA levels of VEGF-B or VEGF-

C.

This study showed that VEGF, VEGF-B and VEGF-C were differentially regulated, suggesting that
they have distinct functions in normal tissues and possibly also in the tumor environment. Although

the hypoxia-regulated VEGF is thought to be an important angiogenic driving force in the growth

of certain solid tumors, the related VEGF-B or VEGF-C were not regulated by hypoxia. On the
other hand, VEGF-C was stimulated by several of the growth factors indicating that it may have a

role in processes such as angiogenesis, inflammation and tumors, where such factors are
overexpressed.

VEGF-B was constitutively expressed in many tissues and most cell lines studied. The levels of
VEGF-B did not respond to growth factor stimulation and the degradation of the VEGF-B mRNA

was very slow. VEGF-B may be needed to regulate VEGFR-1 activation in concert with VEGF and
PlGF.
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3. VEGFR-3 in wound healing and chronic inflammation

VEGFR-3 is essential for cardiovascular development 138. This receptor is expressed on all

endothelia during early embryogenesis, whereas expression in the adult is restricted to lymphatic
EC and certain fenestrated EC 22,138,180. We studied the expression of VEGFR-3 during angiogenesis

and lymphangiogenesis in vivo during wound healing granulation tissue development and chronic

inflammation of chronic wounds. The hypothesis was that VEGFR-3 may be upregulated on blood
vascular endothelium during inflammation and angiogenesis and VEGFR-3 may also provide a tool

for studying lymphangiogenesis in vivo.

Figure 3. A graph depicting the growth of blood vascular and lymphatic vessels into wound

granulation tissue during the first two weeks after wounding. See article for details.

VEGFR-3 positive lymphatic vessels, distinct from angiogenic blood vessels by
immunohistochemical analysis, sprouted into the wound granulation tissue shortly after the blood

vessels, on days 5-7 (Fig. 4). These vessels regressed completely thereafter (Fig. 3). Blood vessels

preceded lymphatic vessels, reached a maximum density on day 5 and regressed afterwards.
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Figure 4. Figure showing concurrent angiogenesis (A, blood vessel staining for PAL-E) and

lymphangiogenesis (B, lymphatic vessel staining for VEGFR-3) in wound granulation tissue. The
vessels stain red. Background staining with hematoxylin (blue).

Few blood vessels were seen in later stages of granulation tissue maturation and scar formation. In

human samples of various chronic wounds such as a decubitus wound, a diabetic ulcer and a leg

ulcer few lymphatic vessels were seen. Surprisingly, blood vascular EC stained for VEGFR-3 in
chronic wounds.

This study showed that lymphatic vessels develop concurrently with the blood vessels but with

different kinetics during granulation tissue formation. In this study porcine skin was studied

primarily because it is structurally close to human skin unlike for example murine skin.
Lymphangiogenesis may be necessary for normal wound healing. The lag before the in-growth of

lymphatic vessels into the granulation tissue may be due to the fact that the lymphangiogenic
stimulus during wound healing is through VEGF-C secretion from pre-existing blood vessel

structures and inflammatory cells that need to accumulate at the wound site. The kinetics of

lymphatic vessel growth during the resolution of wound healing suggested that lymphatic vessels
have only a transient role during normal wound healing. Strong transient wound

lymphangiogenesis may be necessary for the resolution of inflammation i.e. evacuation of
inflammatory cells, fluid, cellular debris and proteins. Lymphangiogenesis is closely associated

with angiogenesis and these two processes may have similar regulatory pathways. The relative lack

of lymphatic vessels in chronic wounds indicated also that the VEGF-C/VEGFR-3 interplay may
be disturbed during the abnormal healing process of chronic wounds and that lack of lymphatic

vessels during the healing phase may lead to impaired wound healing. Stimulation of lymphatic

vessel growth may be of benefit in the treatment of chronic wounds. The upregulation of VEGFR-3
on blood vascular EC in chronic wounds may be due to inflammatory growth factors and cytokines.
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Cytokines and growth factors of inflammation may also change the EC phenotype towards that of

fenestrated EC and VEGFR-3 could be needed in maintaining fenestrations on blood vascular EC.

4. VEGF-C and VEGF-D and their receptors in rheumatoid arthritis

VEGF-C is upregulated by cytokines and growth factors involved in inflammation 338. VEGF-C and

VEGF-D and their receptor VEGFR-3 were therefore studied in arthritis and control synovial
membranes. The hypothesis was that the lymphangiogenic growth factors are upregulated in vivo

during the inflammation involved in arthritis. The expression of VEGF-C, VEGF-D, VEGFR-2 and
VEGFR-3 was studied by RT-PCR and immunohistochemistry in synovial samples surgically

removed from patients with osteoarthritis, ankylosing spondylitis, rheumatoid arthritis or from

healthy joints sampled from surgery due to trauma.

VEGF-C staining was strong in the hypertrophic synovial lining of arthritic joints while VEGF-D

staining was weak. By RT-PCR analysis, VEGF-C was found to be more abundant than VEGF-D
in healthy and arthritic synovium. VEGF-C and VEGF-D were found to be expressed in SMC/PC

of blood vessels. VEGFR-2 was present on blood vessel endothelium and VEGFR-3 was expressed
in lymphatic EC and also in the fenestrated synovial blood vascular endothelium.

VEGF-C was strongly expressed in tissues obtained from arthritic joints. VEGF-C may have a role
in the development and maintenance of the angiogenic inflammation seen in arthritis. The function

of VEGF-C may also be different in different environments depending on the expression levels of
VEGF-C and the localization of its receptors. VEGF-C may be more angiogenic than

lymphangiogenic in the setting of chronic inflammation where VEGFR-3 is expressed also on

fenestrated blood vascular EC. This would have to be considered when possible therapeutics
targeting the VEGF-C/VEGFR-3 pathway are designed for example to treat arthritis. VEGF-D on

the other hand was little expressed in RA, indicating that although VEGF-C and VEGF-D are
structurally related proteins binding the same receptors, their biologic function is different in vivo at

least in arthritis and possibly also in inflammation. This would also have implications on therapy

aimed at affecting the growth and/or development of the lymphatic vasculature in different
diseases.
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Relatively few lymphatic vessels were seen in the healthy synovium and they appeared to decrease

during the arthritic inflammation. The lack of lymphatic vessels may actually be contributing to the
joint swelling, inflammation and accumulation of exudate in arthritis. The expression of VEGFR-3

on synovial blood vascular EC further underlined the possible role of VEGFR-3 in the maintenance
of fenestrations of blood vascular EC.

5. The Bmx tyrosine kinase in cell proliferation, migration and angiogenesis in vivo

The Bmx tyrosine kinase is expressed primarily in arterial endothelia and the Bmx gene targeted
mice have no obvious phenotype 246,247. Bmx also increases the migratory potential of cancer cells

in vitro according to several studies. The goal was to study Bmx in in vivo angiogenesis and in

cellular migration in a mouse model.

Figure 5. Bmx is expressed in the leading edge of the migrating epidermal cells of the healing

wound. The epidermal edge is migrating left-to-right over the wound bed in the day 4 KO (A,

arrow) and WT (B, arrow) mouse skin wound. Bmx expression is indicated by the blue color due to
the ß-galactosidase reporter activity in the KO mouse whereas no staining is seen in the WT mouse.

A nuclear red counterstaining was used.

In skin wounds of the Bmx gene targeted mice, Bmx was not expressed in angiogenic blood

vessels. Bmx expression was upregulated in migrating epithelial keratinocytes during the re-
epithelialization process as visualized by ß-galactosidase staining of skin wounds (Fig. 5). The

significance of Bmx in vivo in epithelial cell migration was studied. Transgenic mice expressing
Bmx under the control of the keratin 14 promoter in skin keratinocytes were generated. The mice

had strong keratinocyte hyperproliferation in the skin indicating that overexpression of Bmx

induces epidermal keratinocyte proliferation. In vivo, Bmx did not appear to affect keratinocyte
apoptosis or differentiation. The mice also exhibited accelerated wound healing due to accelerated
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epidermal migration during the wound healing. The mice also had dermal inflammation and strong

dermal angiogenesis due to upregulation of many angiogenic and chemotactic/pro-inflammatory
chemokines and cytokines in the skin (Fig 6). The gene expression changes were verified by high-

throughput gene expression analysis.

Figure 6. Large tortuous blood vessels in the skin of K14-Bmx TG mice (A) compared to vessels in
WT littermate skin (B). Black and white inverted photo to illustrate the blood vessels in a whole

mount staining for smooth muscle actin.

The study provided a proof of concept for studying intracellular tyrosine kinases in a simple

transgenic model. Bmx has long been thought to be involved in neoplastic cell migration and
proliferation on the basis of results from in vitro studies. The study provides functional in vivo data

for the first time concerning the Bmx tyrosine kinase. Since marked Bmx expression was noted in
the migrating epithelial edge of the healing wound, overexpressing Bmx in keratinocytes was a

logical step in studying the biological function of Bmx. Bmx induces hyperproliferation of the

epidermis when overexpressed in keratinocytes. Bmx overexpression also accelerates the
keratinocyte migration observed in the re-epithelialization process. These studies thus support the

previous in vitro observations.

It has previously also been shown that the Bmx TK is activated through angiogenic pathways

involving ligand-binding to VEGFR-1 and Tie-2. It has also been reported that Bmx may be
involved in TNF-mediated angiogenesis. In our experiments, Bmx overexpression in the TG mice

appeared to induce the secretion of pro-inflammatory and angiogenic molecules from
keratinocytes. No increased VEGF secretion was seen despite the tortuous dilated vessels
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reminiscent of VEGF-induced angiogenesis in the skin of the K14-Bmx mice. Several angiogenic

inflammatory cytokines were however induced very strongly. Although the strong angiogenic
effects seen in the K14-Bmx TG mice may also be secondary due to inflammation it has been

reported that Bmx is involved in TNF-mediated angiogenesis. Bmx is transactivated with VEGFR-
2 independent of VEGF/VEGFR-2 signaling resulting in TNF-induced EC migration 253. Our model

indicates that Bmx may be involved in inflammatory angiogenesis and may present a therapeutic

target in that setting.

The study also provided a model for future studies of Bmx in experimental epithelial
carcinogenesis assays. Comparing tumor responses in the skin of KO and TG mice will provide

important functional data on the role of the Bmx tyrosine kinase in vivo in tumor biology.
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CONCLUDING REMARKS

Research in the field of angiogenesis and vascular biology has provided tools for therapeutic

intervention by either inhibiting angiogenesis in diseases such as solid tumor growth or by

stimulating angiogenesis in diseases such as ischemic heart disease. Research on VEGFs has
provided basic knowledge on the complex nature of angiogenesis.

The first generation of anti-angiogenic agents are in clinical trials and pro-angiogenic therapy with
angiogenic agents has provided promising results. Anti-angiogenic therapy is a promising

therapeutic alternative or adjunct therapy in the treatment of angiogenic solid tumors. Whether this
would apply to all human tumors is unclear. It is not well known how much active angiogenesis is

involved in the survival and growth of some of the most typical neoplasias. Mammary

adenocarcinoma for example may take over five years to grow from a single neoplastic cell into a
macroscopic tumor. Anti-angiogenic therapy may be beneficial in advanced disease inducing the

“dormancy” of metastases. On the other hand, the ongoing cancer trials often involve end-stage
cancer patients with metastasized cancer that is highly resistant to other forms of therapy. Anti-

angiogenic trials may need to be conducted in smaller populations of earlier stage tumors that have

been selected on the basis of gene-expression analysis. The traditional clinical trial study design
may also not be well suited for such purposes. Medical professionals must keep in mind that anti-

angiogenic therapy may paradoxically make tumors less accessible to conventional cytostatic
agents, more resistant to radiation therapy and anti-angiogenic therapy may also have serious side-

effects. It is also not yet clear which sub-groups of cancer patients would benefit most from anti-

angiogenic therapy with minimal side-effects and long-term clinical benefits. The many questions
concerning anti-angiogenic and pro-angiogenic therapies will hopefully be answered in the years to

come.

The discovery of the VEGFR-3 and other markers with specificity for lymphatic vascular

endothelium has provided the scientific community with tools for studying the biochemical
mechanisms of lymphangiogenesis and possibly also lymphatic metastasis of tumors. VEGF-C and

VEGF-D have been shown to be lymphangiogenic in vivo and inhibiting the VEGF-C/-D-VEGFR-

3 interaction has resulted in regression of lymphatic vessels from tumors in mice. Many solid
tumors have been shown to secrete lymphangiogenic factors and this may help cancer cells to
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metastasize to local lymph nodes and to distant locations 67,339. Although intratumoral lymphatic

vessels have been documented in certain cancers, generally it is thought that there are few clinically
relevant lymphatic vessels inside tumors because of high tumor interstitial pressure 340. Anti-

lymphangiogenic therapy may be of benefit in cancer. Inhibiting tumor lymphangiogenesis may
however favor angiogenic metastasis instead. It is not known whether angiogenic metastases are

more aggressive than lymphangiogenic metastases and what differences exist between the two.

Previously it was thought that lymphatic metastasis is a passive event of tumor cells being shed and

being washed into lymphatic vessels and lymph nodes. However, it has also been proposed that
neoplastic cells metastasize to specific locations depending on the tumor cell characteristics and

local factors, the so-called “seed and soil theory” 341. Lymphangiogenic metastasis may actually be

an active event with neoplastic cells binding to lymphatic endothelium via specific interactions and
also surviving in the lymphatic circulation through active mechanisms 342,343. One of the most

important implications of studies on lymphangiogenesis in cancer are the specific interactions

between malignant cells and EC. It is important to understand why only a tiny fraction of certain
neoplastic cells are able to metastasize to regional lymph nodes and beyond.

Recent studies have also highlighted the role of tyrosine kinases and their deregulation in cancer

and studies have provided specific targets on cancer cells for therapeutic intervention with for

example tyrosine kinase inhibitors. The Bmx tyrosine kinase has been shown to be involved in
vitro in many even opposing cell functions in cancer cells such as the regulation of cell survival,

apoptosis, differentiation, migration and transformation. This study suggests that Bmx may be
involved in vivo in the proliferation and migration of cells and in inflammatory angiogenesis.

Future studies must address in detail the role of Bmx in such scenarios.



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 43

ACKNOWLEDGEMENTS

This PhD study was carried out at the Molecular/Cancer Biology Laboratory in the University of

Helsinki, which has been a part of the Dept. of Pathology, Haartman Institute and the

Molecular/Cancer Biology Research Program at Biomedicum Helsinki.

I would like to thank Professor Kari Alitalo for being my mentor and for providing the facilities for

this work. It has been an honor to witness first-hand and to contribute to the continued success of
Kari’s work in the field of angiogenesis and lymphangiogenesis.

I am indebted to the reviewers of this thesis, Klaus Elenius and Olli Saksela, for their constructive

comments. Olli Carpen and Olli Saksela are warmly acknowledged for being the members of the

follow-up committee of this thesis.

Past and present members of the Molecular/Cancer Biology Laboratory are acknowledged for their
friendship and collaboration. I would like to also express my sincere gratitude to all my

collaborators, especially all my co-authors. Jorma Keski-Oja, Yrjö Konttinen, Aarno Palotie, Matti

Poutanen, Pauli Puolakkainen and Ari Ristimäki are commended for their positive attitude towards
scientific collaboration with a junior scientist. Vijay Kumar is thanked for careful revision of the

English language of this thesis.

Professors Olli Jänne and Eero Saksela are recognized for their encouragement and for allowing the

research to be carried out in the facilities they have hosted.

I would like to thank all my colleagues at Maria Hospital for enjoyable on-calls and fruitful help
during my short clinical rotations in internal medicine. I warmly thank chief physician Risto Kala

from the Dept. of Internal Medicine in Maria Hospital for his sound advice and support in

combining clinical work with science.

I wish to also acknowledge docent Eeva Salo from the Dept. of Pediatrics, at Helsinki University

Central Hospital for giving me the opportunity to finish my PhD prior to starting my clinical
rotation in pediatrics.



Karri Paavonen44

Professors Olli Jänne, Kimmo Kontula and Tomi Mäkelä are noted for their dedication and drive in
developing the MD-PhD program at the University of Helsinki. My sincere gratitude belongs to all

the people involved in the Helsinki Biomedical Graduate School organization. I am also grateful to
the Helsinki Biomedical Graduate School organization for financial support. The Ida Montin

Foundation is especially noted for having been the first foundation to support my work. This work

was also supported by the Finnish Cancer Organizations, the Finnish Medical Foundation and
Duodecim, the Biomedicum Helsinki Foundation, the Helsinki University Central Hospital

(Helsinki and Uusimaa Hospital Group, Special State Grants), the Helsinki University Chancellor’s

Office, the Paulo Foundation, the Research and Science Foundation of Farmos, the K. Albin

Johansson Foundation, the Oskar Öflund Foundation and the Maud Kuistila in Memoriam
Foundation.

My father and my late mother are thanked for their love and support and a memorable and joyful
upbringing. I would like to thank my brother for being my brother during the past 29 years.

This work is dedicated to my wife, Aino, the joy of my life now and for evermore.

No worries,

Helsinki

December, 2003



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 45

REFERENCES

1. Sadler TW. Langman's Medical Embryology. 7th Edition ed: Williams & Wilkins; 1995.
2. Risau W, Flamme I. Vasculogenesis. Ann. Rev. Cell Dev. Biol. 1995;11:73-91.
3. Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat. Med. 2000;6:389-395.
4. Risau W. Mechanisms of angiogenesis. Nature. 1997;386:671-674.
5. Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J. Vascular-specific

growth factors and blood vessel formation. Nature. 2000;407:242-248.
6. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T, Witzenbichler B,

Schatteman G, Isner JM. Isolation of putative progenitor endothelial cells for angiogenesis.
Science. 1997;275:964-967.

7. Asahara T, Masuda H, Takahashi T, Kalka C, Pastore C, Silver M, Kearne M, Magner M,
Isner JM. Bone marrow origin of endothelial progenitor cells responsible for postnatal
vasculogenesis in physiological and pathological neovascularization. Circulation Res.
1999;85:221-228.

8. Rafii S, Meeus S, Dias S, Hattori K, Heissig B, Shmelkov S, Rafii D, Lyden D.
Contribution of marrow-derived progenitors to vascular and cardiac regeneration. Semin.
Cell Dev. Biol. 2002;13:61-67.

9. Majka SM, Jackson KA, Kienstra KA, Majesky MW, Goodell MA, Hirschi KK. Distinct
progenitor populations in skeletal muscle are bone marrow derived and exhibit different cell
fates during vascular regeneration. J. Clin. Invest. 2003;111:71-79.

10. Conway EM, Collen D, Carmeliet P. Molecular mechanisms of blood vessel growth.
Cardiovasc. Res. 2001;49:507-521.

11. Schaper W, Scholz D. Factors Regulating Arteriogenesis. Arterioscler. Thromb. Vasc. Biol.
2003;23:1143-1151.

12. Arras M, Ito WI, Scholz D, Winkler B, Schaper J, Schaper W. Monocyte Activation and
Angiogenesis and Collateral Growth in the Rabbit Hindlimb. J. Clin. Invest. 1998;101:40-
50.

13. Palis J, Yoder MC. Yolk-sac hematopoiesis: the first blood cells of mouse and man. Exp.
Hematol. 2001;29:927-936.

14. Yoder MC. Embryonic hematopoiesis in mice and humans. Acta Paediatr. Suppl.
2002;438:5-8.

15. Orkin SH, Zon LI. Hematopoiesis and stem cells: plasticity versus developmental
heterogeneity. Nat. Immunol. 2002;3:323-328.

16. Oberlin E, Tavian M, Blazsek I, Peault B. Blood-forming potential of vascular endothelium
in the human embryo. Development. 2002;129:4147-4157.

17. Zhu J, Emerson SG. Hematopoietic cytokines, transcription factors and lineage
commitment. Oncogene. 2002;21:3295-3313.

18. Barsky SH, Baker MW, Siegal GP, Togo S, Liotta LA. Use of anti-basement membrane
antibodies to distinguish blood vessel capillaries from lymphatic capillaries. Am. J. Surg.
Pathol. 1983;7:667-677.

19. Casley-Smith JR. The fine structure and functioning of tissue channels and lymphatics.
Lymphology. 1980;12:177-183.

20. Oh SJ, Jeltsch MM, Birkenhager R, McCarthy JE, Weich HA, Christ B, Alitalo K. VEGF
and VEGF-C: specific induction of angiogenesis and lymphangiogenesis in the
differentiated avian chorioallantoic membrane. Dev. Biol. 1997;188:96-109.



Karri Paavonen46

21. Sabin FR. On the origin of the lymphatic system from the veins and the development of the
lymph hearts and thoracic duct in the pig. Am. J. Anat. 1902;1:367-391.

22. Kaipainen A, Korhonen J, Mustonen T, van Hinsbergh VM, Fang G-H, Dumont D,
Breitman M, Alitalo K. Expression of the fms-like tyrosine kinase FLT4 gene becomes
restricted to endothelium of lymphatic vessels during development. Proc. Natl. Acad. Sci.
USA. 1995;92:3566-3570.

23. Wigle JT, Oliver G. Prox1 function is required for the development of the murine lymphatic
system. Cell. 1999;98:769-778.

24. Wigle JT, Harvey N, Detmar M, Lagutina I, Grosveld G, Gunn MD, Jackson DG, Oliver G.
An essential role for Prox1 in the induction of the lymphatic endothelial cell phenotype.
EMBO J. 2002;21:1505-1513.

25. Oliver G, Harvey N. A stepwise model of the development of lymphatic vasculature. Ann.
N. Y. Acad. Sci. 2002;979:159-165.

26. McClure CFW. On the provisional arrangements of the embryonic lymphatic system. Anat.
Rec. 1915;9:281-297.

27. Schneider M, Othman-Hassan K, Christ B, Wilting J. Lymhpangioblasts in the avian wing
bud. Dev. Dyn. 1999;216:311-319.

28. Wilting J, Neeff H, Christ B. Embryonic lymphangiogenesis. Cell Tissue Res. 1999;297:1-
11.

29. Wilting J, Schneider M, Papoutsi M, Alitalo K, Christ B. An avian model for studies of
embryonic lymphangiogenesis. Lymphology. 2000;33:81-94.

30. Makinen T, Veikkola T, Mustjoki S, Karpanen T, Catimel B, Nice EC, Wise L, Mercer A,
Kowalski H, Kerjaschki D, Stacker SA, Achen MG, Alitalo K. Isolated lymphatic
endothelial cells transduce growth, survival and migratory signals via the VEGF-C/D
receptor VEGFR-3. EMBO J. 2001;20:4762-4773.

31. Petrova TV, Makinen T, Makela TP, Saarela J, Virtanen I, Ferrell RE, Finegold DN,
Kerjaschki D, Yla-Herttuala S, Alitalo K. Lymphatic endothelial reprogramming of vascular
endothelial cells by the Prox-1 homeobox transcription factor. EMBO J. 2002;21:4593-
4599.

32. Hong YK, Harvey N, Noh YH, Schacht V, Hirakawa S, Detmar M, Oliver G. Prox1 is a
master control gene in the program specifying lymphatic endothelial cell fate. Dev. Dyn.
2002;225:351-357.

33. Hirakawa S, Hong YK, Harvey N, Schacht V, Matsuda K, Libermann T, Detmar M.
Identification of vascular lineage-specific genes by transcriptional profiling of isolated
blood vascular and lymphatic endothelial cells. Am. J. Pathol. 2003;162:575-586.

34. Karkkainen MJ, Haiko P, Sainio K, Partanen J, Taipale J, Petrova T, Jeltsch M, Jackson
DG, Talikka M, Rauvala H, Betsholtz C, Alitalo K. VEGF-C is required for sprouting of the
first lymphatic vessels from embryonic veins. Nat. Immunol. 2003;in press.

35. Ferrara N. Role of vascular endothelial growth factor in regulation of physiological
angiogenesis. Am. J. Physiol. Cell. Physiol. 2001;280:C1358-C1366.

36. Alon T, Hemo I, Itin A, Pe'er J, Stone J, Keshet E. Vascular endothelial growth factor acts
as a survival factor for newly formed retinal vessels and has implications for retinopathy of
prematurity. Nat. Med. 1995;1:1024-1028.

37. Benjamin LE, Keshet E. Conditional switching of vascular endothelial growth factor
(VEGF) expression in tumors: induction of endothelial cell shedding and regression of
hemangioblastoma-like vessels by VEGF withdrawal. Proc. Natl. Acad. Sci. USA.
1997;94:8761-8766.

38. Gerber H-P, Dixit V, Ferrara N. Vascular endothelial growth factor induces expression of
the antiapoptotic proteins Bcl-2 and A1 in vascular endothelial cells. J. Biol. Chem.
1998;273:13313-13316.



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 47

39. Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS, Dvorak HF. Tumor cells
secrete a vascular permeability factor that promotes accumulation of ascites fluid. Science.
1983;219:983-985.

40. Bates DO, Hillman NJ, Williams B, Neal CR, Pocock TM. Regulation of microvascular
permeability by vascular endothelial growth factors. J. Anat. 2002;200:581-597.

41. Papapetropoulos A, Garcia-Cardena G, Madri JA, Sessa WC. Nitric oxide production
contributes to the angiogenic properties of vascular endothelial growth factor in human
endothelial cells. J. Clin. Invest. 1997;100:3131-3139.

42. Hood JD, Meininger CJ, Ziche M, Granger HJ. VEGF upregulates ecNOS message, protein,
and NO production in human endothelial cells. Am. J. Physiol. 1998;274:H1054-H1058.

43. Kroll J, Waltenberger J. A novel function of VEGF receptor-2 (KDR): rapid release of nitric
oxide in response to VEGF-A stimulation in endothelial cells. Biochem. Biophys. Res.
Comm. 1999;265:636-699.

44. Clauss M, Gerlach M, Gerlach H, Brett J, Wang F, Familetti PC, Pan Y-CE, Olander JV,
Connolly DT, Stern D. Vascular permeability factor: a tumor-derived polypeptide that
induces endothelial cell and monocyte procoagulant activity and promotes monocyte
migration. J. Exp. Med. 1990;172:1535-1545.

45. Gabrilovich DI, Chen HL, Girgis KR, Cunningham HT, Meny GM, Nadaf S, Kavanaugh D,
Carbone DP. Production of vascular endothelial growth factor by human tumors inhibits the
functional maturation of dendritic cells. Nat. Med. 1996;2:1096-1103.

46. Oosthuyse B, Moons L, Storkebaum E, Beck H, Nuyens D, Brusselmans K, Van Dorpe J,
Hellings P, Gorselink M, Heymans S, Theilmeier G, Dewerchin M, Laudenbach V,
Vermylen P, Raat H, Acker T, Vleminckx V, Van Den Bosch L, Cashman N, Fujisawa H,
Drost MR, Sciot R, Bruyninckx F, Hicklin DJ, Ince C, Gressens P, Lupu F, Plate KH,
Robberecht W, Herbert JM, Collen D, Carmeliet P. Deletion of the hypoxia-response
element in the vascular endothelial growth factor promoter causes motor neuron
degeneration. Nat. Genet. 2001;28:131-138.

47. Gerber H-P, Malik AK, Solar GP, Sherman D, Liang XH, Meng G, Hong K, Marsters JC,
Ferrara N. VEGF regulates hematopoietic stem cell survival by an internal autocrine loop
mechanism. Nature. 2002;417:954-958.

48. Carmeliet P, Storkebaum E. Vascular and neuron al effects of VEGF in the nervous system:
implications for neurological disorders. Semin. Cell Dev. Biol. 2002;13:39-53.

49. Tarkka T, Sipola A, jamsa T, Soni Y, Yla-Herttuala S, Tuukkanen J, Hautala T. Adenoviral
VEGF-A gene transfer induces angiogenesis and promotes bone formation in healing
osseous tissues. J. Gene Med. 2003;5:560-566.

50. Ferrara N, Gerber H-P, LeCouter J. The biology of VEGF and its receptors. Nat. Med.
2003;9:669-676.

51. Pepper MS, Ferrara N, Orci L, Montesano R. Vascular endothelial growth factor (VEGF)
induces plasminogen activators and plasminogen activator inhibitor-1 in microvascular
endothelial cells. Biochem. Biophys. Res. Commun. 1991;181:902-906.

52. Unemori EN, Ferrara N, Bauer EA, Amento EP. Vascular endothelial growth factor induces
interstitial collagenase expression in human endothelial cells. J. Cell. Physiol.
1992;153:557-562.

53. Mandriota SJ, Seghezzi G, Vassalli J-D, Ferrara N, Wasi S, Mazzieri R, Mignatti P, Pepper
MS. Vascular endothelial growth factor increases urokinase receptor expression in vascular
endothelial cells. J. Biol. Chem. 1995;270:9709-9716.

54. Schweiki D, Itin A, Soffer D, Keshet E. Vascular endothelial growth factor induced by
hypoxia may mediate hypoxia-initiated angiogenesis. Nature. 1992;359:843-848.

55. Minchenko A, Salceda S, Bauer T, Caro J. Hypoxia regulatory elements of the human
vascular endothelial growth factor gene. Cell. Mol. Biol. Res. 1994;40:35-39.



Karri Paavonen48

56. Warren RS, Yuan H, Matli MR, Gillet NA, Ferrara N. Regulation by vascular endothelial
growth factor of human colon cancer tumorigenesis in a mouse model of experimental liver
metastasis. J. Clin. Invest. 1995;95:1789-1797.

57. Ferrara N. Molecular and biological properties of vascular endothelial growth factor. J. Mol.
Med. 1999;77:527-543.

58. Robinson CJ, Stringer SE. The splice variants of vascular endothelial growth factor (VEGF)
and their receptors. J. Cell Sci. 2001;114:853-865.

59. Houck K, Leung D, Rowland A, Winer J, Ferrara N. Dual regulation of vascular endothelial
growth factor bioavailability by genetic and proteolytic mechanisms. J. Biol. Chem.
1992;267:26031-26037.

60. Park J, Keller G-A, Ferrara N. The vascular endothelial growth factor (VEGF) isoforms:
differential deposition into the subepithelial extracellular matrix-bound VEGF. Mol. Biol.
Cell. 1993;4:1317-1326.

61. Cohen T, Gitay-Goren H, Sharon R, Shibuya M, Halaban R, Levi B-Z, Neufeld G.
VEGF121, a vascular endothelial growth factor (VEGF) isoform lacking heparin binding
ability, requires cell-surface heparan sulfates for efficient binding to the VEGF receptors of
human melanoma cells. J. Biol. Chem. 1995;270:11322-11326.

62. Anthony FW, Wheeler T, Elcock CL, Pickett M, Thomas EJ. Short report: identification of
a specific pattern of vascular endothelial growth factor mRNA expression in human
placenta and cultured placental fibroblasts. Placenta. 1994;15:557-561.

63. Cheung CY, Singh M, Ebaugh MJ, Brace RA. Vascular endothelial growth factor gene
expression in ovine placenta and fetal membranes. Am. J. Obstet. Gyn. 1995;173:753-759.

64. Lei J, Jiang A, Pei D. Identification and characterization of a new splicing variant of
vascular endothelial growth factor: VEGF183. Biochim. Biophys. Acta. 1998;1443:400-406.

65. Bates DO, Cui TG, Doughty JM, Winkler M, Sugiono M, Shields JD, Peat D, Gillatt D,
Harper SJ. VEGF165b, an inhibitory splice variant of vascular endothelial growth factor, is
down-regulated in renal cell carcinoma. Cancer Res. 2002;62:4123-4131.

66. Weinstein BM. What guides early embryonic blood vessel formation? Dev. Dyn.
1999;215:2-11.

67. Alitalo K, Carmeliet P. Molecular mechanisms of lymphangiogenesis in health and disease.
Cancer Cell. 2002;1:219-227.

68. Vlaykova T, Laurila P, Muhonen T, Hahka-Kemppinen M, Jekunen A, Alitalo K, Pyrhonen
S. Prognostic value of tumour vascularity in metastatic melanoma and association of blood
vessel density with vascular endothelial growth factor expression. Melanoma Res.
1999;9:59-68.

69. Adams J, Carder PJ, Downey S, Forbes MA, MacLennan K, Allgar V, Kaufman S, Hallam
S, Bicknell R, Walker JJ, Cairnduff F, Selby PJ, Perren TJ, Lansdown M, Banks RE.
Vascular endothelial growth factor (VEGF) in breast cancer: comparison of plasma, serum,
and tissue VEGF and microvessel density and effects of tamoxifen. Cancer Res.
2000;60:2898-2905.

70. Gasparini G. Clinical significance of determination of surrogate markers of angiogenesis in
breast cancer. Crit. Rev. Oncol. Hemat. 2001;37:97-114.

71. Xia YP, Li B, Hylton D, Detmar M, Yancopoulos GD, Rudge JS. Transgenic delivery of
VEGF to the mouse skin leads to an inflammatory condition resembling human psoriasis.
Blood. 2003:in press.

72. Larcher F, Murillas R, Bolontrade M, Conti CJ, Jorcano JL. VEGF/VPF overexpression in
skin of transgenic mice induces angiogenesis, vascular hyperpermeability and accelerated
tumor development. Oncogene. 1998;17:303-311.



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 49

73. Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O'Shea KS, Powell-Braxton L, Hilan
KJ, Moore MW. Heterozygous embryonic lethality induced by targeted inactivation of the
VEGF gene. Nature. 1996;380:439-442.

74. Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L, Gertsenstein M, Fahrig M,
Vandenhoeck A, Harpal K, Ebenhardt C, Declercq C, Pawling J, Moons L, Collen D, Risau
W, Nagy A. Abnormal blood vessel development and lethality in embryos lacking a single
VEGF allele. Nature. 1996;380:435-439.

75. Carmeliet P, Ng YS, Nuyens D, Theilmeier G, Brusselmans K, Cornelissen I, Ehler E,
Kakkar VV, Stalmans I, Mattot V, Perriard JC, Dewerchin M, Flameng W, Nagy A, Lupu
F, Moons L, Collen D, D'Amore PA, Shima DT. Impaired myocardial angiogenesis and
ischemic cardiomyopathy in mice lacking the vascular endothelial growth factor isoforms
VEGF164 and VEGF188. Nat. Med. 1999;5:495-502.

76. Stalmans I, Ng YS, Rohan R, Fruttiger M, Bouche A, Yuce A, Fujisawa H, Hermans B,
Shani M, Jansen S, Hicklin D, Anderson DJ, Gardiner T, Hammes HP, Moons L,
Dewerchin M, Collen D, Carmeliet P, D'Amore PA. Arteriolar and venular patterning in
retinas of mice selectively expressing VEGF isoforms. J. Clin. Invest. 2002;109:327-336.

77. Vincenti V, Cassano C, Rocchi M, Persico MG. Assignement of the vascular endothelial
growth factor gene to human chromosome 6p21.3. Circulation. 1996;93:1493-1495.

78. Yamada Y, Nezu J, Shimane M, Hirata Y. Molecular cloning of a novel vascular endothelial
growth factor, VEGF-D. Genomics. 1997;42:483-488.

79. Rocchigiani M, Lestingi M, Luddi A, Orlandini M, Franco B, Rossi E, Ballabio A, Zuffardi
O, Oliviero S. Human FIGF: cloning, gene structure, and mapping to chromosome Xp22.1
between the PIGA and the GRPR genes. Genomics. 1998;47:207-216.

80. Maglione D, Guerriero V, Viglietto G, Ferraro MG, Aprelikova O, Alitalo K, Del Vecchio
S, Lei K-J, Chou JY, Persico MG. Two alternative mRNAs coding for the angiogenic
factor, placenta growth factor (PlGF), are transcribed from a single gene of chromosome 14.
Oncogene. 1993;8:925-931.

81. DiPalma T, Tucci M, Russo G, Maglione D, Lago CT, Romano A, Saccone S, Della Valle
G, De Gregorio L, Dragani TA, Viglietto G, Persico MG. The placenta growth factor gene
of the mouse. Mamm. Genome. 1996;7:6-12.

82. Satoh H, Yoshida MC, Matsushime H, Shibuya M, Sasaki M. Regional localization of the
human c-ros -1 on 6q22 and flt  on 13q12. Japan J. Cancer Res. 1987;78:772-775.

83. Sait SN, Dougher-Vermazen M, Shows TB, Terman BI. The kinase insert domain receptor
gene (KDR) has been relocated to chromosome 4q11-->q12. Cytogenet. Cell Genet.
1995;70:145-146.

84. Aprelikova O, Pajusola K, Partanen J, Armstrong E, Alitalo R, Bailey SK, McMahon J,
Wasmuth J, Huebner K, Alitalo K. FLT4, a novel class III receptor tyrosine kinase in
chromosome 5q33-qter. Cancer Res. 1992;52:746-748.

85. Maglione D, Guerriero V, Viglietto G, Delli-Bovi P, Persico MG. Isolation of a human
placenta cDNA coding for a protein related to the vascular permeability factor. Proc. Natl.
Acad. Sci. USA. 1991;88:9267-9271.

86. Hauser S, Weich HA. A heparin-binding form of placenta growth factor (PlGF-2) is
expressed in human umbilical vein endothelial cells and in placenta. Growth Factors.
1993;9:259-268.

87. Migdal M, Huppertz B, Tessler S, Comforti A, Shibuya M, Reich R, Baumann H, Neufeld
G. Neuropilin-1 is a placenta growth factor-2 receptor. J. Biol. Chem. 1998;273:22272-
22278.

88. Pipp F, Heil M, Issbrucker K, Ziegelhoeffer T, Martin S, van den Heuvel J, Weich H,
Fernandez B, Golomb G, Carmeliet P, Schaper W, Clauss M. VEGFR-1-selective VEGF



Karri Paavonen50

homologue PlGF is arteriogenic: evidence for a monocyte-mediated mechanism. Circ. Res.
2003;92:378-385.

89. Hattori K, Heissig B, Wu Y, Dias S, Tejada R, Ferris B, Hicklin DJ, Zhu Z, Bohlen P, Witte
L, Hendrikx J, Hackett NR, Crystal RG, Moore MA, Werb Z, Lyden D, Rafii S. Placental
growth factor reconstitutes hematopoiesis by recruiting VEGFR1(+) stem cells from bone-
marrow microenvironment. Nat. Med. 2002;8:841-849.

90. DiSalvo J, Bayne ML, Conn G, Kwok PW, Trivedi PG, Soderman DD, Palisi PM, Sullivan
KA, Thomas KA. Purification and characterisation of a naturally occurring vascular
endothelial growth factor. Placenta growth factor heterodimer. J. Biol. Chem.
1995;270:7717-7723.

91. Cao Y, Chen H, Zhou L, Chiang M-K, Anand-Apte B, Weatherbee JA, Wang Y, Fang F,
Flanagan JG, Tsang ML-S. Heterodimers of placenta growth factor/vascular endothelial
growth factor. J. Biol. Chem. 1996;271:3154-3162.

92. Achen MG, Gad JM, Stacker SA, Wilks AF. Placenta growth factor and vascular
endothelial growth factor are co-expressed during early embryonic development. Growth
Factors. 1997;15:69-80.

93. Persico MG, Vincenti V, DiPalma T. Structure, expression and receptor-binding properties
of placenta growth factor (PlGF). In: Claesson-Welsh L, ed. Vascular growth factors and
angiogenesis. Berlin: Springer-Verlag; 1999:31-40.

94. Carmeliet P. VEGF gene therapy: stimulating angiogenesis or angioma-genesis? Nat. Med.
2001;6:1102-1103.

95. Luttun A, Tjwa M, Moons L, Wu Y, Angelillo-Scherrer A, Liao F, Nagy JA, Hooper A,
Priller J, De Klerck B, Compernolle V, Daci E, Bohlen P, Dewerchin M, Herbert JM, Fava
R, Matthys P, Carmeliet G, Collen D, Dvorak HF, Hicklin DJ, Carmeliet P.
Revascularization of ischemic tissues by PlGF treatment, and inhibition of tumor
angiogenesis, arthritis and atherosclerosis by anti-Flt1. Nat. Med. 2002;8:831-840.

96. Odorisio T, Schietroma C, Zaccaria ML, Cianfarani F, Tiveron C, Tatangelo L, Failla CM,
Zambruno G. Mice overexpressing placenta growth factor exhibit increased vascularization
and vessel permeability. J. Cell Sci. 2002;115:2559-2567.

97. Oura H, Bertoncini J, Velasco P, Brown LF, Carmeliet P, Detmar M. A critical role of
placental growth factor in the induction of inflammation and edema formation. Blood.
2003;101:560-567.

98. Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle V, De Mol M, Wu Y, Bono F,
Devy L, Beck H, Scholz D, Acker T, DiPalma T, Dewerchin M, Noel A, Stalmans I, Barra
A, Blacher S, Vandendriessche T, Ponten A, Eriksson U, Plate KH, Foidart JM, Schaper W,
Charnock-Jones DS, Hicklin DJ, Herbert JM, Collen D, Persico MG. Synergism between
vascular endothelial growth factor and placental growth factor contributes to angiogenesis
and plasma extravasation in pathological conditions. Nat. Med. 2001;7:575-583.

99. Luttun A, Brusselmans K, Fukao H, Tjwa M, Ueshima S, Herbert JM, Matsuo O, Collen D,
Carmeliet P, Moons L. Loss of placental growth factor protects mice against vascular
permeability in pathological conditions. Biochem. Biophys. Res. Comm. 2002;295:428-434.

100. Scholz D, Elsaesser H, Sauer A, Friedrich C, Luttun A, Carmeliet P, Schaper W. Bone
marrow transplantation abolishes inhibition of arteriogenesis in placenta growth factor
(PlGF) -/- mice. J. Mol. Cell. Biol. 2003;35:177-184.

101. Grimmond S, Lagercrantz J, Drinkwater C, Silins G, Townson S, Pollock P, Gotley D,
Carson E, Rakar S, Nordenskjold M, Ward L, Hayward N, Weber G. Cloning and
characterisation of a novel human gene related to vascular endothelial growth factor.
Genome Res. 1996;6:124-131.



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 51

102. Olofsson B, Pajusola K, Kaipainen A, von Euler G, Joukov V, Saksela O, Orpana A,
Pettersson RF, Alitalo K, Eriksson U. Vascular endothelial growth factor B, a novel growth
factor for endothelial cells. Proc. Natl. Acad. Sci. USA. 1996;93:2576-2581.

103. Olofsson B, Korpelainen E, Mandriota S, Pepper MS, Aase K, Kumar V, Gunji Y, Jeltsch
MM, Shibuya M, Alitalo K, Eriksson U. Vascular endothelial growth factor (VEGF) B
binds to VEGF receptor-1 and regulates plasminogen activator activity in endothelial cells.
Proc. Natl. Acad. Sci. USA. 1998;95:11709-11714.

104. Oloffson B, Pajusola K, von Euler G, Chilov D, Alitalo K, Eriksson U. Genomic
organization of the mouse and human genes for vascular endothelial growth factor B
(VEGF-B) and characterization of a second splice isoform. J. Biol. Chem. 1996;271:19130-
19317.

105. Aase K, Lymboussaki A, Kaipainen A, Olofsson B, Alitalo K, Eriksson U. Localization of
VEGF-B in the mouse embryo suggests a paracrine role of the growth factor in the
developing vasculature. Dev. Dyn. 1999;215:12-25.

106. Olofsson B, Jeltsch M, Eriksson U, Alitalo K. Current biology of VEGF-B and VEGF-C.
Curr. Opin. Biotech. 1999;10:528-535.

107. Bellomo D, Headrick JP, Silins GU, Paterson CA, Thomas PS, Gartside M, Mould A, Cahill
MM, Tonks ID, Grimmond SM, Townson S, Wells C, Little M, Cummings MC, Hayward
NK, Kay GF. Mice lacking the vascular endothelial growth factor-B gene (Vegfb) have
smaller hearts, dysfunctional coronary vasculature, and impaired recovery from cardiac
ischemia. Circulation Res. (Online). 2000;86:E29-35.

108. Aase K, von Euler G, Li X, Ponten A, Thoren P, Cao R, Cao Y, Olofsson B, Gebre-Medhin
S, Pekny M, Alitalo K, Betsholtz C, Eriksson U. Vascular endothelial growth factor-B-
deficient mice display an atrial conduction defect. Circulation. 2001;104:358-364.

109. Joukov V, Sorsa T, Kumar V, Jeltsch M, Claesson-Welsh L, Cao Y, Saksela O, Kalkkinen
N, Alitalo K. Proteolytic processing regulates receptor specificity and activity of VEGF-C.
EMBO J. 1997;16:3898-3911.

110. Kukk E, Lymboussaki A, Taira S, Kaipainen A, Jeltsch M, Joukov V, Alitalo K. VEGF-C
receptor binding and pattern of expression with VEGFR-3 suggests a role in lymphatic
vascular development. Development. 1996;122:3829-3837.

111. Jeltsch M, Kaipainen A, Joukov V, Meng X, Lakso M, Rauvala H, Swartz M, Fukumura D,
Jain RK, Alitalo K. Hyperplasia of lymphatic vessels in VEGF-C transgenic mice. Science.
1997;276:1423-1425.

112. Hiltunen MO, Laitinen M, Turunen MP, Jeltsch M, Hartikainen J, Rissanen TT, Laukkanen
J, Niemi M, Kossila M, Hakkinen TP, Kivela A, Enholm B, Mansukoski H, Turunen AM,
Alitalo K, Yla-Herttuala S. Intravascular adenovirus-mediated VEGF-C gene transfer
reduces neointima formation in balloon-denuded rabbit aorta. Circulation. 2000;102:2262-
2268.

113. Enholm B, Karpanen T, Jeltsch M, Kubo H, Stenback F, Prevo R, Jackson DG, Yla-
Herttuala S, Alitalo K. Adenoviral Expression of VEGF-C Induces Lymphangiogenesis in
the Skin. Circ. Res. 2001;88:623-629.

114. Saaristo A, Veikkola T, Enholm B, Hytonen M, Arola J, Pajusola K, Turunen P, Jeltsch M,
Karkkainen MJ, Kerjaschki D, Bueler H, Yla-Herttuala S, Alitalo K. Adenoviral VEGF-C
overexpression induces blood vessel enlargement, tortuosity, and leakiness but no sprouting
angiogenesis in the skin or mucous membranes. FASEB J. 2002;16:1041-1049.

115. Saaristo A, Veikkola T, Tammela T, Enholm B, Karkkainen MJ, Pajusola K, Bueler H, Yla-
Herttuala S, Alitalo K. Lymphangiogenic gene therapy with minimal blood vascular side
effects. J. Exp. Med. 2002;196:719-730.

116. Yoon YS, Murayama T, Gravereaux E, Tkebuchava T, Silver M, Curry C, Wecker A,
Kirchmair R, Hu CS, Kearney M, Ashare A, Jackson DG, Kubo H, Isner JM, Losordo DW.



Karri Paavonen52

VEGF-C gene therapy augments postnatal lymphangiogenesis and ameliorates secondary
lymphedema. J. Clin. Invest. 2003;111:717-725.

117. Saaristo A, Karpanen T, Alitalo K. Mechanisms of angiogenesis and their use in the
inhibition of tumor growth and metastasis. Oncogene. 2000;19:6122-6129.

118. Mandriota SJ, Jussila L, Jeltsch M, Compagni A, Baetens D, Prevo R, Banerji S, Huarte J,
Montesano R, Jackson DG, Orci L, Alitalo K, Christofori G, Pepper MS. Vascular
endothelial growth factor-C-mediated lymphangiogenesis promotes tumour metastasis.
EMBO J. 2001;20:672-682.

119. Skobe M, Hawighorst T, Jackson DG, Prevo R, Janes L, Velasco P, Riccardi L, Alitalo K,
Claffey K, Detmar M. Induction of tumor lymphangiogenesis by VEGF-C promotes breast
cancer metastasis. Nat. Med. 2001;7:192-198.

120. Skobe M, Hamberg LM, Hawighorst T, Shirner M, Wolf GL, Alitalo K, Detmar M.
Concurrent induction of lymphangiogenesis, angiogenesis and macrophage recruitment by
VEGF-C in melanoma. Am. J. Pathol. 2001;159:893-903.

121. He Y, Kozaki K, Karpanen T, Koshikawa K, Yla-Herttuala S, Takahashi T, Alitalo K.
Suppression of tumor lymphangiogenesis and lymph node metastasis by blocking vascular
endothelial growth factor receptor 3 signaling. J. Natl. Cancer Inst. 2002;94:819-825.

122. Witzenbichler B, Asahara T, Murohara T, Silver M, Spyridopoulos I, Magner M, Principe
N, Kearney M, Hu JS, Isner JM. Vascular endothelial growth factor-C (VEGF-C/VEGF-2)
promotes angiogenesis in the setting of tissue ischemia. Am. J. Pathol. 1998;153:381-394.

123. Cao Y, Linden P, Farnebo J, Cao R, Eriksson A, Kumar V, Qi JH, Claesson-Welsh L,
Alitalo K. Vascular endothelial growth factor C induces angiogenesis in vivo. Proc. Natl.
Acad. Sci. USA. 1998;95:14389-14394.

124. Yonemura Y, Endo Y, Fujita H, Fushida S, Ninomiya I, Bandou E, Taniguchi K, Miwa K,
Ohoyama S, Sugiyama K, Sasaki T. Role of vascular endothelial growth factor C expression
in the development of lymph node metastasis in gastric cancer. Clin. Cancer Res.
1999;5:1823-1829.

125. Hashimoto I, Kodama J, Seki N, Hongo A, Yoshinouchi M, Okuda H, Kudo T. Vascular
endothelial growth factor-C expression and its relationship to pelvic lymph node status in
invasive cervical cancer. Br. J. Cancer. 2001;85:93-97.

126. Orlandini M, Marconcini L, Ferruzzi R, Oliviero S. Identification of a c-fos-induced gene
that is related to the platelet-derived growth factor/vascular endothelial growth factor
family. Proc. Natl. Acad. Sci. USA. 1996;93:11675-11680.

127. Veikkola T, Jussila L, Makinen T, Karpanen T, Jeltsch M, Petrova TV, Kubo H, Thurston
G, McDonald D, Achen MG, Stacker SA, Alitalo K. Signalling via vascular endothelial
growth factor receptor -3 is sufficient for lymphangiogenesis in transgenic mice. EMBO J.
2001;20:1223-1231.

128. Stacker SA, Achen MG, Jussila L, Baldwin ME, Alitalo K. Lymphangiogenesis and cancer
metastasis. Nat. Rev. Cancer. 2002;2:573-83.

129. Rissanen TT, Markkanen JE, Gruchala M, Heikura T, Puranen A, Kettunen MI, Kholova I,
Kauppinen RA, Achen MG, Stacker SA, Alitalo K, Yla-Herttuala S. VEGF-D Is the
Strongest Angiogenic and Lymphangiogenic Effector Among VEGFs Delivered Into
Skeletal Muscle via Adenoviruses. Circ. Res. 2003;92:1098-1106.

130. Baldwin ME, Catimel B, Nice EC, Roufail S, Hall NE, Stenvers KL, Karkkainen MJ,
Alitalo K, Stacker SA, Achen MG. The specificity of receptor binding by vascular
endothelial growth factor-d is different in mouse and man. J. Biol. Chem. 2001;276:19166-
19171.

131. Achen MG, Jeltsch M, Kukk E, Makinen T, Vitali A, Wilks AF, Alitalo K, Stacker SA.
Vascular endothelial growth factor D (VEGF-D) is a ligand for the tyrosine kinases VEGF
receptor 2 (Flk1) and VEGF receptor 3 (Flt4). Proc. Natl. Acad. Sci. USA. 1998;95:548-553.



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 53

132. Farnebo F, Piehl F, Lagercrantz J. Restricted expression pattern of vegf-d in the adult and
fetal mouse: high expression in the embyonic lung. Biochem. Biophys. Res. Commun.
1999;257:891-894.

133. Stacker SA, Caesar C, Baldwin ME, Thornton GE, Williams RA, Prevo R, Jackson DG,
Nishikawa S, Kubo H, Achen MG. VEGF-D promotes the metastatic spread of tumor cells
via the lymphatics. Nat. Med. 2001;7:186-91.

134. Achen MG, Williams RA, Minekus MP, Thornton GE, Stenvers K, Rogers PA, Lederman
F, Roufail S, Stacker SA. Localization of vascular endothelial growth factor-D in malignant
melanoma suggests a role in tumour angiogenesis. J. Pathol. 2001;193:147-154.

135. Fong GH, Rossant J, Gertsenstein M, Breitman ML. Role of the Flt-1 receptor tyrosine
kinase in regulating the assembly of vascular endothelium. Nature. 1995;376:66-70.

136. Fong GH, Zhang L, Bryce DM, Peng J. Increased hemangioblast commitment, not vascular
disorganization, is the primary defect in flt-1 knock-out mice. Development .
1999;126:3015-3025.

137. Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF, Breitman ML, Schuh AC.
Failure of blood-island formation and vasculogenesis in Flk-1-deficient mice. Nature.
1995;376:62-66.

138. Dumont DJ, Jussila L, Taipale J, Mustonen T, Pajusola K, Breitman M, Alitalo K.
Cardiovascular failure in mouse embryos deficient in VEGF receptor-3. Science.
1998;282:946-949.

139. Leveen P, Pekny M, Gebre-Medhin S, Swolin B, Larsson E, Betsholtz C. Mice deficient for
PDGF B show renal, cardiovascular, and hematological abnormalities. Genes Dev.
1994;8:1875-1887.

140. Soriano P. Abnormal kidney development and hematological disorders in PDGF beta-
receptor mutant mice. Genes Dev. 1994;8:1888-1896.

141. Suri C, Jones PF, Patan S, Bartunkova S, Maisonpierre PC, Davis S, Sato TN, Yancopoulos
GD. Requisite role of angiopoietin-1, a ligand for the TIE2 receptor, during embryonic
angiogenesis. Cell. 1996;87:1171-1180.

142. Gale NW, Thurston G, Hackett SF, Renard R, Wang Q, McClain J, Martin C, Witte C,
Witte MH, Jackson D, Suri C, Campochiaro PA, Wiegand SJ, Yancopoulos GD.
Angiopoietin-2 is required for postnatal angiogenesis and lymphatic patterning, and only the
latter role is rescued by Angiopoietin-1. Dev. Cell. 2002;3:411-423.

143. Rodewald HR, Sato TN. Tie1, a receptor tyrosine kinase essential for vascular endothelial
cell integrity, is not critical for the development of hematopoietic cells. Oncogene.
1996;12:397-404.

144. Dumont DJ, Gradwohl G, Fong GH, Puri MC, Gertsenstein M, Auerbach A, Breitman ML.
Dominant-negative and targeted null mutations in the endothelial receptor tyrosine kinase,
tek, reveal a critical role in vasculogenesis of the embryo. Genes & Development.
1994;8:1897-909.

145. Kitsukawa T, Shimono A, Kawakami A, Kondoh H, Hajime F. Overexpression of a
membrane protein, neuropilin, in chimeric mice causes anomalities in the cardiovascular
system, nervous system and limbs. Development. 1995;121:4309-4318.

146. Wang HU, Chen ZF, Anderson DJ. Molecular distinction and angiogenic interaction
between embryonic arteries and veins revealed by ephrin-B2 and its receptor Eph-B4. Cell.
1998;93:741-753.

147. Gerety SS, Wang HU, Chen ZF, Anderson DJ. Symmetrical mutant phenotypes of the
receptor EphB4 and its specific transmembrane ligand ephrin-B2 in cardiovascular
development. Mol. Cell. 1999;4:403-414.

148. Matthews W, Jordan CT, Gavin M, Jenkins NA, Copeland NG, Lemischka IR. A receptor
tyrosine kinase cDNA isolated from a population of enriched primitive hematopoetic cells



Karri Paavonen54

and exhibiting close genetic linkage to c-kit. Proc. Natl. Acad. Sci. USA. 1991;88:9026-
9030.

149. Terman BI, Carrion ME, Kovacs E, Rasmussen BA, Eddy RL, Shows TB. Identification of
a new endothelial cell growth factor receptor tyrosine kinase. Oncogene. 1991;6:1677-1683.

150. Meyer M, Clauss M, Lepple-Wienhues A, Waltenberger J, Augustin HG, Ziche M, Lanz C,
Böttner M, Rziha H-J, Dehio C. A novel vascular endothelial growth factor encoded by Orf
virus, VEGF-E, mediates angiogenesis via signaling through VEGFR-2 (KDR) but not
VEGFR-1 (Flt-1) receptor tyrosine kinases. EMBO J. 1999;18:363-374.

151. Wise LM, Veikkola T, Mercer AA, Savory LJ, Fleming SB, Caesar C, Vitali A, Makinen T,
Alitalo K, Stacker S. The vascular endothelial growth factor (VEGF)-like protein from orf
virus NZ2 binds to VEGFR2 and neuropilin-1. Proc. Natl. Acad. Sci. USA. 1999;96:3071-
3076.

152. Gille H, Kowalski J, Li B, LeCouter J, Moffat B, Zioncheck TF, Pelletier N, Ferrara N.
Analysis of biological effects and signaling properties of Flt-1 (VEGFR-1) and KDR
(VEGFR-2). A reassessment using novel receptor-specific vascular endothelial growth
factor mutants. J. Biol. Chem. 2001;276:3222-3230.

153. Matsumoto T, Claesson-Welsh L. VEGF receptor signal transduction. Science's STKE.
2001;112:1-17.

154. Partanen TA, Alitalo K, Miettinen M. Lack of Lymphatic Vascular Specificity of Vascular
Endothelial Growth Factor Receptor 3 in 185 vascular Tumors. Cancer. 1999;86:2406-
2412.

155. Soldi R, Mitola S, Strasly M, Defilippi P, Tarone G, Bussolino F. Role of avb3 in the
activation of vascular endothelial growth factor receptor-2. EMBO J. 1999;18:882-892.

156. Hutchings H, Ortega N, Plouet J. Extracellular matrix-bound vascular endothelial growth
factor promotes endothelial cell adhesion, migration and survival through  integrin ligation.
FASEB J. 2003;17:1520-1522.

157. Kappel A, Volker R, Damert A, Flamme I, Risau W, Breier G. Identification of vascular
endothelial growth factor (VEGF) receptor-2 (Flk-1) promoter/enhancer sequences
sufficient for angioblast and endothelial cell-specific transcription in transgenic mice.
Blood. 1999;93:4284-4292.

158. Kaipainen A, Korhonen J, Pajusola K, Aprelikova O, Persico MG, Terman BI, Alitalo K.
The related FLT4, FLT1, and KDR receptor tyrosine kinases show distinct expression
patterns in human fetal endothelial cells. J. Exp. Med. 1993;178:2077-2088.

159. Shalaby F, Ho J, Stanford WL, Fischer KD, Schuh AC, Schwartz L, Bernstein A, Rossant J.
A requirement for Flk1 in primitive and definitive hematopoiesis and vasculogenesis. Cell.
1997;89:981-990.

160. Shibuya M, Yamaguchi S, Yamane A, Ikeda T, Tojo A, Matsushime H, Sato M. Nucleotide
sequence and expression of a novel human receptor type tyrosine kinase gene (flt) closely
related to the fms family. Oncogene. 1990;5:519-524.

161. Waltenberger J, Claesson-Welsh L, Siegbahn A, Shibuya M, Heldin C-H. Different signal
transduction properties of KDR and Flt1, two receptors for vascular endothelial growth
factor. J. Biol. Chem. 1994;269:26988-26995.

162. Seetharam L, Gotoh N, Maru Y, Neufeld G, Yamaguchi S, Shibuya M. A unique signal
transduction from FLT tyrosine kinase, a receptor for vascular endothelial growth factor
VEGF. Oncogene. 1995;10:135-147.

163. Gille H, Kowalski J, Yu L, Chen H, Pisabarro MT, Davis-Smyth T, Ferrara N. A repressor
sequence in the juxtamembrane domain of Flt-1 (VEGFR-1) constitutively inhibits vascular
endothelial growth factor-dependent phosphatidylinositol 3'-kinase activation and
endothelial cell migration. EMBO J. 2000;19:4064-4073.



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 55

164. Huang K, Andersson C, Roomans GM, Ito N, Claesson-Welsh L. Signaling properties of
VEGF receptor-1 and -2 homo- and heterodimers. Int. J. Biochem. Cell Biol. 2001;33:315-
324.

165. Zachary I, Gliki G. Signaling transduction mechanisms mediating biological actions of the
vascular endothelial growth factor family. Cardiovasc. Res. 2001;49:568-581.

166. Barleon B, Sozzani S, Zhou D, Weich HA, Mantovani A, Marme D. Migration of human
monocytes in response to vascular endothelial growth factor (VEGF) is mediated via the
VEGF receptor flt-1. Blood. 1996;87:3336-3343.

167. Clauss M, Weich H, Breier G, Knies U, Rockl W, Waltenberger J, Risau W. The vascular
endothelial growth factor receptor Flt-1 mediates biological activities. Implications for a
functional role of placenta growth factor in monocyte activation and chemotaxis. J. Biol.
Chem. 1996;271:17629-17634.

168. Carmeliet P, Luttun A. The emerging role of the bone marrow-derived stem cells in
(therapeutic) angiogenesis. Thromb. Haemost. 2001;86:289-297.

169. Gerber HP, Conorelli F, Park J, Ferrara N. Differential transcriptional regulation of the two
vascular endothelial growth factor receptor genes. Flt-1, but not Flk-1/KDR, is up-regulated
by hypoxia. J Biol Chem. 1997;272:23659-23667.

170. Kendall RL, Thomas KA. Inhibition of vascular endothelial cell growth factor activity by an
endogenously encoded soluble receptor. Proc. Natl. Acad. Sci. USA. 1993;90:10705-10709.

171. Maynard SE, Min JY, Merchan J, Lim KH, Li J, Mondal S, Libermann TA, Morgan JP,
Sellke FW, Stillman IE, Epstein FH, Sukhatme VP, Karumanchi SA. Excess placental
soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial dysfunction,
hypertension, and proteinuria in preeclampsia. J. Clin. Invest. 2003;111:649-658.

172. Eremina V, Sood M, Haigh J, Nagy A, Lajoie G, Ferrara N, Gerber HP, Kikkawa Y, Miner
JH, Quaggin SE. Glomerular-specific alterations of VEGF-A expression lead to distinct
congenital and acquired renal diseases. J. Clin. Invest. 2003;111:707-716.

173. Koga K, Osuga Y, TYoshino O, Hirota Y, Ruimeng X, Hirata T, Takeda S, Yano T,
Tsutsumi O, Taketani Y. Elevated serum soluble vascular endothelial growth factor receptor
1 (sVEGFR-1) levels in women with preeclampsia. J. Clin. Endocrin. Metab.
2003;88:2348-2351.

174. Peters KG, De Vries C, Williams LT. Vascular endothelial growth factor receptor
expression during embryogenesis and tissue repair suggests a role in endothelial
differentiation and blood vessel growth. Proc. Natl. Acad. Sci. USA. 1993;90:8915-8919.

175. Hiratsuka S, Minowa O, Kuno J, Noda T, Shibuya M. Flt-1 lacking the tyrosine kinase
domain is sufficient for normal development and angiogenesis in mice. Proc. Natl. Acad.
Sci. USA. 1998;4:9349-9354.

176. Hiratsuka S, Maru Y, Okada A, Seiki M, Noda T, Shibuya M. Involvement of Flt-1 tyrosine
kinase (vascular endothelial growth factor receptor-1) in pathological angiogenesis. Cancer
Res. 2001;61:1207-1213.

177. Pajusola K, Aprelikova O, Pelicci G, Weich H, Claesson-Welsh L, Alitalo K. Signalling
properties of FLT4, a proteolytically processed receptor tyrosine kinase related to two
VEGF receptors. Oncogene. 1994;9:3545-3555.

178. Lee J, Gray A, Yuan J, Louth S-M, Avraham H, Wood W. Vascular endothelial growth
factor-related protein: A ligand and specific activator of the tyrosine kinase receptor Flt4.
Proc. Natl. Acad. Sci. USA. 1996;93:1988-1992.

179. Joukov V, Pajusola K, Kaipainen A, Chilov D, Lahtinen I, Kukk E, Saksela O, Kalikkinen
N, Alitalo K. A novel vascular endothelial growth factor, VEGF-C, is a ligand for the Flt4
(VEGFR-3) and Kdr (VEGFR-2) receptor tyrosine kinases. EMBO J. 1996;15:290-298.



Karri Paavonen56

180. Partanen T, Arola J, Saaristo A, Jussila L, Ora A, Miettinen M, Stacker S, Achen M, Alitalo
K. VEGF-C and VEGF-D expression in neuroendocrine cells and their receptor, VEGFR-3,
in fenestrated blood vessels in human tissues. FASEB J. 2000;14:2087-2096.

181. Makinen T, Jussila L, Veikkola T, Karpanen T, Kettunen MI, Pulkkanen KJ, Kauppinen R,
Jackson DG, Kubo H, Nishikawa S, Yla-Herttuala S, K A. Inhibition of lymphangiogenesis
with resulting lymphedema in transgenic mice expressing soluble VEGF receptor-3. Nat.
Med. 2001;7:199-205.

182. Karkkainen MJ, Ferrell RE, Lawrence EC, Kimak MA, Levinson KL, McTigue MA, Alitalo
K, Finegold DN. Missense mutations interfere with VEGFR-3 signalling in primary
lymphoedema. Nat. Genet. 2000;25:153-159.

183. Karkkainen MJ, Saaristo A, Jussila L, Karila KA, Lawrence EC, Pajusola K, Bueler H,
Eichmann A, Kauppinen R, Kettunen MI, Yla-Herttuala S, Finegold DN, Ferrell RE, Alitalo
K. A model for gene therapy of human hereditary lymphedema. Proc. Natl. Acad. Sci. USA.
2001;98:12677-12682.

184. Li X, Ponten A, Aase K, Karlsson L, Abramsson A, Uutela M, Backstrom G, Hellstrom M,
Bostrom H, Li H, Soriano P, Betsholtz C, Heldin CH, Alitalo K, Ostman A, Eriksson U.
PDGF-C is a new protease-activated ligand for the PDGF alpha-receptor. Nat. Cell Biol.
2000;2:302-309.

185. Heldin CH, Eriksson U, Ostman A. New members of the platelet-derived growth factor
family of mitogens. Arch. Biochem. Biophys. 2002;398:284-290.

186. LeGrand EK. Preclinical promise of becaplermin (rhPDGF-BB) in wound healing. Am. J.
Surg. 1998;176:48S-54S.

187. Heldin CH, Westermark B. Mechanism of action and in vivo role of platelet-derived growth
factor. Phys. Rev. 1999;79:1283-1316.

188. Javerzat S, Auguste P, Bikfalvi A. The role of fibroblast growth factors in vascular
development. Trends Mol. Med. 2002;8:483-489.

189. Ornitz DM, Itoh N. Fibroblast growth factors. Genome Biol. 2001;2.
190. Klint P, Claesson-Welsh L. Signal transduction by fibroblast growth factor receptors. Front.

Biosci. 1999;4:D165-D177.
191. Bikfalvi A, Klein S, Pintucci G, Rifkin DB. Biological roles of fibroblast growth factor-2.

Endocrine Rev. 1997;18:26-45.
192. Rissanen TT, Markkanen JE, Arve K, Rutanen J, Kettunen MI, Vajanto I, Jauhiainen S,

Cashion L, Gruchala M, Närvänen O, Taipale P, Kauppinen RA, Rubanyi GM, Ylä-
Herttuala S. Fibroblast growth factor 4 induces vascular permeability, angiogenesis and
arteriogenesis in a rabbit hindlimb ischemia model. FASEB J. 2003;17:100-102.

193. Jones N, Iljin K, Dumont DJ, Alitalo K. Tie receptors: new modulators of angiogenic and
lymphangiogenic responses. Nat. Rev. Mol. Cell Biol. 2001;2:257-267.

194. Visconti RP, Richardson CD, Sato TN. Orchestration of angiogenesis and arteriovenous
contribution by angiopoietins and vascular endothelial growth factor (VEGF). Proc. Natl.
Acad. Sci. USA. 2002;99:8219-8224.

195. Ward NL, Dumont DJ. The angiopoietins and Tie2/Tek: adding to the complexity of
cardiovascular development. Semin. Cell Dev. Biol. 2002;13:19-27.

196. Davis S, Aldrich TH, Jones PF, Acheson A, Compton DL, Jain V, Ryan TE, Bruno J,
Radziejewski C, Maisonpierre PC, Yancopoulos GD. Isolation of angiopoietin-1, a ligand
for the TIE2 receptor, by secretion-trap expression cloning. Cell. 1996;87:1161-1169.

197. Maisonpierre PC, Suri C, Jones PF, Bartunkova S, Wiegand SJ, Radziejewski C, Compton
D, McClain J, Aldrich TH, Papadopoulos N, Daly TJ, Davis S, Sato TN, Yancopoulos GD.
Angiopoietin-2, a natural antagonist for Tie2 that disrupts in vivo angiogenesis. Science.
1997;277:55-60.



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 57

198. Kim I, Moon SO, Koh KN, Kim H, Uhm CS, Kwak HJ, Kim NG, Koh GY. Molecular
cloning, expression, and characterization of angiopoietin-related protein. angiopoietin-
related protein induces endothelial cell sprouting. J. Biol. Chem. 1999;274:26523-26528.

199. Kim I, Kwak HJ, Ahn JE, So JN, Liu M, Koh KN, Koh GY. Molecular cloning and
characterization of a novel angiopoietin family protein, angiopoietin-3. FEBS Lett.
1999;443:353-356.

200. Sato TN, Tozawa Y, Deutsch U, Wolburg-Buchholz K, Fujiwara Y, Gendron-Maguire M,
Gridley T, Wolburg H, Risau W, Qin Y. Distinct roles of the receptor tyrosine kinases Tie-1
and Tie-2 in blood vessel formation. Nature. 1995;376:70-74.

201. Valenzuela DM, Griffiths JA, Rojas J, Aldrich TH, Jones PF, Zhou H, McClain J, Copeland
NG, Gilbert DJ, Jenkins NA, Huang T, Papadopoulos N, Maisonpierre PC, Davis S,
Yancopoulos GD. Angiopoietins 3 and 4: diverging gene counterparts in mice and humans.
Proc. Natl. Acad. Sci. USA. 1999;96:1904-1909.

202. Lobov IB, Brooks PC, Lang RA. Angiopoietin-2 displays VEGF-dependent modulation of
capillary structure and endothelial cell survival in vivo. Proc. Natl. Acad. Sci. USA.
2002;99:11205-11210.

203. White RR, Shan S, Rusconi CP, Shetty G, Dewhirst MW, Kontos CD, Sullenger BA.
Inhibition of rat corneal angiogenesis by a nuclease-resistant RNA aptamer specific for
angiopoietin-2. Proc. Natl. Acad. Sci. USA. 2003;100:5028-5033.

204. Vikkula M, Boon LM, Carraway KL, 3rd, Calvert JT, Diamonti AJ, Goumnerov B, Pasyk
KA, Marchuk DA, Warman ML, Cantley LC, Mulliken JB, Olsen BR. Vascular
dysmorphogenesis caused by an activating mutation in the receptor tyrosine kinase TIE2.
Cell. 1996;87:1181-1190.

205. Thurston G, Suri C, Smith K, McClain J, Sato TN, Yancopoulos GD, McDonald DM.
Leakage-resistant blood vessels in mice transgenically overexpressing angiopoietin-1.
Science. 1999;286:2511-2514.

206. Jones N, Voskas D, Master Z, Sarao R, Jones J, Dumont DJ. Rescue of the early vascular
defects in Tek/Tie2 null mice reveals an essential survival function. EMBO Rep.
2001;2:438-445.

207. McCarthy MJ, Burrows R, Bell SC, Christie G, Bell PR, Brindle NP. Potential roles of
metalloprotease mediated ectodomain cleavage in signaling by the endothelial receptor
tyrosine kinase Tie-1. Lab. Invest. 1999;79:889-895.

208. Reusch P, Barleon B, Weindel K, Martiny-Baron G, Gödde A, Siemeister G, Marme D.
Identification of a soluble form of the angiopoietin receptor TIE-2 released from endothelial
cells and present in human blood. Angiogenesis. 2001;4:123-131.

209. Wilkinson DG. Eph receptors and ephrins: regulators of guidance and assembly. Int. Rev.
Cytol. 2000;196:177-244.

210. Holder N, Klein R. Eph receptors and ephrins: effectors of morphogenesis. Development.
1999;126:2033-2044.

211. Schmucker D, Zipursky SL. Signaling downstream of Eph receptors and ephrin ligands.
Cell. 2001;105:701-704.

212. Adams RH, Wilkinson GA, Weiss C, Diella F, Gale NW, Deutsch U, Risau W, Klein R.
Roles of ephrinB ligands and EphB receptors in cardiovascular development: demarcation
of arterial/venous domains, vascular morphogenesis, and sprouting angiogenesis. Genes
Dev. 1999;13:295-306.

213. Helbling PM, Saulnier DM, Brandli AW. The receptor tyrosine kinase EphB4 and ephrin-B
ligands restrict angiogenic growth of embryonic veins in Xenopus laevis. Development.
2000;127:269-278.



Karri Paavonen58

214. Adams RH, Diella F, Hennig S, Helmbacher F, Deutsch U, Klein R. The cytoplasmic
domain of the ligand ephrinB2 is required for vascular morphogenesis but not cranial neural
crest migration. Cell. 2001;104:57-69.

215. Klagsbrun M, Takashima S, Mamluk R. The role of neuropilin in vascular and tumor
biology. Adv. Exp. Med. Biol. 2002;515:33-48.

216. Bagri A, Tessier-Lavigne M. Neuropilins as Semaphorin receptors: in vivo functions in
neuronal cell migration and axon guidance. Adv. Exp. Med. Biol. 2002;515:13-31.

217. Kawasaki T, Bekku Y, Suto F, Kitsukawa T, Taniguchi M, Nagatsu I, Nagatsu T, Itoh K,
Yagi T, Fujisawa H. Requirement of neuropilin 1-mediated Sema3A signals in patterning of
the sympathetic nervous system. Development. 2002;129:671-680.

218. Miao HQ, Lee P, Lin H, Soker S, Klagsbrun M. Neuropilin-1 expression by tumor cells
promotes tumor angiogenesis and progression. FASEB J. 2000;14:2532-2539.

219. Fuh G, Garcia KC, de Vos AM. The interaction of neuropilin-1 with vascular endothelial
growth factor and its receptor flt-1. J. Biol. Chem. 2000;275:26690-26695.

220. Soker S, Miao HQ, Nomi M, Takashima S, Klagsbrun M. VEGF165 mediates formation of
complexes containing VEGFR-2 and neuropilin-1 that enhance VEGF165-receptor binding.
J. Biol. Chem. 2002;85:357-368.

221. Herzog Y, Kalcheim C, Kahane N, Reshef R, Neufeld G. Differential expression of
neuropilin-1 and neuropilin-2 in arteries and veins. Mech. Dev. 2001;109:115-119.

222. Yuan L, Moyon D, Pardanaud L, Breant C, Karkkainen MJ, Alitalo K, Eichmann A.
Abnormal lymphatic vessel development in neuropilin 2 mutant mice. Development.
2002;129:4797-4806.

223. Kitsukawa T, Shimizu M, Sanbo M, Hirata T, Taniguchi M, Bekku Y, Yagi T, Fujisawa H.
Neuropilin-semaphorin III/D-mediated chemorepulsive signals play a crucial role in
peripheral nerve projection in mice. Neuron. 1997;19:995-1005.

224. Kawasaki T, Kitsukawa T, Bekku Y, Matsuda Y, Sanbo M, Yagi T, Fujisawa H. A
requirement for neuropilin-1 in embryonic vessel formation. Development. 1999;126:4895-
4902.

225. Takashima S, Kitakaze M, Asakura M, Asanuma H, Sanada S, Tashiro F, Niwa H,
Miyazaki Ji J, Hirota S, Kitamura Y, Kitsukawa T, Fujisawa H, Klagsbrun M, Hori M.
Targeting of both mouse neuropilin-1 and neuropilin-2 genes severely impairs
developmental yolk sac and embryonic angiogenesis. Proc. Natl. Acad. Sci. USA.
2002;99:3657-3662.

226. Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The protein kinase
complement of the human genome. Science. 2002;298:1912-1934.

227. Hubbard SR, Till JH. Protein tyrosine kinase structure and function. Ann. Rev. Biochem.
2000;69:373-398.

228. Hunter T. Protein kinases and phosphatases: the yin and yang of protein phosphorylation
and signaling. Cell. 1995;80:225-236.

229. Neel BG, Tonks NK. Protein tyrosine phosphatases in signal transduction. Curr. Opin. Cell
Biol. 1997;9:193-204.

230. Bishop M. Molecular themes in oncogenesis. Cell. 1991;64:235-248.
231. Cantley LC, Auger KR, Carpenter C, Duckworth B, Graziani A, Kapeller R, Soltoff S.

Oncogenes and signal transduction. Cell. 1991;64:281-302.
232. Levitzki A. Tyrosine kinases as targets for cancer therapy. European Journal of Cancer.

2002;38:S11-S18.
233. Qiu Y, Kung HJ. Signaling network of the Btk family kinases. Oncogene. 2000;19:5651-

5661.
234. Schaeffer EM, Schwartzberg PL. Tec family kinases in lymphocyte signaling and function.

Curr. Opin. Immunol. 2000;12:282-238.



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 59

235. Smith CI, Islam TC, Mattsson PT, Mohamed AJ, Nore BF, Vihinen M. The Tec family of
cytoplasmic tyrosine kinases: mammalian Btk, Bmx, Itk, Tec, Txk and homologs in other
species. Bioessays. 2001;23:436-446.

236. Mano H. Tec family of protein-tyrosine kinases: an overview of their structure and function.
Cytokine Growth F. R. 1999;10:267-280.

237. Mohamed AJ, Nore BF, Christensson B, Smith CI. Signalling of Bruton's tyrosine kinase,
Btk. Scand. J. Immunol. 1999;49:113-118.

238. de Weers M, Brouns GS, Hinshelwood S, Kinnon C, Schuurman RK, Hendriks RW, Borst
J, Shaw G. B-cell antigen receptor stimulation activates the human Bruton's tyrosine kinase,
which is deficient in X-linked agammaglobulinemia. J. Biol. Chem. 1994;269:23857-23860.

239. Jin H, Webster AD, Vihinen M, Sideras P, Vorechovsky I, Hammarstrom L, Bernatowska-
Matuszkiewicz E, Smith CI, Bobrow M, Vetrie D. Identification of Btk mutations in 20
unrelated patients with X-linked agammaglobulinaemia (XLA). Hum. Mol. Genet.
1995;4:693-700.

240. Drabek D, Raguz S, De Wit TP, Dingjan GM, Savelkoul HF, Grosveld F, Hendriks RW.
Correction of the X-linked immunodeficiency phenotype by transgenic expression of human
Bruton tyrosine kinase under the control of the class II major histocompatibility complex Ea
locus control region. Proc. Natl. Acad. Sci USA. 1997;94:610-615.

241. Ellmeier W, Jung S, Sunshine MJ, Hatam F, Xu Y, Baltimore D, Mano H, Littman DR.
Severe B cell deficiency in mice lacking the tec kinase family members Tec and Btk. J. Exp.
Med. 2000;192:1611-1624.

242. Schaeffer EM, Debnath J, Yap G, McVicar D, Liao XC, Littman DR, Sher A, Varmus HE,
Lenardo MJ, Schwartzberg PL. Requirement for Tec kinases Rlk and Itk in T cell receptor
signaling and immunity. Science. 1999;284:638-641.

243. Tamagnone L, Lahtinen I, Mustonen T, Virtaneva K, Francis F, Muscatelli F, Alitalo R,
Smith CI, Larsson C, Alitalo K. BMX, a novel nonreceptor tyrosine kinase gene of the
BTK/ITK/TEC/TXK family located in chromosome Xp22.2. Oncogene. 1994;9:3683-3688.

244. Kaukonen J, Lahtinen I, Laine S, Alitalo K, Palotie A. BMX tyrosine kinase gene is
expressed in granulocytes and myeloid leukaemias. Brit. J. Haematol. 1996;94:455-460.

245. Weil D, Power MA, Smith SI, Li CL. Predominant expression of murine Bmx tyrosine
kinase in the granulo-monocytic lineage. Blood. 1997;90:4332-40.

246. Ekman N, Lymboussaki A, Vastrik I, Sarvas K, Kaipainen A, Alitalo K. Bmx tyrosine
kinase is specifically expressed in the endocardium and the endothelium of large arteries.
Circulation. 1997;96:1729-32.

247. Rajantie I, Ekman N, Iljin K, Arighi E, Gunji Y, Kaukonen J, Palotie A, Dewerchin M,
Carmeliet P, Alitalo K. Bmx tyrosine kinase has a redundant function downstream of
angiopoietin and vascular endothelial growth factor receptors in arterial endothelium. Mol.
Cell Biol. 2001;21:4647-4655.

248. Chau CH, Chen KY, Deng HT, Kim KJ, Hosoya K, Terasaki T, Shih HM, Ann DK.
Coordinating Etk/Bmx activation and VEGF upregulation to promote cell survival and
proliferation. Oncogene. 2002;21:8817-8829.

249. Qiu Y, Robinson D, Pretlow T, Kung H. Etk/Bmx, a tyrosine kinase with pleckstrin-
homology domain, is an effector of phosphatidylinositol 3´-kinase and is involved in
interleukin 6-induced neuroendocrine differentiation of prostate cancer cells. Proc. Natl.
Acad. Sci. U. S. A. 1998;95:3644-3649.

250. Xue LY, Qiu Y, He J, Kung HJ, Oleinick NL. Etk/Bmx, a PH-domain containing tyrosine
kinase, protects prostate cancer cells from apoptosis induced by photodynamic therapy or
thapsigargin. Oncogene. 1999;18:3391-3398.



Karri Paavonen60

251. Chen R, Kim O, Li M, Xiong X, Guan JL, Kung HJ, Chen H, Shimizu Y, Qiu Y. Regulation
of the PH-domain-containing tyrosine kinase Etk by focal adhesion kinase through the
FERM domain. Nat. Cell Biol. 2001;3:439-444.

252. Pan S, An P, Zhang R, He XR, Yin GY, Min W. Etk/Bmx as a tumor necrosis factor
receptor type 2-specific kinase: Role in endothelial cell migration and angiogenesis. Mol.
Cell. Biol. 2002;22:7512-7523.

253. Zhang R, Xu Y, Ekman N, Wu Z, Wu J, Alitalo K, Min W. Etk/Bmx transactivates
VEGFR2 and recruits phosphatidylinositol 3-kinase to mediate TNF-induced angiogenic
pathway. J. Biol. Chem. 2003;in press.

254. Hamm-Alvarez SF, Chang A, Wang Y, Jerdeva G, Lin HH, Kim KJ, Ann DK. Etk/Bmx
activation modulates barrier function in epithelial cells. Am. J. Physiol. - Cell Physiol.
2001;280:C1657-68.

255. Hauck CR, Hsia DA, Schlaepfer DD. The focal adhesion kinase--a regulator of cell
migration and invasion. Iubmb Life. 2002;53:115-119.

256. Saharinen P, Ekman N, Sarvas K, Parker P, Alitalo K, Silvennoinen O. The Bmx tyrosine
kinase induces activation of the Stat signaling pathway, which is specifically inhibited by
protein kinase C delta. Blood. 1997;90:4341-4353.

257. Frank DA. STAT signaling in the pathogenesis and treatment of cancer. Mol. Med.
1999;5:432-456.

258. Tsai YT, Su YH, Fang SS, Huang TN, Qiu Y, Jou YS, Shih HM, Kung HJ, Chen RH. Etk, a
Btk family tyrosine kinase, mediates cellular transformation by linking Src to STAT3
activation. Mol. Cell. Biol. 2000;20:2043-2054.

259. Wu YM, Huang CL, Kung HJ, Huang CY. Proteolytic activation of ETK/Bmx tyrosine
kinase by caspases. J. Biol. Chem. 2001;276:17672-17678.

260. Lee LF, Guan J, Qiu Y, Kung HJ. Neuropeptide-induced androgen independence in prostate
cancer cells: roles of nonreceptor tyrosine kinases Etk/Bmx, Src, and focal adhesion kinase.
Mol. Cell. Biol. 2001;21:8385-8397.

261. Goldman E. The growth of malignant disease in man and the lower animals with special
reference to the vascular system. Lancet. 1907;2:1236-1240.

262. Algire GH, Chalkley HW. Vascular reactions of normal and malignant tissues in vivo. I.
Vascular reactions of mice to wounds and to normal and neoplastic tissues. J. Natl. Cancer
Inst. 1945;6:73-85.

263. Ehrmann RL, Knoth M. Choriocarcinoma: transfilter stimulation of vasoproliferation in the
hamster cheek pouch studied by light and electron microscopy. J. Natl. Cancer Inst.
1968;41:1329-1341.

264. Greenblatt M, Shubik P. Tumor angiogenesis: transfilter diffusion studies in the hamster by
the transparent chamber technique. J. Natl. Cancer Inst. 1968;41:111-124.

265. Greene HSN. Heterologous transplantation of mammalian tumors. I. The transfer of rabbit
tumors to alien species. J. Exp. Med. 1941;73:461-474.

266. Gimbrone MAJ, Aster RH, Cotran RS, Corkery J, Jandl JH, Folkman J. Preservation of
vascular integrity in organs perfused in vitro with a platelet-rich medium. Nature. 1969;
221:33-36.

267. Folkman J. Tumor angiogenesis: therapeutic implications. N. Engl. J. Med. 1971;285:1182-
1186.

268. Folkman J, Merler E, Abernathy C, Williams G. Isolation of a tumor factor responsible for
angiogenesis. J. Exp. Med. 1971;133:275-288.

269. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;1:57-70.
270. Jain RK. Tumor angiogenesis and accessibility: role of vascular endothelial growth factor.

Semin. Oncol. 2002;29:3-9.



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 61

271. Chang YS, di Tomaso E, McDonald DM, Jones R, Jain RK, Munn LL. Mosaic blood
vessels in tumors: frequency of cancer cells in contact with flowing blood. Proc. Natl. Acad.
Sci. USA. 2000;97:14608-14613.

272. Folberg R, Hendrix MJ, Maniotis AJ. Vasculogenic mimicry and tumor angiogenesis. Am.
J. Pathol. 2000;156:361-381.

273. Harris AL. Hypoxia--a key regulatory factor in tumour growth. Nat.  Rev. Cancer.
2002;2:38-47.

274. Miller KD, Sweeney CJ, Sledge GW, Jr. Redefining the target: chemotherapeutics as
antiangiogenics. J. Clin. Oncol. 2001;19:1195-206.

275. Ruoslahti E. Specialization of tumour vasculature. Nat. Rev. Cancer. 2002;2:83-90.
276. Glade-Bender J, Kandel JJ, Yamashiro DJ. VEGF blocking therapy in the treatment of

cancer. Exp. Opin. Biol. Ther. 2003;3:263-276.
277. Ferrara N. Role of vascular endothelial growth factor in physiological and pathological

conditions: therapeutic implications. Semin. Oncol. 2002;29:10-14.
278. Clark RAF, ed. The Molecular and Cellular Biology of Wound Repair. Second ed. New

York and London: Plenum Press; 1996.
279. Brown LF, Yeo K-T, Berse B, Yeo T-K, Senger DR, Dvorak HF, Van De Water L.

Expression of vascular permeability factor (vascular endothelial growth factor) by
epidermal keratinocytes during wound healing. J. Exp. Med. 1992;176:1375-1379.

280. Frank S, Hubner G, Breier G, Longaker MT, Greenhalgh DG, Werner S. Regulation of
vascular endothelial growth factor expression in cultured keratinocytes. Implications for
normal and impaired wound healing. J. Biol. Chem. 1995;270:12607-12613.

281. Kishimoto J, Ehama R, Ge Y, Kobayashi T, Nishiyama T, Detmar M, Burgeson RE. In vivo
detection of human vascular endothelial growth factor promoter activity in transgenic
mouse skin. Am. J. Pathol. 2000;157:103-110.

282. Ortega S, Ittmann M, Tsang SH, Ehrlich M, Basilico C. Neuronal defects and delayed
wound healing in mice lacking fibroblast growth factor 2. Proc. Natl. Acad. Sci. USA.
1998;95:5672-5677.

283. Streit M, Velasco P, Riccardi L, Spencer L, Brown LF, Janes L, Lange-Asschenfeldt B,
Yano K, Hawighorst T, Iruela-Arispe L, Detmar M. Thrombospondin-1 suppresses wound
healing and granulation tissue formation in the skin of transgenic mice. EMBO J.
2000;19:3272-3282.

284. Lange-Asschenfeldt B, Velasco P, Streit M, Hawighorst T, Pike SE, Tosato G, Detmar M.
The angiogenesis inhibitor vasostatin does not impair wound healing at tumor-inhibiting
doses. J. Invest. Derm. 2001;117:1036-1041.

285. Carmeliet P. Angiogenesis in health and disease. Nat. Med. 2003;9:653-660.
286. Bodolay E, Koch AE, Kim J, Szegedi G, Szekanecz Z. Angiogenesis and chemokines in

rheumatoid arthritis and other systemic inflammatory rheumatic diseases. J. Cell. Mol. Med.
2002;6:357-376.

287. Fava RA, Olsen NJ, Spencer-Green G, Yeo K-T, Yeo T-K, Berse B, Jackman RW, Senger
DR, Dvorak HF, Brown LF. Vascular permeability factor/endothelial growth factor
(VPF/VEGF): Accumulation and expression in human synovial fluids and rheumatoid
synovial tissue. J. Exp. Med. 1994;180:341-346.

288. Ikeda M, Hosoda Y, Hirose S, Okada Y, Ikeda E. Expression of vascular endothelial growth
factor isoforms and their receptors Flt-1, KDR, and neuropilin-1 in synovial tissues of
rheumatoid arthritis. J. Pathol. 2000;191:426-433.

289. Koch AE, Harlow LA, Haines GK, Amento EP, Unemori EN, Wong WL, Pope RM, Ferrara
N. Vascular endothelial growth factor. A cytokine modulating endothelial function in
rheumatoid arthritis. J Immunol. 1994;152:4149-56.



Karri Paavonen62

290. Maeno N, Takei S, Imanaka H, Takasaki I, Kitajima I, Maruyama I, Matsuo K, Miyata K.
Increased circulating vascular endothelial growth factor is correlated with disease activity in
polyarticular juvenile rheumatoid arthritis. J. Rheumatol. 1999;26:2244-2248.

291. Bottomley MJ, Webb NJA, Watson CJ, Holt PJL, Freemont AJ, Brenchley PEC. Peripheral
blood mononuclear cells from patients with rheumatoid arthritis spontaneously secrete
vascular endothelial growth factor (VEGF): specific up-regulation by tumour necrosis
factor-alpha (TNF-alpha) in synovial fluid. Clin. Exp. Immunol. 1999;117:171-176.

292. Paleolog EM. Angiogenesis in rheumatoid arthritis. Arthritis Res. 2002;4 (Suppl 3):S81-
S90.

293. de Bandt M, Grossin M, Weber AJ, Chopin M, Elbim C, Pla M, Gougerot-Pocidalo MA,
Gaudry M. Suppression of arthritis and protection from bone destruction by treatment with
TNP-470/AGM-1470 in a transgenic mouse model of rheumatoid arthritis. Arthritis Rheum.
2000;43:2056-2063.

294. Sone H, Kawakami Y, Sakauchi M, Nakamura Y, Takahashi A, Shimano H, Okuda Y,
Segawa T, Suzuki H, Yamada N. Neutralization of Vascular Endothelial Growth Factor
Prevents Collagen-Induced Arthritis and Ameliorates Established Disease in Mice.
Biochem. Biophys. Res. Commun. 2001;23:562-568.

295. Aiello LP, Avery RL, Arrigg PG, Keyt BA, Jampel HD, Shah ST, Pasquale LR, Thieme H,
Iwamoto MA, Park JE. Vascular endothelial growth factor in ocular fluid of patients with
diabetic retinopathy and other retinal disorders. N. Engl. J. Med. 1994;331:1480-1487.

296. Mathews MK, Merges C, Mcleod S, Lutty GA. Vascular endothelial growth factor and
vascular permeability changes in human diabetic retinopathy. Invest. Opthtalmol. Vis. Sci.
1997;38:2729-2741.

297. Neely KA, Gardner TW. Ocular neovascularization: clarifying complex interactions. Am. J.
Pathol. 1998;153:665-70.

298. Aiello LP, Pierce EA, Foley ED, Takagi H, Chen H, Riddle L, Ferrara N, King GL, Smith
LE. Suppression of retinal neovascularization in vivo by inhibition of vascular endothelial
growth factor (VEGF) using soluble VEGF-receptor chimeric proteins. Proc. Natl. Acad.
Sci. USA. 1995;92:10457-10461.

299. Robinson GS, Pierce EA, Rook SL, Foley E, Webb R, Smith LES. Oligodeoxynucleotides
inhibit retinal neovascularization in a murine model of proliferative retinopathy. Proc. Natl.
Acad. Sci. USA. 1996;93:4851-4856.

300. Ozaki H, Seo MS, Ozaki K, Yamada H, Yamada E, Okamoto N, Hofmann F, Wood JM,
Campochiaro PA. Blockade of vascular endothelial cell growth factor receptor signaling is
sufficient to completely prevent retinal neovascularization. Am. J. Pathol. 2000;156:697-
707.

301. Detmar M, Brown L, Claffey K, Yeo K-T, Kocher O, Jackman R, Berse B, Dvorak H.
Overexpression of vascular permeability factor and its receptors in psoriasis. J. Exp. Med.
1994;180:1141-1146.

302. Bhushan M, McLaughlin B, Weiss JB, Griffiths CE. Levels of endothelial cell stimulating
angiogenesis factor and vascular endothelial growth factor are elevated in psoriasis. Br. J.
Dermatol. 1999;141:1054-1060.

303. Detmar M, Brown LF, Schon MP, Elicker BM, Velasco P, Richard L, Fukumura D,
Monsky W, Claffey KP, Jain RK. Increased microvascular density and enhanced leukocyte
rolling and adhesion in the skin of VEGF transgenic mice. J. Invest. Dermatol. 1998;111:1-
6.

304. Reynolds LP, Grazul-Bilska AT, Redmer DA. Angiogenesis in the female reproductive
organs: pathological implications. Int. J. Exp. Pathol. 2003;83:151-163.

305. Sueishi K, Yonemitsu Y, Nakagawa K, Kaneda Y, Kumamoto M, Nakashima Y.
Atherosclerosis and angiogenesis. Its pathophysiological significance in humans as well as



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 63

in an animal model induced by the gene transfer of vascular endothelial growth factor. Ann.
N. Y. Acad. Sci. 1997;811:311-324.

306. Moulton KS, Heller E, Konerding MA, Flynn E, Palinski W, Folkman J. Angiogenesis
inhibitors endostatin or TNP-470 reduce intimal neovascularization and plaque growth in
apolipoprotein E-deficient mice. Circulation. 1999;99:1726-1732.

307. Celletti FL, Waugh JM, Amabile PG, Brendolan A, Hilfiker PR, Dake MD. Vascular
endothelial growth factor enhances atherosclerotic plaque progression. Nat. Med.
2001;7:425-429.

308. White CW, Sondheimer HM, Crouch EC, Wilson H, Fan LL. Treatment of pulmonary
hemangiomatosis with recombinant interferon alfa-2a. New Engl. J. Med. 1989;320:1197-
200.

309. Yla-Herttuala S, Alitalo K. Gene transfer as a tool to induce therapeutic vascular growth.
Nat. Med. 2003;9:694-701.

310. Rivard A, Silver M, Chen D, Kearney M, Magner M, Annex B, Peters K, Isner JM. Rescue
of diabetes-related impairment of angiogenesis by intramuscular gene therapy with adeno-
VEGF. Am. J. Pathol. 1999;154:355-363.

311. Vale PR, Isner JM, Rosenfield K. Therapeutic angiogenesis in critical limb and myocardial
ischemia. J. Intervent. Cardiol. 2001;14:511-528.

312. Isner JM, Ropper A, Hirst K. VEGF gene transfer for diabetic neuropathy. Hum. Gene Ther.
2001;12:1593-1594.

313. Lehrman S. Virus treatment questioned after gene therapy death. Nature. 1999;401:517-518.
314. Hacein-Bey-Abina S, Von Kalle C, Schmidt M, McCormack MP, Wulffraat N, Leboulch P,

Lim A, Osborne CS, Pawliuk R, Morillon E, Sorensen R, Forster A, Fraser P, Cohen JI, de
Saint Basile G, Alexander I, Wintergerst U, Frebourg T, Aurias A, Stoppa-Lyonnet D,
Romana S, Radford-Weiss I, Gross F, Valensi F, Delabesse E, Macintyre E, Sigaux F,
Soulier J, Leiva LE, Wissler M, Prinz C, Rabbitts TH, Le Deist F, Fischer A, Cavazzana-
Calvo M. LMO2-associated clonal T cell proliferation in two patients after gene therapy for
SCID-X1. Science. 2003;302:415-419.

315. Takeshita S, Zheng LP, Brogi E, Kearney M, Pu LQ, Bunting S, Ferrara N, Symes JF, Isner
JM. Therapeutic angiogenesis. A single intraarterial bolus of vascular endothelial growth
factor augments revascularization in a rabbit ischemic hind limb model. J. Clin. Invest.
1994;93:662-670.

316. Isner JM, Pieczek A, Schainfeld R, Blair R, Haley L, Asahara T, Rosenfield K, Razvi S,
Walsh K, Symes JF. Clinical evidence of angiogenesis after arterial gene transfer of
phVEGF165 in patient with ischaemic limb. Lancet. 1996;348:370-374.

317. Baumgartner I, Pieczek A, Manor O, Blair R, Kearney M, Walsh K, Isner JM. Constitutive
expression of phVEGF165 after intramuscular gene transfer promotes collateral vessel
development in patients with critical limb ischemia. Circulation. 1998;97:1114-23.

318. Esakof DD, Maysky M, Losordo DW, Vale PR, Lathi K, Pastore JO, Symes JF, Isner JM.
Intraoperative multiplane transesophageal echocardiography for guiding direct myocardial
gene transfer of vascular endothelial growth factor in patients with refractory angina
pectoris. Hum. Gene Ther. 1999;10:2307-2314.

319. Symes JF, Losordo DW, Vale PR, Lathi KG, Esakof DD, Mayskiy M, Isner JM. Gene
therapy with vascular endothelial growth factor for inoperable coronary artery disease:
prliminary clinical results. Ann. Thorac. Surg. 1999;68:830-836.

320. Vale PR, Losordo DW, Milliken CE, Maysky M, Esakof DD, Symes JF, Isner JM. Left
ventricular electromechanical mapping to assess efficacy of phVEGF(165) gene transfer for
therapeutic angiogenesis in chronic myocardial ischemia. Circulation. 2000;102:965-974.

321. Rosengart TK, Patel SR, Crystal RG. Therapeutic angiogenesis: protein and gene therapy
delivery strategies. J. Cardiovasc. Risk. 1999;6:29-40.



Karri Paavonen64

322. Vajanto I, Rissanen TT, Rutanen J, Hiltunen MO, Tuomisto TT, Arve K, Narvanen O,
Manninen H, Rasanen H, Hippelainen M, Alhava E, Yla-Herttuala S. Evaluation of
angiogenesis and side effects in ischemic rabbit hindlimbs after intramuscular injection of
adenoviral vectors encoding VEGF and LacZ. J. Gene Med. 2002;4:371-380.

323. Luttun A, Tjwa M, Carmeliet P. Placental Growth Fator (PlGF) and Its Receptor Flt1
(VEGFR-1): novel therapeutic targets for angiogenic disorders. Ann. N. Y. Acad. Sci.
2002;979:80-93.

324. Szuba A, Rockson SG. Lymphedema: anatomy, physiology and pathogenesis. Vasc. Med.
1997;2:321-326.

325. Szuba A, Rockson SG. Lymphedema: classification, diagnosis and therapy. Vasc. Med.
1998;3:145-156.

326. de Almeida AB, Freedman DO. Epidemiology and immunopathology of bancroftian
filariasis. Microb. Inf. 1999;1:1015-1022.

327. Ferrell RE, Levinson KL, Esman JH, Kimak MA, Lawrence EC, Barmada MM, Finegold
DN. Hereditary lymphedema: evidence for linkage and genetic heterogeneity. Hum. Mol.
Genet. 1998;7:2073-2078.

328. Irrthum A, Karkkainen MJ, Devriendt K, Alitalo K, Vikkula M. Congenital hereditary
lymphedema caused by a mutation that inactivates VEGFR3 tyrosine kinase. Am. J. Hum.
Genet. 2000;67:295-301.

329. Vikkula M, Boon LM, Mulliken JB. Molecular genetics of vascular malformations. Matrix
Biol. 2003;20:327-335.

330. McAllister KA, Grogg KM, Johnson DW, Gallione CJ, Baldwin MA, Jackson CE,
Helmbold EA, Markel DS, McKinnon WC, Murrell J, et al. Endoglin, a TGF-beta binding
protein of endothelial cells, is the gene for hereditary haemorrhagic telangiectasia type 1.
Nat. Genet. 1994;8:345-351.

331. Johnson DW, Berg JN, Baldwin MA, Gallione CJ, Marondel I, Yoon SJ, Stenzel TT, Speer
M, Pericak-Vance MA, Diamond A, Guttmacher AE, Jackson CE, Attisano L, Kucherlapati
R, Porteous ME, Marchuk DA. Mutations in the activin receptor-like kinase 1 gene in
hereditary haemorrhagic telangiectasia type 2. Nat. Genet. 1996;13:189-95.

332. Laberge -le Couteulx S, Jung HH, Labauge P, Houtteville JP, Lescoat C, Cecillon M,
Marechal E, Joutel A, Bach JF, E. T-L. Truncating mutations in CCM1, encoding KRIT1,
cause hereditary cavernous angiomas. Nat. Genet. 1999;23:189-193.

333. Schuuring E. The involvement of the chromosome 11q13 region in human malignancies:
cyclin D1 and EMS1 are two new candidate oncogenes. Gene. 1995;159:83-96.

334. Stein I, Neeman M, Shweiki D, Itin A, Keshet E. Stabilization of vascular endothelial
growth factor mRNA by hypoxia and hypoglycemia and coregulation with other ischemia-
induced genes. Mol. Cell. Biol. 1995;15:5363-5368.

335. Grugel S, Finkenzeller G, Weindel K, Barleon B, Marme D. Both v-Ha-Ras and v-Raf
Stimulate Expression of the Vascular Endothelial Growth Factor in NIH 3T3 Cells. J. Biol.
Chem. 1995;270:25915-25919.

336. Finkenzeller G, Technau A, Marme D. Hypoxia-induced transcription of the vascular
endothelial growth factor gene is independent of functional AP-1 transcription factor.
Biochem. Biophys. Res. Comm. 1995;208:432-439.

337. Kieser A, Weich HA, Brandner G, Marme D, Kolch W. Mutant p53 potentiates protein
kinase C induction of vascular endothelial growth factor expression. Oncogene. 1994;9:963-
969.

338. Ristimaki A, Narko K, Enholm B, Joukov V, Alitalo K. Proinflammatory cytokines regulate
expression of the lymphatic endothelial mitogen vascular endothelial growth factor-C. J.
Biol. Chem. 1998;273:8413-8418.



VEGFs and Bmx in the Regulation of Angiogenesis and Lymphangiogenesis 65

339. Karpanen T, Alitalo K. Lymphatic vessels as targets of tumor therapy? J. Exp. Med.
2001;194:F37-F42.

340. Boucher Y, Leunig M, Jain RK. Tumor angiogenesis and interstitial hypertension. Cancer
Res. 1996;56:4264-4266.

341. Fidler IJ. The pathogenesis of cancer metastasis: the "seed and soil" hypothesis revisited.
Nat. Rev. Cancer. 2003;3:453-458.

342. Swartz MA, Skobe M. Lymphatic function, lymphangiogenesis, and cancer metastasis.
Microsc. Res. Techniq. 2001;55:92-99.

343. Cassella M, Skobe M. Lymphatic vessel activation in cancer. Ann. N. Y. Acad. Sci.
2002;979:120-130.


