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Signaling angiogenesis and lymphangiogenesis

Eija | Korpelainen and Kari Alitalo*

Exciting progress has been made in elucidating the complex
network of receptor-ligand interactions that regulate blood
vessel growth. Understanding these control mechanisms is
of interest not only because of their role in developmental
biology, but because they provide potential therapeutic
strategies for disease processes involving angiogenesis, such
as tumor growth.
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Abbreviations

PIGF placenta growth factor

Tie tyrosine kinase with immunoglobulin and epidermal
growth factor homology domains

transforming growth factor

vascular endothelial growth factor

vascular endothelial growth factor receptor

TGFp
VEGF
VEGFR

Introduction

The vascular endothelium develops from mesoderm-de-
rived precursors called angioblasts which cluster to form
tubes in a process called vasculogenesis (reviewed in [1]).
As angioblasts and hemopoietic precursors in the newly
formed tubes share several surface markers, it has been
suggested that they derive from a common precursor,
the hemangioblast. Once the primary vascular plexus is
formed, new capillaries can form by sprouting or by
splitting (intussusception) from the existing vessels in
a process called angiogenesis (reviewed in [2]). During
sprouting angiogenesis, endothelial cells degrade the
underlying basement membrane, migrate into surrounding
tissue, proliferate and assemble into tubes which then
coalesce into loops, allowing circulation. In angiogenesis
by intussusception, the endothelial cells in a vessel
proliferate, producing a wide lumen which can be split by
transcapillary pillars of extracellular matrix. The resulting
vasculature is further remodeled into a more mature
system containing larger and smaller vessels and excess
branches are pruned, apparently by apoptosis. Vessels
mature according to their specific functions: pericytes and
smooth muscle cells are recruited and the vessel wall
is modified by deposition of extracellular matrix to give
further support. Whereas vasculogenesis is restricted to
embryonic development, angiogenesis continues to oper-
ate throughout life when new vascularization is required.
It has recently been shown that angioblasts are also found
in adult peripheral blood and are able to incorporate into

sites of active angiogenesis [3°]. Physiological angiogenesis
during adult life is mainly restricted to the female
reproductive cycle (ovulation, menstruation, implantation
and pregnancy) and wound healing, but the angiogenic
machinery can also be recruited by pathological processes
such as tumor growth.

Building up the complex vascular system as well as
its maintenance and its ability to respond to changing
demands are a result of an elegant regulatory network.
This involves both positive and negative soluble regu-
lators as well as cell-cell and cell-matrix interactions.
This review concentrates on the recent advances in
understanding the regulatory roles of two endothelial
receptor tyrosine kinase families, the vascular endothelial
growth factor receptor (VEGFR) family and the Tie
family, and their ligands (Figure 1). These molecules are
central to vascular development and provide fascinating
examples of sequential action of growth factors and their
antagonists, endothelium type-specificity and interplay
between endothelium and pericytes/smooth muscle cells
at the molecular level.

The VEGF receptor family

Vascular endothelial growth factor (VEGF) is a prime regu-
lator of vasculogenesis and angiogenesis (reviewed in [4]).
It stimulates endothelial cells to degrade their basement
membrane matrix, migrate, proliferate and form tubes i
vifro and it is a potent angiogenesis inducer iz vive. VEGF
is also a strong inducer of vascular permeability. Recently,
VEGF has been shown to function as a survival factor for
newly formed vessels [5%,6]. The importance of VEGF is
underlined by the finding that mice lacking one copy of
the VEGF gene die in utero with aberrant vessel formation
[7¢%,8%*]. This heterozygotic lethality suggests that a
threshold level of VEGF is required during formation of
the vasculature. Interestingly, mice engineered to express
only the 120-amino-acid isoform of VEGF die soon after
birth, presumably because of ischemic cardiomyopathy
and heart failure (P Carmeliet, personal communication).
These mice also have blood vessel fragility in brain, lung
and kidney. VEGF exerts its functions through binding
to two receptor tyrosine kinases— VEGFR-1 (Flt-1) and
VEGFR-2 (KDR/Flk-1)—which are expressed almost
exclusively on endothelial cells (reviewed in [4]). Mice
deficient in VEGFR-1 also display embryonic lethality,
failing to organize endothelial cells into tubelike structures
[9]. In contrast to the VEGF and VEGFR-1 knockout
embryos, those deficient in the VEGFR-2 gene lack
mature endothelial cells altogether [10]. They also lack
hemopoietic cells, suggesting that VEGFR-2 has a role
in carly hemangioblast differentiation. Consistent with
this, VEGFR-2-positive cells isolated from gastrulating
chick embryos can form both endothelial and hemopoietic






