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Abstract Cell migration plays a central role in a variety
of physiological and pathological processes during our
whole life. Cellular movement is a complex, tightly regu-
lated multistep process. Although the principle
mechanisms of migration follow a defined general motility
cycle, the cell type and the context of moving influences
the detailed mode of migration. Endothelial cells migrate
during vasculogenesis and angiogenesis but also in a
damaged vessel to restore vessel integrity. Depending on
the situation they migrate individually, in chains or sheets
and complex signaling, intercellular signals as well as
environmental cues modulate the process. Here, the dif-
ferent modes of cell migration, the peculiarities of
endothelial cell migration and specific guidance molecules
controlling this process will be reviewed.
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Arf6 ADP-ribosylation factor 6

Arp2/3 Activators of actin related proteins 2/3
DCC Deleted in colorectal carcinoma

Dl4 Delta-like 4

ECM Extra cellular matrix

bFGF Basic fibroblast growth factor

G-actin Globular actin

GAP GTPase-activating protein

GEF Guanine nucleotide exchange factor
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MTI-MMP Membrane type 1-matrix metalloprotease
MTOC Microtubule-organization center
Nrp Neuropilin

PDGF Platelet-derived growth factor

PIP3 Phosphatidylinositol (3,4,5)-trisphosphate
PI(4,5)P2 Phosphatidyl-inositol 4,5-bisphosphate
PTEN Phosphatase and tensin homolog
Robo Roundabout

SDF1 Stromal cell-derived factor 1

TGFp Transforming growth factor-3

Unc5B Unc-5 homolog B

VEGF Vascular endothelial growth factor
VEGFR VEGF receptor

Introduction

Cell migration is a fundamental process during our whole
life. During development in gastrulation cells migrate to
form the three layers of the embryo. Subsequently,
migration to target locations is necessary to form tissues
and organs. Cell migration is also a key component of the
homeostasis in the adult individual. Failure of cells to
migrate as well as inappropriate migration lead to severe
consequences like immunosuppression and wound healing
defects on the one hand and dissemination of tumors on the
other. Almost all types of cells need to migrate either under
physiological or pathological conditions. Leukocytes
migrate to sites of inflammation, where they exert their
phagocytic and immune function. Vascular smooth muscle
cells move into the subintimal space during atherosclerotic
plaque formation and migration of endothelial cells is
essential for angiogenesis, the physiological and patho-
logical formation of new blood vessels.
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Depending on the cell type and the context of moving,
different modes of migration are distinguished. Cells can
move individually or in groups or sheets, their movement
can be random or directional towards a chemotactic stim-
ulus. Despite these differences, cell migration follows a
defined motility cycle, with recurring typical features. The
migrating cell has an asymmetric morphology with a
leading and a trailing edge. The leading edge forms
membrane protrusions and through new contacts attaches
to the underlying substrate. Cellular contraction and trac-
tion forces release the cellular attachments at the distal end,
leading to its retraction. In this review, first the general
steps of cell movement will be detailed and subsequently
endothelial specific aspects of cell migration will be
discussed.

Principles of cell migration
Induction of cell migration

Single cells exhibit movement in the absence of any
external stimuli. This as “random walk” [1] described
phenomenon is characterized by spontaneous lamellipo-
dium formation leading to random polarization and
movement. The persistence of a migratory direction
under such conditions is very low. Rather, cells only
migrate a short net distance and exhibit equal preference
for all directions. This form of movement resembles that
of particles during diffusion. For effective migration,
however, persistent movement towards a specific direc-
tion is required, which is the consequence of external
stimuli that force the cell to prefer a particular direction.
Such stimuli can be mechanic forces which guide the
random migratory process or a chemotactic or chemo-
kinetic signal.

A large number of extracellular molecules initiate and
promote migration and two different characteristics of the
migration process can be distinguished: The first is an
increase in the movement rate, i.e. the speed of the random
migration as induced by growth factors, cytokines and high
glucose [2—4]. The second is that most growth factors, like
platelet-derived growth factor (PDGF) [5], also stimulate
cell directionality leading to directed, persistent cell
migration. This intrinsic directionality is observed when
cells respond to a non-directional motogenic stimulus like
the uniform presence of PDGF with migration in a constant
direction without turning. Importantly, this behavior occurs
in the absence of a chemotactic gradient. When the mo-
togenic signal is present as an external gradient a steering
mechanism also becomes operative and by coupling signal
sensing to the basic motility machinery, directional
migration is established [6, 7]. Different guidance cues lead

@ Springer

to directional migration: soluble factors induce chemotaxis
and graded adhesion in the extracellular matrix leads to
haptotaxis [8], electric fields can stimulate electrotaxis [9]
and durotaxis is the directed cell migration in response to
mechanical signals of the environment [10].

Importantly, the process of protrusion formation and
thus initiation of movement is independent of the mecha-
nism that induces directionality [11].

Cell polarization

Chemotactic stimuli lead to local activation of signaling
pathways and polarization of the cell. This polarization
results in the formation of a leading edge that forms pro-
trusions such as broad, sheet-like lamellipodia and thin,
needle-like filopodia (Fig. 1).

Thus, the cellular motility cycle begins with polariza-
tion. One of the first molecules showing a polarized
cellular distribution in response to a chemotactic agent is
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) [12, 13].
Localized activation of PI3-kinase and low level of lipid
phosphatases, such as phosphatase and tensin homolog
(PTEN), at the cell front produce a rapid accumulation of
PIP3 at the leading edge. As a consequence, small GTPases
of the Rho family become activated through their PIP3-
dependent guanine nucleotide exchange factors (GEFs) and
induce actin polymerization at the cell front [14].

One key regulator of cell polarization is the small
GTPase Cdc42. Cdc42 is active at the cell front in
migrating cells and regulates polarity by controlling where
lamellipodia form [15]. Cdc42 also determines the locali-
zation of the microtubule-organization center (MTOC) and
the Golgi apparatus. By localizing MTOC and the Golgi in
front of the nucleus, Cdc4?2 facilitates microtubule growth
into the lamella, the region behind the lamellipodium, and
microtubule-mediated transport of Golgi-derived vesicles
to the leading edge [16, 17].

Locally accumulated PIP3 also promotes the activation
of Rac, in neutrophils via the GEF P-Rexl, at the cell
front [18]. Rac activity is maintained at the lamellipodia
by additional feedback loops. Microtubule growth acti-
vates Rac through additional GEFs [19, 20] and Rac in
turn stabilizes microtubules [17, 21]. By regulating the
formation of lamellipodia, Rac seems to be an important
regulator of intrinsic-directed cell migration. Active Rac
induces random migration by promoting peripheral
lamellae oriented in directions different from the direction
of migration along the main cell axis. Even small
reductions in active Rac, therefore, increase directionality.
In the absence of a chemotactic gradient, cells with
reduced Rac activity migrate straighter due to the for-
mation of only one stable protrusion in the direction of
the main cell axis [22].
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Fig. 1 Schematic illustration of
a migrating cell. At the cell
front, actin assembly drives the
extension of flat lamellipodia
and fingerlike filopodia. In the
lamellipodium branched actin
filaments are generated and the
cell forms adhesions that
connect the extracellular matrix
to the actin cytoskeleton to
anchor the protrusion and tract
the cell body. To move forward,
the cell retracts its trailing edge
by combining actomyosin
contractility and disassembly of
adhesions at the rear

Direction of movement

=== Cortical F-actin

Focal complexes

Protrusion formation

Localized activation of Rac and Cdc42 is a prerequisite for
protrusion formation of the polarizing cell. RhoA, in con-
trast, was long thought to be selectively activated at the
rear end of the cell to retract its posterior. Recent reports,
however, suggest an involvement of RhoA also in protru-
sion formation [23].

Formation of membrane extensions like lamellipodia
and filopodia is facilitated by cytoskeletal rearrangements.
The major targets for Rac and Cdc42 mediating actin
polymerization in protrusions are proteins of the WASP/
WAVE family and activators of actin related proteins 2/3
(Arp2/3) complex. Cdc42 binds to WASP proteins [24] and
Rac is thought to activate WAVE proteins [25]. Actin fil-
aments are intrinsically polarized with fast growing plus/
barbed ends and slow growing minus/pointed ends. In cell
protrusions, the Arp2/3 complex facilitates branching
polymerization of the actin filaments from monomeric or
globular actin (G-actin) at their barbed end, while at the
pointed end G-actin is liberated by depolymerisation. The
orientation of the actin filaments with their barbed end to
the membrane and the pointed end to the center of the cell
leads to growing of the protrusion.

Adhesion formation and forward movement

To transform protrusion formation into forward movement,
the cell has to anchor to a substrate at focal complexes.
Once attached, the continuous addition of G-actin at the
barbed ends will push the plasma membrane forward and
the extended leading edge then stabilizes through the

= Golgi ~~~ Microtubuli

= Focal adhesions Releasing focal adhesions

formation of new adhesion sites. Thus, focal complexes are
small adhesions that drive migration.

Adhesion complexes are composed of a large number of
proteins, including adhesion receptors, kinases, adapters
and structural molecules. The formation of adhesion
complexes at the leading edge is also a process dependent
on small GTPases [26] orchestrating the guided sequential
recruitment of proteins to a nucleation center. For example,
paxillin is present in newly formed adhesion sites before o-
actinin joins the complex. Subsequently integrin a5 enters
the adhesions to form visible complexes stabilizing the
adhesions.

Integrins, indeed, are a major family of migration-pro-
moting receptors. These receptors support adhesion to the
extracellular matrix (ECM) but also link the adhesion
complexes to the actin filaments at the inside of the cell.
Binding of ECM proteins to the extracellular part of an
integrin induces its conformational change and leads to
integrin clustering. Through the subsequent approximation
of intracellular integrin-attached molecules signaling is
initiated. Among these are tyrosine phosphorylation of
proteins, activation of small GTPases, and changes in
phospholipid biosynthesis. The consequence of these
events is further growth and strengthening of adhesion sites
and the organization and modulation of the cytoskeleton
[27].

In the migrating cell, the focal complexes disassemble at
the base of the protrusion as new adhesions are formed at
the leading edge. Some of the small focal complexes can
also mature to larger more organized focal adhesions which
tend to inhibit migration [28]. Consequently, slower mov-
ing cells form more stabilized focal adhesions.
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Contraction of the cells and detachment at the rear end

To allow forward movement of the whole cell, adhesions
must disassemble at the rear part. High tension exerted on
rear adhesions by myosin motors contributes to detachment
[29, 30]. Myosin II forms bipolar filaments which can pull
two actin filaments past one another leading to contraction
and increased traction force. As mentioned above, an
important factor mediating retraction is RhoA, which also
mediates stress fiber formation [31, 32].

Migration in the multi-cellular context

The general elements of the migratory cycle are now well
understood and are shared between different cell types; yet,
the details vary to a high extent. The single steps of the
cycle are most distinctly observed in slow-moving cells
such as fibroblasts; fast-migrating cells like neutrophils in
contrast appear to glide over the substrate.

In addition to cell-specific aspects, also the cellular
context impacts on the migration mechanism. Cells not
only migrate individually but during many biological pro-
cesses move together as sheets, chains or clusters. This
type of migration is characterized by a collective behavior
of the cohort and thus characteristics of the individual cells
become less relevant whereas reactions as a consequence
of interactions with the neighbors predominate.

Collective cell movement

Collective migration ensures appropriate distribution of
cells within development and maintenance of a tissue and
serves to keep the tissue intact during remodeling. In this,
the collective migration of cells is characterized by their
reciprocal interaction with their surrounding neighbors [33].

A major difference between individual and collective
migration is the interaction with the cellular environment. An
epithelial cell starting to migrate as a single individual cell
has to detach from neighboring, non-motile cells. This pro-
cess involves down-regulation of specific adhesion molecules
mediating cell—cell adhesion, changes in the cytoskeleton and
expression of the ability to adhere to the ECM.

During the pre-migratory phase the cell begins to extend
protrusions in a non-directed fashion. Collectively migrat-
ing cells stay physically and functionally connected and the
integrity of cell—cell junctions, mostly via cadherins [34] is
preserved during movement [35]. Cadherin-based junctions
are important in branching morphogenesis of the mammary
duct, in epithelial regeneration, in the sprouting of blood
vessels and for invasive cancers [36, 37].

Collectively migrating cells also show differences with
respect to their polarization. Not only the single cell is
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polarized under this condition but also a collective cellular
polarization of the cohort is established. A front-rear
asymmetry divides the cell group in ‘leaders’ and ‘fol-
lowers’. Leader cells at the front row or in the tip position
in a migrating chain of cells (therefore, also called tip cells)
sense extracellular guidance cues, show a more polarized
morphology and generate more cytoskeletal dynamics than
the follower (to leaders in sheets) or stalk (to tip cells in
chains) cells [38]. Leading cells also form a clear lamel-
lipodium and are often less ordered and mesenchyme-like.
Cells at the rear form a ‘cryptic’ lamellipodium against the
substratum towards the cells in front of them [39] and have
more tight junctions and tend to form tightly packed cell
assemblies [40].

These differences in polarity are a consequence of a
differential expression of surface receptors, like those for
chemokines. For example, differential expression of
CXCR4b in leading cells and CXCR7Db in trailing cells is
required for coordinated, directed cell migration [41]. Also,
leading cells of primary melanoma cultures are character-
ized by preferential expression of integrin f1 generating
polarized attachment and higher traction forces [42].
Specification in leader and follower cells can be genetically
determined but it is often also dynamic as a result of a
temporary, functional state induced by the position of the
cell, the ECM and collective migration-inducing signals
like stromal cell-derived factor 1 (SDF1), members of the
fibroblast growth factor (FGF) and transforming growth
factor-B (TGFp) families [38, 43].

The molecular principles of actin turnover and polarized
force generated by collectively moving cells are similar to
those of the migrating individual cells, but additionally
they are shared and coordinated between cells at different
positions. The cortical actin network in the cell cohort is
characterized by a supracellular organisation. Like the
polarization over the whole cell group, the anterior pro-
trusion activities and posterior retraction dynamics involve
many cells [42, 44, 45]. The mechanisms of supracellular
cytoskeletal organization are not clear yet. Probably, cad-
herin- and gap-junctional cell-cell coupling and paracrine
release of cytokines and growth factors are involved [46].

2D versus 3D migration

Cell migration varies from cell type to cell type but also the
environment of the cell regulates its migratory behavior.
Depending on the context, cells migrate two dimensionally
(2D) on tightly packed basement membrane, a thin, dense
acellular layer or three dimensionally (3D) through loose or
denser connective tissue. 3D migration of individual cells
can be seen by primordial germ cells, leukocytes, hema-
topoietic stem cells and cancer cells during metastasis
formation [47]. Also collective cell movement occurs in
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3D. Movement of multicellular 3D strands can result in the
formation of an inner lumen, as in morphogenic duct and
gland formation or vascular sprouting during angiogenesis.
Isolated groups or clusters of cells can migrate through
tissue if they detach from their origins, e.g. border cells in
Drosophila melanogaster egg chamber [11] or metastatic
cancer cell clusters that penetrate a tissue.

2D migration in contrast, is seen predominantly by
cell sheets. Cells migrate as tightly associated epithelial
sheets or clusters or they possess a mesenchymal char-
acter as during neural crest migration. Sheet migration is
also apparent during gastrulation [48], by the gut intesti-
nal epithelium moving across the intact basement
membrane or by epidermal keratinocytes during wound
closure.

Collective migration in 3D

If a cell collective invades tissue in a 3D fashion, like
during sprouting angiogenesis or invading cancer cells, the
leading cells form filopodia or pseudopodia (morphologi-
cally dynamic, cylindrical cell protrusion) instead of flat
lamellipodia [49, 50]. Cytoskeletal rearrangements as seen
at the leading edge are not only important for forward
movement but also regulate cell-cell contacts [51]. Under
such conditions, p120 catenin acts as a linker between the
leading edge and cell-cell junctions. It facilitates protru-
sion formation and the stabilization of cell-cell contacts
through cortactin [52]. A cell collective can also migrate
along or through multicellular tissue. In this case, interac-
tions with the surrounding cells occur via E-cadherin-E-
cadherin adhesions [53].

In 3D tissues, collective cell migration is more con-
strained than migration of individual cells. Single
migrating cells are either native tissue resident or circu-
lating cells that infiltrate the tissue.

Cells migrating in a 3D matrix express matrix adhesions
on their whole surface and not only on the ventral surface
directed towards the 2D support or basal membrane. Fur-
thermore, the cells have to move through the often soft
matrix. For this, the matrix usually has to be degraded and
thus 3D migration absolutely depends on proteolytic
activity of the migrating cells. Highly aggressive tumor
cells were found to express membrane type 1-matrix me-
talloprotease (MT1-MMP) as well as active MMP-2 at the
invasive front [54]. Migrating fibroblasts and tumor cells
also exhibit pericellular collagenolytic activity that allows
them to traverse the ECM. Particularly MT1-MMP seems
to be the major protease mediating the invasive activity of
normal and neoplastic cells [55].

Despite these considerations, the role of proteases in
migration through ECM is not as clear as it seems. In vitro
studies showed that tumor cells are still able to migrate

after inhibition of proteases [56]. Clinical trials with MMP
inhibitors as anti-cancer drugs were disappointing and
some inhibitors even reduced patient survival. On this
basis, another concept of migration through ECM has been
proposed which suggests that during 3D-migration cells
switch to an amoeboid mode, independent of MMP activity
and matrix degradation, in which the cytosol is pushed into
the surrounding matrix [56, 57].

Endothelial cell migration

A collectively migrating cell cohort shows similar char-
acteristics to individually migrating cells scaled up over the
whole group. A biological process can be dependent on
both types of migration and one cell type can migrate in
both ways depending on the context of migration. An
example is migration of endothelial cells during the for-
mation of blood vessels.

Endothelial cell migration is a crucial process through-
out the whole life. It starts in the early embryo where the
formation of the circulatory system precedes that of all
other organ systems. After a primitive network has been
formed, angiogenesis leads to the formation of a complex,
functional vascular system. In the adult organism angio-
genesis has a key role during several physiological as well
as pathological processes including wound healing, tissue
regeneration and cancer development. A key element of
angiogenesis is endothelial cell migration. But also when a
blood vessel is damaged, endothelial cells have to migrate
to fill the open space and restore vessel integrity. During
migration, endothelial cells pass through the previously
described migratory cycle. Depending on the environment
of the cells and the context of migration, endothelial cells
migrate individually, as chains or in sheets in processes
regulated by a multitude of different molecules and
mechanisms.

Endothelial cell migration during embryogenesis

In the embryo the cardiovascular system is the first organ
system to develop. The primary network of blood vessels is
formed by the process of vasculogenesis. This is defined as
the de novo formation of blood vessels by the aggregation
of endothelial precursors, the angioblasts, which specialize
from mesoderm. Formation of the embryonic vasculature
involves multiple cellular processes including differentia-
tion of angioblasts into endothelial cells, and the migration,
proliferation, and assembly of angioblasts and endothelial
cells into vessel-like structures. Angioblasts show the
characteristics of individually migrating cells and multiple
cell-autonomous and extrinsic signals control their speci-
fication, differentiation, and migration [58, 59]. Originating
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from hemangioblasts, angioblasts migrate throughout the
whole body, invading embryonic mesenchymal and epi-
thelial tissues and participate in blood vessel formation at
distant sites [60]. Already at the earliest stages of vascular
development, the vascular endothelial growth factor
(VEGF) signaling pathway is essential for blood vessel
formation as VEGF and its receptors are critical for angi-
oblast migration. In xenopus larvae VEGF is expressed by
the hypochord, which lies at the embryonic midline
directly dorsal to the location of the future dorsal aorta.
Here, VEGF induces the migration of angioblasts from the
lateral plate mesoderm to the midline where they form a
single dorsal aorta [61]. At this early stage of development,
VEGF serves as a chemoattractant inducing directed single
cell migration of the endothelial precursors. A later study
shows that the transcription factor sonic hedgehog induces
VEGF expression and that the Notch signaling pathway
acts downstream of VEGF signaling in the control of
angioblast migration [62].

Three different receptors for the VEGF family of pro-
teins are known: VEGFR1 (Fltl), VEGFR2 (Flkl) and
VEGFR3 (Flt4). VEGR2 is the earliest known specific
marker for endothelial cells and amongst the earliest
markers of embryonic angioblasts whereas VEGFR1 is
expressed slightly later during development. VEGFR2
expression is essential for the chemoattractant effect of
VEGF on angioblasts and also in vitro studies using
VEGFR knockout embryonic stem cells indicate that
VEGFR2 is indispensable for vascular precursor cell
migration [63]. Targeted mutation of VEGFR2 in mice
results in embryos that lack any organized blood vessels at
any stage [64], whereas VEGR1 mutation leads to abnor-
malities in vessel organization [65] (for review see [66]).

Endothelial cell migration during vessel repair

Endothelial cell monolayers constitute the luminal surface
of all blood and lymph vessels where they provide a barrier
to retain plasma components in the circulation while reg-
ulating the exchange of molecules and cells between lumen
and tissues. Dysfunction of this barrier has been implicated
in a number of human diseases like atherosclerosis [67],
edema and respiratory distress syndrome of the lung [68].
To maintain the integrity of the monolayer, endothelial
cells show dynamic planar migration behavior of individ-
ual cells and cell groups [38].

If the endothelial monolayer is damaged, cells migrate
in to fill the gap, a process which is promoted by growth
factors like basic FGF (bFGF). Upon bFGF stimulation,
cells near the wound edge exhibit directed migration
towards the denuded area. The cells at the boundary
function as leader or pioneer cells (similar to the tip cells in
an angiogenic sprout) and pass the migratory signal to the
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follower cells (equivalent to stalk cells). The consequence
is directed sheet migration. This regulation of the follower
cells involves VE-cadherin- and a-catenin-mediated cell—
cell coordination [69]. In the absence of any stimulating
growth factor migration in the sheet is more random and
filling the gap is the consequence of an inhibition of
backwards migration to areas covered by cells (Fig. 2a).

As described in the general part, Rac regulates lamelli-
podia formation and intrinsic directionality and this is also
true for endothelial cells. In individually migrating cells an
increase in Rac activity enhances the number of lamelli-
podia formed leading to a loss of directionality. One
recently described regulator of Rac localization and
lamellipodia formation in endothelial cells is the polarity
protein Scrib, previously characterized in epithelial cells.
In individually migrating endothelial cells, silencing Scrib
results in a disoriented formation and increased number of
Rac-positive lamellipodia [70]. Interestingly, in collec-
tively migrating cells in an endothelial sheet, the
orientation of the lamellipodia is still disturbed but the
number of lamellipodia is not increased after silencing
Scrib (unpublished data) suggesting that the contact to
surrounding cells inhibits Rac activity and lamellipodia
formation and increases directionality. This control of Rac
activity by cell-cell contacts might explain the observed
directionality of endothelial cells migrating in sheets (e.g.
in the scratch wound assay).

Endothelial cell migration during angiogenesis

The vast majority of endothelial cells in blood vessels are
quiescent with little migratory and proliferative activity.
They show a regular cobblestone appearance and were
termed “phalanx cells” [71]. When nutritional and oxygen
demands within a tissue exceed the supply provided by
existing blood vessels, the tissue sends out signals that
stimulate the formation of new blood vessels (for review
see [72]). Then, endothelial cells change into an ‘activated’
phenotype and start to migrate and proliferate to form new
vessels, a process termed angiogenesis. Angiogenesis
includes sprouting morphogenesis, intussuceptive growth,
splitting, remodeling, stabilization and differentiation into
arterioles, venules and capillaries. Complex cellular events
are involved in the process comprising alterations in cell
proliferation, survival, differentiation, and obviously
migration. Each of these elements is subjected to tight
control as excess or paucity of blood vessel formation
contributes to cancer growth and metastasis, ischemic ret-
inopathies and stroke as well as many metabolic disorders
[73].

Endothelial cell migration in an angiogenic sprout is a
guided and, therefore, directed process and guidance cues
are provided by the local environment. These signals are
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/ Notch — Proteolytically remodelled ECM

Fig. 2 Collective endothelial cell migration. a Endothelial sheet
migration. If the endothelial monolayer is damaged, endothelial cells
migrate to fill the gap. Leader cells are formed sensing the gradient of
a chemoattractant and forming a lamellipodium. At the leading edge
new focal contacts are formed. Stable focal adhesions in the center
adhere the cell to the basement membrane. The following cells are

often provided by surrounding cells like astrocytes in the
retina, neuronal or tumor cells. The different guidance cues
will be discussed below, whereas the general mechanism of
directed endothelial cell migration will be described
exemplified for VEGF the best investigated and potentially
the most important stimulus for endothelial cell migration.

VEGF, the paradigm of an endothelial
pro-migratory factor

In sprouting angiogenesis, the previously described con-
cept of tip and stalk cells is operative. The first step is,
therefore, the selection of the cell that initiates sprout
formation and becomes the tip cell. This is necessary
because if all cells reacted in the same way to the stimulus,
they would migrate in a similar manner and the vessel
would disintegrate. Thus, only one cell has to become

Cryptic
“==_lamellipodium

(G Metalloproteases

Cortical F-actin Dli4

% Migratory stimulus (e.g. VEGF)

» Receptor for migratory stimulus (e.g. VEGFR)

characterized by cryptic lamellipodia. b Endothelial cell migration in
an angiogenic sprout. In a newly forming blood vessel a tip cell is
formed sensing the chemotactic gradient. It is characterized by
filopodia and high activity of metalloproteases. Induction of Notch
signaling in the following stalk abolishes the formation of additional
tip cells

privileged to migrate by a fine-tuned feedback loop enter-
tained by VEGF and the Notch/Dll4 system [74-76]. The
Notch pathway is an inter-endothelial signaling mechanism
between adjacent cells. In cultured and non-polarized
endothelial sheets, cells usually express both, the ligand, in
endothelial cells delta-like 4 (D114), and the Notch receptor.
VEGF present as a gradient in the angiogenic tissue binds
to VEGFR2 on endothelial cells and enhances the expres-
sion of DIl4. DlI4 then binds the Notch receptor on
adjacent cells and trigger its activation. Notch signaling is
mediated by proteolytic cleavage of its intracellular domain
(NICD), which translocates into the nucleus and alters gene
expression [77, 78]. Due to stochastic differences in local
VEGF concentrations, in filopodia elongation (and thus
VEGF exposure) or in transcription rate, one cell will
express slightly higher D114 levels and, thus, will dominate
its neighbors by activating more Notch signaling. The cell
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with more DI114, and less Notch activity, will be selected as
the tip cell as Dll4-mediated activation of Notch inhibits
VEGFR?2, indirectly inhibiting D114 expression levels. This
process reinforces the dominance of the selected tip cell
and limits the number of tip cells induced by VEGF [75,
76]. Tip cells are migratory and polarized; they extend long
filopodia that scan the environment for attractant or
repellent signals, and hence serve to guide new blood
vessels in the direction of the chemotactic stimulus
(Fig. 2b) [79, 80]. Previously it was thought that once
selected, the cells keep their fate and that the once selected
tip cell stays at the leading position of the sprout. Now it is
known that cells continually interchange their places, tip
cells become stalk cells and vice versa [81-83].

Endothelial cell polarization and hence the directionality
of filopodia extension during migration is dependent on
Cdc42 activation [84]. We recently showed that the
polarity protein Scrib is essential for polarization of
migrating endothelial cells. Silencing of Scrib leads to
mislocalization of Rac, to the formation of an increased
number of lamellipodia and to accelerated integrin oS5
degradation. These effects result in the loss of direction-
ality of migrating endothelial cells and a reduced number
of tip cells during sprouting angiogenesis at least in vitro
[70].

The formation of branch-like filopodia by tip endothelial
cells is mediated by remodeling of the actomyosin and
microtubule cytoskeleton, similar to the way in which
neurite extensions protrude from neuronal cell bodies [79,
85]. The formation of endothelial branches from lamelli-
podia has been described to be dependent on the local
attenuation of myosin II-mediated contraction. The process
is a consequence of a local loss of RhoA and RhoA kinase
(ROCK) activity leading to reduced myosin light-chain
phosphorylation. As a consequence, the cell branches by
“‘escaping’’ retraction through cortical tension [86]. If the
down-regulation of myosin II is not locally restricted, the
cell forms an increased number of pseudopodia leading to a
reduced directionality.

Interestingly, filopodia are dispensable for tip cell for-
mation and integration of endothelial guidance cues. When
filopodia formation is inhibited, the formation of lamelli-
podia is sufficient to drive endothelial cell migration.
Nevertheless, filopodia facilitate endothelial cell migration
and anastomosis formation [87].

Compared to stalk cells, tip cells show a differential
gene expression profiles [88]. VEGFR2, PDGFB, the Ne-
trin receptor unc-5 homolog B (Unc5B), the notch ligand
Dll4, EC-specific molecule 1, the peptide ligand apelin and
MT1-MMP [79, 88-90] are all enriched in tip cells. The
selective expression of MT1-MMP at this location suggests
that for sprouting angiogenesis, matrix degradation is
essential [90]. It provides space into which endothelial cells
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can migrate, and also liberates key growth factors
sequestered within the matrix, including bFGF, VEGF, and
insulin-like growth factor [91]. For angiogenesis, MMP-2,
MMP-9 and MTI1-MMP are of particular interest [92].
Knockout of MMP-2 leads to markedly reduced tumor
angiogenesis in mice [93] and MMP-9-deficient mice show
abnormal growth plate vascularization [94]. MT1-MMP-
knockout mice fail to respond to bFGF in the corneal
angiogenesis assay [95]. The extracellular matrix has the
capacity to store pro-angiogenic chemokines and cyto-
kines, such as VEGF, that are released upon MMP
activation [96, 97]. However, also the opposite is true:
MMPs generate protein fragments of the extracellular
matrix that may also limit angiogenesis, like endostatin and
angiostatin [98, 99].

The complex role of integrins in endothelial cell migration

Integrins are important mediators of endothelial cell
adhesion during migration. Among them, nine (a1f1,
o2B1, a3B1, adpl, aSPL, a6Pl, a6p4, avp3, avpS) have
been described to be expressed on endothelial cells and are
implicated in angiogenesis [100, 101]. These include col-
lagen receptors (alPB1, o2fB1), laminin receptors (a3f1,
a6B1, a6pB4), fibronectin receptors (o4P1, a5P1) and the
pair of av receptors (avp3, avB5). avB3 mediates adhesion
at the leading edge of migrating endothelial cells and,
therefore, regulates directionality of endothelial cell
movement [102]. VEGF-induced cell migration requires
avB3, avp5 and B1 integrins [103] and also PDGF-induced
migration depends on integrin avfB3 [104]. Integrin B1-
deficient endothelial cells are also defective in cell adhe-
sion and migration [105].

We recently demonstrated that recycling of integrin
aSP1 is essential for directed migration of endothelial cells.
An increased lysosomal degradation of integrin o531
observed in cells not expressing the polarity protein Scrib
contributes to a disorientation of chemoattracted endothe-
lial cell [70]. Furthermore, a cross-talk between integrin
avB3 and a5B1 regulates endothelial cell migration [106].
As a consequence of the regulation of endothelial cell
migration, ov integrins and integrin o531 are implicated in
angiogenesis. avB3 and avf5 are upregulated on cultured
endothelial cells or in angiogenic blood vessels in response
to several angiogenic growth factors and in certain tumors.
Blockade of avf3 and/or avB5 by antibodies or peptide-
based approaches therefore inhibited neovascularization in
various systems [107].

Surprisingly, these findings could not be confirmed by
genetic ablation studies; mice lacking avp3 and avp5
integrins are viable and fertile and blood vessel develop-
ment in these animals is not disturbed. A possible
explanation is a compensatory response mediated by
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enhanced VEGF/VEGFR?2 signaling [108]. Nevertheless,
the data concerning ovp3 and avp5 integrins in neovas-
cularization is conflicting and the true function of av
integrins in angiogenesis has to be further elucidated.

Also the role of integrin a5B1 in angiogenesis is not
entirely understood. Although global knockout of integrin
a5 causes early embryonic lethality with defects in vas-
cular development [109, 110], an endothelial specific
knockout of this integrin has no obvious effect on devel-
opmental angiogenesis [111]. Since an endothelial specific
double knockout of integrin o5 and av results in defects in
vessel remodeling, a compensatory regulation between
these integrins has been suggested. Albeit these integrins
seem not to play a major role during developmental angi-
ogenesis, but their function during vascular remodeling and
pathological angiogenesis in the adult organism remains to
be elucidated.

Mechanistically, integrins regulate not only focal adhe-
sion formation in the migrating endothelial cell but also
facilitate several additional steps of the migratory cycle
through interaction with small GTPases. Rac, Cdc42 and
Rho activity are all subject to integrin signaling affecting
actin polymerization and cellular protrusion formation
[112].

Being receptors for ECM proteins integrins transmit
cues from the ECM to regulate outgrowth and maturation
of sprouting endothelial cells. The vascular basal mem-
brane is unique with respect to their laminin isoform
composition as a consequence of endothelial matrix syn-
thesis. Endothelial cells express only two laminin isoforms,
laminin 8 and 10, and the relative proportion of the syn-
thesis rate of the two proteins varies depending on vessel
type, developmental stage and endothelial activation state
[113]. Laminin 8 is expressed by all endothelial cells
regardless of their state of development, whereas laminin
10 is detected only in the basement membrane of capil-
laries and some venules starting 3—4 weeks after birth. In
in vitro assays endothelial cells bind to laminin 8 only with
low affinity which suggests that this matrix protein might
facilitate cell migration [114, 115]. But not only the intact
laminin molecule is biologically active also fragments of
the molecule generated by proteases in vivo induce cellular
signaling. A laminin fragment of the last two globular
domains inhibits endothelial cell migration and tube for-
mation in vitro [116], which probably involves interference
with integrin a6f1 and a3B1. Consistent with these data
are the observations in laminin o4 (the o subunit of laminin
8) knockout mice, which exhibit hemorrhages during the
late embryonic and neonatal periods. Furthermore, in the
cornea angiogenesis model laminin 8 was required for
vessel integrity and maturation. In this model, blood vessel
formation is enhanced, with dilation of vessels, aberrant
branching and edema formation [117]. In contrast to the

important role of laminin 8 in angiogenesis, laminin 10
seems to be dispensable for angiogenesis and rather
mediates vessel stability and barrier function [118]. Addi-
tionally, laminin-111 regulates Notch signaling and tip/
stalk cell balance. It induces integrin o231 and a6p1-
dependent signaling, which increases DIl4 expression and
Notch pathway activation. Furthermore, VEGF induces
laminin production and deposition and, therefore, impacts
on the regulation of tip/stalk cell phenotypes at an addi-
tional level [119].

Apart from laminins also other ECM components reg-
ulate endothelial cell migration and morphogenesis,
including fibrin and collagen I [120].

Endothelial cell migration within the vessels: cell
rearrangements

Endothelial cell migration also occurs within the vessel. In
the sprout of a newly formed vessel the tip cell migrates in
the direction of vessel formation but also cell rearrange-
ment occurs: the tip cell migrates retrograde and is
replaced by a stalk cell. Also during anastomosis, the
fusion of two tip cells or a tip cell and a pre-existing blood
vessel, cell rearrangements can be detected.

Recent reports demonstrate that in a sprouting vessel
heterogeneous collective cell migration occurs. Individual
cells migrate forwards and backwards at different veloci-
ties, changing their relative position within the branch,
even at the tip position. By live cell imaging it could be
documented that the leading tip cell after some time in this
position slows down and stops elongation and is, therefore,
subsequently overtaken by another cell. This observation
could be formulated into a novel model in which the tip
cell creates the space for vessel invasion and serves as a rail
for the prospective tip cell [121].

As described above, tip cell formation and position
changes in the sprout are dependent on DII4—Notch sig-
naling. Position shuffling in the sprout therefore,
constantly changes neighborhood relationships and should
trigger recurrent DIl4—Notch-mediated competition. Cells
with higher VEGFR?2 expression and low-Notch signaling
will overtake their neighbors in this process. The biological
significance of cell shuffling is not clear. It could be
speculated that cell shuffling improves directionality of
migration [81] or prevents exhaustion of the cell at tip
position.

Additionally, VE-cadherin signaling impacts on cell
rearrangements. Motile cells, e.g. VEGF-stimulated cells,
within sheets or sprouts form serrated junctions instead of
straight junctions which are typical for quiescent cells.
These serrated junctions are characterized by high protein
turnover of VE-cadherin. Notch signaling inhibits VE-
cadherin phosphorylation and turnover and attenuates
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serrate junction formation. Consequently, differential cell
movement and position changes are abolished. These
findings demonstrate that an active endothelial cell can
either form a new branch or shuffle up through the existing
branch. The process by which the cells take this decision,
however, is still unclear [122].

Also during branch anastomosis cell rearrangements
occur. In zebrafish the dorsal longitudinal anastomotic
vessel (DLAYV) forms from the connection of two tip cells
of the intersegmental vessels. But also stalk cells migrate
dorsally and contribute to parts of the DLAV [123].
Moreover, the transformation of a unicellular tube into a
multicellular tube involves cell rearrangements, a typical
step in the morphogenetic events of anastomosis [124].

Guidance cues

Endothelial cell migration depends on the environmental
conditions. Under certain conditions, like in the Matrigel
assay, migrating endothelial cells make up a network and it
is unclear whether this process involves any guidance.
Additionally, cell migration during cell rearrangement
seems to be independent of the directional stimulus. But to
adapt the vasculature to the surrounding tissue, the local
environment regulates vessel formation by angiogenesis-
regulating substances. These guide the developing vessel
and facilitate the development of a tissue-adapted vascular
pattern but how vascular patterning is achieved is not yet
entirely understood. One mechanism is the guidance by
factors similar to those involved in neuronal network pat-
terning. Already five centuries ago Andreas Vesalius
recognized the similarities of the two networks and noted
that nerves and vessels are often aligned. In recent years,
pathways shared by both systems have been identified and
it is now clear that axons and vessels often take advantage
of one another to follow the same path. Vessels produce
axon-attracting signals [125, 126] and conversely, nerves
produce pro-angiogenic and vascular patterning signals.
Apart from this mutual guidance, a second mechanism
explains that axons and vessels are aligned: neuronal cells
and endothelial cells respond to common cues. Several
molecules have been identified to guide nerves as well as
blood vessels. In the nervous system, astrocytes and other
glia cells generate these cues and, therefore, play an
essential role in guiding endothelial cells in neuro-vascular
development as observed in the retina.

Neuronal guidance cues in vessel formation
Although different at the macro-anatomical level, the

neuronal growth cone and the endothelial tip cell share
many similarities like the exploration of the environment
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for the correct migration path by extension and retraction
of filopodia. Many guidance cues have been identified that
stimulate both cell types. Astrocyte-derived epoxyeicos-
atrienoic acids, for example, induce endothelial cell
migration and angiogenesis [127, 128] and recently it was
realized that they also enhance axonal growth [129].
Guidance molecules are either matrix- or cell membrane
bound or secreted. Importantly, they can attract as well as
repel cells and this aspect depends on receptors expressed
on the responsive cell [130, 131]. The majority of these
cues is a part of four families: the Semaphorins, Ephrins,
Netrins and Slits.

Semaphorins and their neuropilin and plexin receptors

The Semaphorins are a family of either secreted (class A
Semaphorins) or membrane-bound proteins regulating
axon growth, cell migration, cell death or synapse forma-
tion during nervous system development [132]. Initially,
they were identified as neuronal growth cone-collapsing
proteins involved in repulsive axon guidance but additional
studies implicated Semaphorins in cellular events such as
dendrite specification, axon sorting and synaptic specificity
[133, 134]. Semaphorins bind two major receptor families;
secreted class A Semaphorins bind neuropilins (Nrp)
whereas membrane-bound forms bind plexins [135, 136].
Sema7A stimulates axon extension by activating integrins
[137].

Semaphorins and their receptors also regulate vessel
guidance and branching (Fig. 3a). Endothelial cells
express various Nrp and plexin receptors mediating anti-
and pro-angiogenic effects depending on the respective
receptor. On endothelial cells, Nrps not only bind Sem-
aphorins but also serve as VEGF co-receptors and are
,<therefore, involved in vascular development [138, 139].
Knockdown of Nrp inhibits endothelial cell migration
leading to impaired heart and blood vessel development
and embryonic lethality [140, 141]. Initially, Sema3A
has been demonstrated to inhibit endothelial cell migra-
tion and angiogenic sprouting via binding to neuropilin-1
[142]. It has been suggested that this effect is mediated
by inhibition of VEGF signaling, since Nrp-1 also acts
as a receptor for VEGF. Despite this finding, no obvious
developmental vascular patterning defects were found in
mice lacking Sema3A [143]. Therefore, Sema3A does
not seem to be required for the early stages of devel-
opmental angiogenesis, but rather plays a role during
vessel remodeling and pathological angiogenesis.
Sema3E is the only class 3 semaphorin that binds Plexin
D1 instead of the Nrp receptor. During developmental
angiogenesis Sema3E is highly expressed in somites and
acts as a repulsive cue to restrict vessel growth and
branching to the intersomitic space [144]. Furthermore,
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Fig. 3 Regulation of endothelial cell migration by guidance cues.
Guidance molecules released from astrocytes (gray) or neurons (blue)
can induce or abolish endothelial cell migration depending on the
receptor expressed on the endothelial cell. a Attractive and repellent
signaling by Semaphorins and their receptors. b Ephrin-Eph forward

Sema3E regulates the initial formation of the dorsal
aorta. Sema3E knockout embryos develop an abnormally
branched aortic plexus with a markedly narrowed avas-
cular mid-line. Additionally, recent studies have
demonstrated that exogenous Sema3E can inhibit tumor
angiogenesis [145].

The angiogenesis promoting effect of some Semapho-
rins is mediated by an activation of plexin receptors, with
Sema4D being the best studied molecule. Binding of
Sema4D to Plexin B1 increases endothelial cell migration
and attraction by stimulating the interaction of the Plexin
B1 receptor with the two GEFs, PDZ-RhoGEF and LARG.
The subsequent activation of Rho results in migration,
tubulogenesis and angiogenesis [146]. Plexin B1 signaling,
however, is complex as RhoA also activates the tyrosine
kinases Pyk2 and Src as well as the PI3K and Akt [147].
Furthermore, Plexin B1 activation results in phosphoryla-
tion of the receptor tyrosine kinases Met and Ron [148,
149] and as a crosstalk with integrin-dependent cell adhe-
sion and phosphatidylinositol 4-phosphate 5-kinase-
generated phosphatidyl-inositol 4,5-bisphosphate
(PI(4,5)P2) has been suggested to contribute to the pro-
migratory effect of Sema4D [150, 151]. In Plexin Bl
receptor knockout mice tumor angiogenesis was not
attenuated suggesting that other B-type plexins can sub-
stitute the PlexinB1 receptor [152].

An additional pro-angiogenic semaphorin is SemaSA, a
membrane-anchored semaphorin that binds the Plexin B3
receptor [153]. SemaSA has been suggested to regulate
remodeling of cranial blood vessels during development, and
in Sema5SA null mutants, the complexity of the hierarchically
organized branches of the cranial cardinal veins is decreased
[154]. Finally, Sema6D was found to activate VEGFR-2-

VEGFR2 Y Robo4 ¥ EphB4

L EphA2 £ UncsB F neogenin T a6p1

and reverse signaling regulates endothelial cell migration. Binding of
Slit to Robo4 inhibits endothelial cell migration and helps maintain-
ing vascular integrity. ¢ Binding of Netrin to Unc5B or neogenin
inhibits endothelial cell migration whereas binding to integrin o681
attracts endothelial cells

mediated signal transduction via its receptor Plexin Al
forming complexes with VEGFR2 [155], but the angiogenic
potential of this semaphorin has not yet been described.

Ephrins and Eph receptors

The Eph receptor tyrosine kinases and their Ephrin ligands
provide another principal class of axon guidance molecules
[156]. Both proteins are expressed on the cell surface of
neighboring cells and the interaction results in bidirectional
signaling from the Eph receptor (forward signaling) and
from the Ephrin ligand (reverse signaling) [157, 158].
Initially identified as repellent guidance molecules [159,
160], Ephrins have emerged as positive and negative reg-
ulators in the axon wiring process, controlling dendritic
spine formation, guidance of neuronal cells and synaptic
plasticity [156].

Eph-Ephrin signaling also controls vascular develop-
ment [161]. One important function of these guidance
molecules is the determination of arterial-venous fate of
endothelial cells (for reviews see [162, 163]).

Genetic experiments in mice have demonstrated that the
global deletion of EphB4 or EphrinB2 leads to embryonic
death with marked defects in the angiogenic growth of the
primary vascular plexus [164, 165]. Further studies docu-
mented an important role of EphrinB2 signaling in
sprouting angiogenesis, particularly in the regulation of tip
cell function (Fig. 3b). EphrinB2 under this condition is
phosphorylated and thus activated [166] and expression of
a PDZ-mutant EphrinB2 reduced tip cell filopodia forma-
tion. Conversely, stimulation of endothelial EphrinB2 by
an EphB4 mimicking antibody promoted filopodia forma-
tion. Similar to Semaphorins, also Ephrins mediate part of
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their action through VEGFRs. Silencing EphrinB2 attenu-
ated VEGFR2 and VEGFR3 signaling and the activation of
their downstream components Racl, Erkl/2, and Akt
[167]. Apart from serving as inducers of EphrinB2 reverse
signaling, EphB receptors induce forward signaling in their
own endothelial cell. This represses endothelial cell
migration, adhesion, and proliferation in vitro by sup-
pressing the activation of the small GTPase Ras and
mitogen-activated protein (MAP) kinase [168, 169]. Thus,
EphB4 forward signaling appears to have opposite effects
to EphrinB2 reverse signaling, although also some pro-
migratory and angiogenic effects have been described for
EphB4 forward signaling [166, 170].

Additional Eph receptors have been implicated in
angiogenic processes. For example, by activation of
EphA2, EphrinAl can stimulate angiogenesis [171, 172]
but additional studies are required to better define the
contribution of the other Ephrins to endothelial function
and to reconcile the conflicting findings.

Netrins and their receptors

Also Netrins act as bifunctional guidance cues; they attract
and repel axons. During brain development, Netrin-1 is
secreted from cells at the ventral midline and guides axons
to this site by binding receptors of the deleted in colorectal
carcinoma (DCC)-family [173, 174]. To avoid commis-
sural axon stalling at the midline, additional signals
terminate the attractant activity of Netrin [175]. Repulsion
in response to Netrin-1 requires signaling through Unc
receptor homodimers or Unc-DCC receptor heterodimers
[176, 177].

Similar to axon guidance, Netrins have bidirectional
activities in angiogenesis. The Unc5b receptor which
mediates repulsive activity is expressed on endothelial tip
cells during development [89] and is reinduced during
sprouting angiogenesis in various animal models including
Matrigel implants and tumor xenografts. Unc5b activation
by Netrin-1 leads to retraction of filopodia in endothelial
tip cells, inhibition of migration and attenuation of angio-
genic sprouting (Fig. 3c) [89, 178, 179]. Similar as Netrin-
1 also Netrin-4 inhibits endothelial cell migration and
angiogenesis but this involves binding to its receptor ne-
ogenin (another member of the DCC family) and co-
activation of Unc5b [178]. Nevertheless, several investi-
gations report a pro-angiogenic role of Netrins as Netrin-1
and -4 induce endothelial cell migration in vitro, but the
receptor involved has not been identified yet [180-182].
One study suggests involvement of the DCC receptor but
most of the other studies, failed to detect significant DCC
expression in cultured endothelial cells [89, 178, 180, 182].
Another potential explanation for the differential response
to Netrin-1 is that its concentration determines the quality
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of the response: low concentrations induce endothelial cell
migration, proliferation and neovascularization, but higher
concentrations have the opposite effect [183]. Alterna-
tively, not all receptors for Netrin have yet been identified.
For Netrin-4 integrin, a6f1 has recently been identified as
a novel binding partner mediating the pro-migratory effect
[184]. Together these data suggest a dual activity of Net-
rins during angiogenesis as they also have during axon
guidance. The involved receptors and underlying mecha-
nisms are, however, not yet completely understood.

Slits and roundabouts (Robos)

Slits are large secreted glycoproteins binding to robo
receptors, which were identified as repellents for some axons
[185, 186] and as stimulators of branching and elongation of
others [187]. One important function of Slits, mediated via
robol and 2, is preventing commissural axons to cross the
midline [188]. Additionally, they are implicated in addi-
tional axon guidance processes and regulate differentiation
and migration of diverse neuronal cell populations [189].
In endothelial cells, a vascular-specific robo receptor,
Robo4, is expressed. In the zebrafish, Robo4 mediates
correct path finding of developing intersomitic vessels
[190]. Angioblasts isolated from zebrafish embryos treated
with Robo4 morpholinos showed more active and exten-
sive movement with less active Cdc42 and Rac [191] and
activation of Robo4 by slit inhibits endothelial cell
migration [192]. Surprisingly, Robo4 null mice displayed
no vascular guidance defects and Robo4-deficient mice are
viable and fertile. As a potential explanation for this result,
Robo4 may regulate vascular stability rather than guidance.
Robo4 expression is predominantly localized to stalk cells
and recombinant slit protein can inhibit VEGF-induced cell
migration and tube formation in a Robo4-dependent man-
ner (Fig. 3b) [193]. Thus, Robo4 could help to maintain
vascular integrity by preventing stalk cells from being
activated by VEGF. Indeed, slit-deficient mice showed an
increase in vascular network density and complexity in the
mammary glands. Slits, derived from stromal cells of the
vessel, inhibit vessel growth by down-regulating VEGFR
signaling through Robo4 but not Robol. Robo4 signaling
suppresses cellular protrusive activity and cell migration
through a direct interaction with the adaptor protein pax-
illin. Formation of the Robo4-paxillin complex blocks the
activation of the small GTPase ADP-ribosylation factor
Arf6 and, consequently that of Rac by recruitment of Arf
GTPase-activating proteins (GAPs) such as GIT1. Con-
sistent with these in vitro studies, inhibition of Arf6
activity in vivo phenocopies Robo4 activation—it reduces
pathologic angiogenesis [194]. An additional receptor for
Robo4 is Unc5b. By activating Unc5b, Robo4 inhibits
VEGEF signaling and maintains vessel integrity [195].
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In contrast to these concepts, the slit-robo-system can
also be pro-migratory [196]. It appears that cooperation
between Slit2 and Ephrin-Al regulates the balance
between the pro- and anti-angiogenic functions of Slit2
[197]. While Slit2 promotes angiogenesis in culture and
in vivo as a single agent, it potently inhibits angiogenic
remodeling in the presence of Ephrin-Al. Indeed, Ephri-
nAl inhibits mammalian target of rapamycin (mTOR)
activity in the endothelium, which impairs Slit2-induced
activation of Akt and/or Rac. These data suggest that Slit2
differentially regulates angiogenesis depending on Ephrin-
A1l abundance.

Conclusion

Endothelial cell migration is a complex process important
during our whole life. Endothelial cells migrate similar to
other cells but possess a specific arsenal of receptors and
ligands to orchestrate the many aspects of vascular network
formation. Endothelial cell migration not only contributes to
tissue formation, it is also indispensable for wound healing
and regeneration. Although the fundamental steps of cell
migration are reasonably well understood the involved
mechanisms and consequences vary according to the cellular
context and these aspects are still uncertain for most situa-
tions. Endothelial cell migration is a therapeutic target for
the treatment of different diseases like age-related macular
degeneration, diabetic angiopathy, myocardial infarction and
cancer. Exploitation of the subtle differences in endothelial
cell migratory signaling may allow the development of anti-
angiogenic drugs which do only block pathology-associated
migration and angiogenesis but which do not interfere with
physiological endothelial function.
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