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Regulation of integrin function controls 
angiogenic remodeling

Vertebrates evolved a cardiovascular
system capable of transporting over
long distances oxygen and nutrients

to the many different tissues that compose
their multicellular organism.

Two distinct morphogenetic processes
contribute to the development of the
embryonic vasculature: vasculogenesis and
angiogenesis.1 During vasculogenesis, me-
sodermal cells differentiate into endothelial
cell (EC) precursors (angioblasts), which
proliferate and coalesce into a primitive
network of homogeneously sized vessels
known as primary capillary plexus. This ini-
tial capillary meshwork is then remodeled
by angiogenesis into a mature and func-
tional vascular bed comprised of arteries,
capillaries, and veins.1 Angiogenic remodel-
ing coordinates with the establishment of
blood flow and can occur through sprout-
ing, intussusception, i.e. by internal division
of the vessel lumen or vascular fusion.1
Angiogenesis also includes penetration by
sprouting of vessels into avascular regions
of the embryo and recruitment of mural
cells. In multicellular organisms, the forma-
tion of organs, including cardiovascular sys-
tems, depends on cell-to-cell and cell-to-
extracellular matrix (ECM) adhesion regu-
lated by soluble mediators, which act in
paracrina and autocrine way, and by phys-
ical forces. Notably, compared to lower
metazoans, vertebrates built on an entire-
ly new set of adhesion-related genes
involved in the development, maintenance,
function, and regeneration of the vascula-
ture, i.e. ECM proteins and their het-
erodimeric integrin adhesive receptors.2
Because of the general significance of
blood vessel formation to common inherit-
ed and acquired human diseases, such as
cardiovascular malformations and cancer,
there has been much interest in under-
standing its molecular mechanisms and
outstanding reviews have well focused on
the role of integrins in the different steps of
angiogenesis and their potential for target-
ed therapies.3-6

In this review we will summarize the

recent knowledge in the role of integrin
function in the late phase of angiogenesis,
when nascent vascular tree stabilize its
finale shape.

Regulation of integrin function
controls angiogenic remodeling

The final shape of the cardiovascular sys-
tem results from the complementary and
combinatorial interaction of several factors
that control EC adhesion and movement:
(i) local environmental factors, such as pO2;
(ii) blood flow and fluid shear stress; (iii)
genetically programmed extrinsic cues,
such as bFGF, VEGF, and angiopoietin-1.1
During the angiogenic process, ECs collec-
tively move and change their reciprocal
positions and interactions in response to
the many stimuli that elicit their motility. To
respond to the relative balance of activators
impinging on them, ECs need to be capable
of dynamically regulating their adhesive
behavior both in terms of cell-to-cell and
cell-to-ECM contacts. Integrins can exist in
different functional states with respect to
their affinity for ECM proteins, and regula-
tion of integrin activation is crucial for their
biological functions.7,8 In the low affinity
state, the extracellular domain of integrins
is bent over the cell surface,7,8 whereas the
α and β cytoplasmic tails tightly interact
through a juxta-membrane salt bridge
between an arginine in the α subunit tail
and an aspartic residue in the β subunit
tail.8,9 Interaction of PTB containing pro-
teins, such as talin,9,10 with the NPXY motif
conserved in most β integrin subunits leads
to an unclasping of α and β subunit tails10

that associates to an extension of the
extracellular domain and results in the
transition of integrins to their high affinity
state.9,10 In addition, there are proteins oth-
er than talin that activate specific integrins
by binding to certain α and β subunit cyto-
plasmic tails.11,12 The observations that that
prominent determinants of vascular remod-
eling (e.g. O2 tension, angiogenic growth



factors, and fluid shear stress) activate integrin-based
adhesion could suggest a role for control of integrin
function during angiogenesis. Indeed, in several cell
types,13 low O2 tension promotes cell adhesion to dif-
ferent ECM ligands via hypoxia-inducible factor (HIF),
mostly by inducing integrin mRNA and protein expres-
sion at the cell surface; however, HIF-1a has been
recently shown to induce in ECs a hypoxia-driven VEGF
autocrine loop necessary for tumor angiogenesis.14-15

Furthermore, angiogenic growth factors, including
HGF, bFGF , and VEGF, act as positive regulators of
endothelial integrin function4,5 and in ECs migrating
towards bFGF high affinity integrins are recruited to
the leading edge where they promote new adhesions
to support directed cell motility.16 Moreover, it appears
that flow alterations have a major influence in regu-
lating vascular remodeling likely through shear stress
that in ECs rapidly stimulates conformational activa-
tion of αvβ3 followed by an increase in its binding
affinity to ECM proteins.17,18 The inside-out signaling
through which positive regulators of endothelial inte-
grin function exert their effects is still poorly charac-
terized. VEGF, and bFGF appear to activate integrins
through a phosphatidylinositol 3 kinase (PI3K)/Akt-
dependent path way. However, it not clear whether
PI3K is activated directly by docking of its p85 regu-
latory subunit on VEGF and bFGF tyrosine kinase
receptors (TKRs) or via the Ras GTPase subfamily mem-
ber R-Ras that localizes at ECM adhesive sites [19]
and activates integrins through PI3K.20,21 In ECs, VEGF
promotes PI3K activity that in turn stimulates inte-
grin linked kinase (ILK),22 a cytoplasmic Ser/Thr kinase
that recruits several regulators of actin dynamics at
ECM adhesive sites where it also binds and activates
β1 integrins.23

We have previously shown that, during vascular
development and experimental angiogenesis, ECs gen-
erate autocrine chemorepulsive signals of class 3
semaphorins (SEMA3) that endow the vascular sys-
tem with the plasticity required for reshaping by
inhibiting integrins.24,25 Inhibitory autocrine loops of
endothelial SEMA3 proteins would allow a tunable and
fine modulation of integrin function, cell migration,
and redirectioning during angiogenic remodeling. The
vascular defects we found in sema3a null embryos
somewhat phenocopy the mutation in ephrin-B2,
EphB4, and EphB2/EphB326 that also act by modulat-
ing integrin function.25 The receptor complex of five
out of six SEMA3, SEMA3E being a notable exception,
is constituted by a ligand binding and signal trans-
ducing subunit, respectively, represented by neuropilin
(Nrp)-1 or 2 and type A (PlexA) or type D (PlexD) plex-
ins.27 The cytoplasmic domain of plexins is character-
ized by two interacting Ras GTPase-activating protein
(GAP) domains separated by a linker region . Ligand-

dependent clustering renders the receptor constitu-
tively active in the presence of Rnd1 or Rac that, by
binding to the linker region, relieves the interaction
between the two RasGAP domains and unleashes plex-
in GAP activity.28

It has been found that plexins exert their enzymat-
ic function on the integrin activating R-Ras GTPase29,30

whose inhibition is required both for SEMA3A/ Plexi-
nA1- and SEMA4D/PlexinB1-mediated growth cone
collapse. All together, these data24,25,29,30 support the
concept that integrin-adhesive receptors are critical
effector targets of SEMA/Plexin signaling. In summa-
ry, based on the observations that signaling from
angiogenic growth factors , focal adhesion kinase, flu-
id shear stress, the Eph/ephrin system, and the
SEMA/Plexin system impinge on integrins, it is tempt-
ing to speculate that pro- and anti-angiogenic cues
regulate vascular morphogenesis quite generally by
modulating integrin activation. Autocrine loops of
integrin activator and inhibitors would set basal level
of EC adhesion and responsiveness to paracrine inte-
grin activators and inhibitors secreted by the target
tissues, which needs to be vascularized, such as devel-
oping epithelia in the embryo or carcinomas and heal-
ing epithelia in the adult organism. 
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