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The role of extracellular matrix
in vascular branching morphogenesis
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Angiogenesis requires the development of a hierarchically
branched network of vessels, which undergoes radial expan-
sion and anastomosis to form a close circuit. Branching is
achieved by coordinated behavior of endothelial cells that
organize into leading “tip” cells and trailing “stalk” cells. Such
organization is under control of the DIl4-Notch signaling
pathway, which sets a hierarchy in receptiveness of cells to
VEGF-A. Recent studies have shed light on a control of the
Notch pathway by basement membrane proteins and integrin
signaling, disclosing that extracellular matrix exerts active
control on vascular branching morphogenesis. We will survey
in the present review how extracellular matrix is a multifaceted
substrate, which behind a classical structural role hides a
powerful conductor function to shape the branching pattern
of vessels.

Introduction

Correct development of a functional blood vessel network
necessitates coordinated signaling among adjacent cells, in balance
with their environment, leading to hierarchical organization of a
branched circuitry. Angiogenesis involves complex cellular events
comprising sprouting, proliferation, migration, lumen formation,
dynamic regulation of cell-cell contacts within endothelial cells;
together with the establishment of connections with mural cells.
Extracellular matrix (ECM) is known to contribute to the
angiogenesis process by multiple ways. ECM is a source of anti-
angiogenic peptides (reviewed in refs. 1 and 2), which will tune
the angiogenic response in tissues. ECM proteins, via their
binding and activation of integrin receptors trigger intracellular
signaling pathways that regulate endothelial cell proliferation,
survival and migration.>* ECM-integrin interaction is also crucial
for the establishment of endothelial cell polarity and intracellular
vacuole formation and coalescence, that are involved in lumen
formation.>” We will focus in this review on the contribution of
the ECM in the establishment of a branched pattern of
endothelial tubes.
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Cellular Mechanisms Underlying
Vessel Branching Out

The establishment of a ramified pattern requires the functional
specialization of endothelial cells into “tip” and “stalk” cells, in
response to vascular endothelial growth factor-A (VEGE-A).®
These cell populations are characterized by distinct phenotypes
and positions in the nascent sprout and a hierarchical respon-
siveness to VEGF-A. Tip cells are distinguished by several
features: (1) their leading position in the new vascular branch,
(2) a high responsiveness to VEGF-A due to higher expression of
VEGFR2, (3) a highly motile phenotype and (4) they extend
numerous filopodia that sense the environmental composition in
order to guide the outgrowth of the forming vessel toward the
VEGEF-A gradient and other attractive cues. Stalk cells, which
follow the tip cells, have a higher proliferative capacity and
therefore constitute the building elements of the vessel branch.
They contribute to the sustained elongation of the branch and
will establish the vascular lumen.® Tip and stalk phenotypes are
not permanent fate determinations but are rather dynamic states.
In fact, tip and stalk cells constantly compete with each other and
shuffle along the extremity of the growing sprout to occupy the
leading position, thus transitioning from stalk to tip and later on
back to stalk fates according to their advantage for VEGF-A
sensing.”'® An adequate ratio of tip and stalk cell number together
with a regulated balance between stalk cell proliferation and tip
cell migration are needed to generate an adequately shaped new
vascular branch and the appropriate level of branching complexity
in the forming network.

Molecular Mechanisms Controlling Tip and Stalk
Fates during Endothelial Branching Morphogenesis

Endothelial tip and stalk cell specification is under the control of
VEGF-A and DIl4-Notch pathways, which are intricately
interconnected. This finding has been firmly established in
different contexts in 3D
endothelial cell cultures, tumor angiogenesis, zebrafish and mouse

such as loss-of-function studies

retina developmental angiogenesis and postischemic angiogen-

esis.!?

The Notch pathway involves interaction between
adjacent cells, one presenting a ligand, either Jagged or delta,
and the other exposing a Notch receptor.”**' VEGF-A stimulates
the tip cell fate, a response by default in endothelial cells, while
Notch restricts this fate by a lateral inhibition mechanism and
directs cells toward a stalk cell behavior. The VEGF-A present as a

gradient in the angiogenic tissue binds to VEGFR2 receptors at
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the surface of endothelial cells. VEGFR2 signaling increases the
expression of DII4, the endothelial specific ligand of Notch
receptors, triggering maximal expression at the vascular front in
the leading cells.'®'® Once exposed at the cell surface, DIl4 will
ligate the Notch receptor expressed by adjacent cells and trigger its
activation. Activation of Notch involves the proteolytic processing
of its intracellular domain, which translocates to the nucleus and
controls the expression of target genes.”**' This transcriptional
control ends up regulating the level of VEGF receptors, and
therefore the capacity to respond to VEGEF-A, in the signal-
receiving cells. Indeed, Notch stimulation leads to a decrease in
VEGFR2 and DIl4 expression'®** and induction of VEGFRI
levels.'®?>** VEGFRI receptors bind VEGF with high affinity but
have poor signaling activity and therefore antagonize VEGFR2
signaling. Such setting allows for the establishment of a
hierarchical response to VEGF-A among endothelial cells, the
tip cells expressing DIl4 and higher levels of VEGFR2 being
highly responsive to VEGF-A and the stalk cells harboring poor
attributes for VEGF-A response and expressing low levels of DII4
ligand. Constant competition between these populations leads to
cyclic changes in the balance of DII4 expression, which drives
competitive advantage, and therefore allows for switching in
VEGEF-A sensitivity and tip cell position throughout the growth of
the vessel. Loss of DIl4 expression or Notch activity leads to “non-
productive” angiogenesis characterized by anarchic development
of the vascular network, which presents ectopic sprouting and
excessive branching due to immoderate determination of tip cells
and lack of a functional lumen.'*"®

The emerging picture of regulatory pathways controlling
branching processes that take place during sprouting angiogenesis
converges on this notion of dynamic positional fate determina-
tion. Such determination relies on the setting of a hierarchical
response to VEGF-A signals among activated endothelial cells,
which is guaranteed by a complex and dynamic cell-cell signaling
circuitry orchestrated by the DII4-Notch couple. We will review
here the many ways extracellular matrix influences VEGF-A
actions and Notch signaling to modulate the branching pattern of
the blood vessel network.

Extracellular Matrix Acts as a Solid-State Regulator
of VEGF-A Diffusion and Gradient Shaping

Several studies point for a role of ECM proteins and proteoglycans
in the tree-like patterning of vessels that is orchestrated by VEGF-
A gradients. VEGF-A is the principal regulator of new blood
vessels sprouting during developmental or pathological angiogen-
esis. VEGF-A is expressed as several isoforms from a single gene
by alternative splicing. At least nine isoforms can be produced and
the three more common ones differ by the presence of two
different domains that confer to the molecule the ability to
associate with cell surface heparan sulfate and with heparan sulfate
proteoglycans in the extracellular matrix. The VEGF-A121
isoform (VEGF-A120 in mouse) lacks these domains, encoded
by exons 6-7 of the vegfa gene, and is freely diffusible, VEGF-
A189 (VEGF-A188 in mouse) possesses both domains and is
found mostly on the cell surface and tightly associated with the
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SPECIAL FOCUS REVIEW: VEGF ISOFORMS

ECM, whereas VEGF-A165 (VEGF-A164 in mouse), which lacks
the domain encoded by exon 6 of the gene, has intermediate
diffusive properties as it contains one heparin binding domain.*
The combinatorial expression of soluble and heparin binding
VEGF-A isoforms allows the establishment of a concentration
gradient in tissues, thereby forming a patterning cue for the
branching of the nascent vascular network during angiogenesis.®*®
Mice expressing solely the VEGF-A120 isoform, lacking both
heparin-binding domains, display a marked reduction in vascular
branching complexity and harbor in several organs a vascular
network with fewer branch points.*® Analysis of the distribution
of VEGF-A in these mice showed that VEGF-A120 appears
widely dispersed in the tissue in comparison to the steep
concentration gradient that is normally formed by VEGEF-A
isoforms in WT mice, as exemplified at the hindbrain midline
region. As a consequence, endothelial cells at the front of the
growing vascular network extend fewer and improperly orientated
filopodia and form distended tips. These data indicate that
deposition of secreted VEGF-A in the ECM is necessary for
endothelial tip cells to extend filopodia, which would contact
VEGEF-A deposits. In an opposite situation, in mice expressing
solely the VEGF-A188 isoform, which is sequestered at cell
surface and in the surrounding ECM upon its secretion, the
vascular plexus appears excessively branched, and tip cells extend
numerous filopodia toward multiple directions. Interestingly,
double VEGF-A120/188 heterozygotes have no overt vascular
branching abnormalities, indicating that the combinatorial
expression of a soluble and a heparin-binding VEGF-A isoform
is sufficient to induce the formation of a normal branching
pattern, even in absence of VEGF-A164.>° This work therefore
sets initial evidence that ECM contributes importantly to the
branching pattern of angiogenic vessels. This role is achieved
primarily by a sharp control of VEGF-A distribution in tissues,
that allows correct orientation of tip cell filopodia for the guidance
of the tip cell and the extension of a new sprout, rather than
exposure of leading tip cells to a specific VEGF-A isoform or
concentration.® Interestingly, the proliferation rate of stalk cells is
regulated by the local concentration of VEGF-A®**® and it is
precisely the coordinated actions of VEGEF-A distribution in
gradient and its local concentration that regulate a coordinated
migratory response of tip cells and proliferative response of stalk
cells to produce a correctly patterned vascular network.

A recent work has addressed the dual function of the ECM
component fibronectin as a “VEGF-A organizer” and as an
adhesion and migration ligand for endothelial cells.”” To
discriminate between these functions and determine which
contribute to the guiding of sprouting tip cells, retinal
angiogenesis was analyzed after compound deletion of astro-
cytic-produced fibronectin  followed by reconstitution with
mutant fibronectin, upon crossing the knockouts with a mouse
line in which the RGD motif of fibronectin, in the Type III
repeat 10, was replaced by RGE.”*® This mutation in
fibronectin impairs the site of interaction with ov and a581
integrins, involved in cell-driven fibronectin fibrillogenesis.
RGE/RGE

Fibronectin mice die early in embryogenesis but assemble

apparently normal fibronectin matrix, due to binding of ov
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integrins, but not o581, to an alternate GNGRG motif in the
Type I repeat 5.°° Retinas deficient in astrocytic fibronectin
production display slightly reduced vessel migration, measured
by radial expansion of the vascular plexus, and tip cell filopodia
appear short and excessively numerous. In addition, branch
points were increased by 35.5% compared with control
lictermates. This indicates that fibronectin promotes tip cell
migration capacity and/or persistency, and the orientation and
elongation of filopodia. These effects could be due both to direct
ligation to endothelial integrins and/or promotion of VEGF-A
gradients and subsequent VEGF-VEGFR2 signaling. To test
the

fibronectin®“* was re-expressed from one allele in fibronectin-

implication of integrins in fibronectin  function,
deficient retinas. In such setting, mice showed only a small
reduction in radial expansion of the vascular plexus, identically
to astrocyte-specific heterozygous fibronectin knockout. This
reveals a dose-dependent migration-promoting function of
fibronectin, which would not be mediated by integrin binding
to the RGD sequence of fibronectin. Interestingly, close
examination of filopodia revealed their misalignment on the
mutant fibronectin fibrils, disclosing a critical role of integrins in
filopodia adhesion and stabilization on fibronectin matrix.
Consistently, in mice lacking endothelial expression of o5
integrin, similar filopodial misalignments were also apparent and
radial migration of vessels was also marginally affected.”” To test
the contribution of VEGF-A binding in the fibronectin function
on retinal vessel patterning, peptides blocking VEGF-A binding
to fibronectin®® were injected postnatal in the eyes of wild type
mice. This led to a 40% decrease in radial expansion of the
vascular plexus over a 24 h period, illustrating the critical role of
VEGE-A deposition in the ECM for the patterning of vessels. A
similar decrease was obtained upon double deletion of
fibronectin and heparan-sulfate proteoglycans in the retina.
This suggests that both components of the ECM synergize to
bind VEGF-A and support directed migration of tip cells,””
although we cannot exclude that in this extreme setting, critical
adhesive ligands are also missing. Altogether, this extensive study
by the group of Dr. H. Gerhardt supports the notion that the
ECM component fibronectin contributes to the vascular
branching pattern, primarily through binding of VEGF-A and
promotion of VEGFR2 downstream signaling, and in a more
subtle way by allowing filopodia adhesion via 531 integrins and
their
network and the directionality of the outgrowth of a new sprout.

Altogether, these studies set the importance of ECM proteins
and proteoglycans in the tree-like patterning of vessels that is
initiated by VEGF-A gradient formation.

therefore orientation along the astrocyte-fibronectin

Extracellular Matrix Influences VEGF-A Signal
Sensing by Endothelial Cells

Several components of the ECM can associate with VEGF-A, like
fibronectin, perlecan and other heparan-sulfate proteoglycans,
thereby contributing to control vascular branching pattern. A
common feature arising from this property is that aside from
organizing spatial deposit of the growth factor, association with
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ECM ensures a control of VEGF-A bioavailability and modu-
lation of the signal-sensing strength of endothelial cells.

Exons 6 and 7 of VEGF-A have been shown to encode the
ECM binding domain.” As discussed in the above paragraph,
affinity for the ECM is important to generate a morphogen
VEGF-A gradient, but it also represents a storage mechanism to
control its bioavailability. Apart from a regulation of VEGF-A
association with ECM via alternative splicing, early in vitro studies
have shown that processing of the matrix-bound isoforms by
plasmin is required to release biologically active VEGF-A forms,
able to induce cell proliferation and vascular permeability.**?!
Matrix metalloproteinases (MMPs) have also been implicated in
the release of VEGF-A from extracellular matrix stores in vitro
and in vivo. Such processing allows the release of the receptor-
binding domain from the ECM-binding domain. Hence, VEGEF-
A fragments released from the matrix by MMPs were shown to
promote formation of enlarged vessels, while an uncleavable form
promoted the outgrowth of thin vessels with multiple branch
points, suggesting a positive effect on tp cell functions.’
Interestingly, these two forms of VEGF-A were found to display
different signaling properties.”” Matrix-bound VEGF-A induces a
prolonged phosphorylation of the VEGFR2 receptor, specifically
at the Y1214 residue, and subsequently enhances activation of the
downstream p38-MAP kinase pathway. The nature of the ECM
to which VEGF-A was immobilized appeared to have no
incidence, as similar effects were found if VEGF-A was bound
to collagen type I, IV, V and VIII. When stimulated with ECM-
bound VEGEF-A, VEGFR2 was found to co-precipitate with 81
integrins. Such regulated interaction of (1 integrins with
VEGFR2 promotes higher magnitude of VEGFR2 clustering
and prolonged internalization, leading to enhanced phosphoryla-
tion on Y1214 residue and increased p38 stimulation. This
modulation of VEGFR2 responses by ECM-bound VEGF-A is
likely to be relevant to the establishment of the tip cell phenotype
during the outgrowth of a vascular sprout.”” Overall, these studies
demonstrate that the affinity of VEGF-A for ECM confers specific
signaling properties compared with the soluble form, demonstrat-
ing that beyond a gradient-shaping role, the ECM has a clear
influence on the capacity of signal-receiving cells to respond to the
ECM-presented vs. soluble form of VEGF-A and eventually
engage different arrays of response. The binding of VEGF-A to
fibronectin was mapped to the Heparin-II domain, corresponding
to type III repeats 13-14 of the fibronectin molecule.*** In
agreement with the notion of an ECM-promoted action of
VEGEF-A, the integrin-binding domain within Fn III 9-10
domain and the VEGF-A association domain, when present in the
same fibronectin molecule, synergize to enhance VEGEF-A-
mediated activation of VEGFR2 in vitro.”® Accordingly, in vivo
deletion of astrocytic fibronectin or disruption of fibronectin-
VEGF-A association leads to reduced VEGFR2 signaling.””
Perlecan, a component of basement membranes, was also found
to associate with VEGF-A via its heparan-sulfate side chains in the
zebrafish model and to be required for VEGF-A turnover and
proper localization of the VEGF-A protein in the embryo.
Perlecan morphants display abnormal intersomitic vessels sprout-
ing. The sprouts display reduced protrusive activity; they appear
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thin and blunt-ended and often follow abnormal paths and fail to
interconnect. Indeed, perlecan potentiates VEGEF-A-induced
phosphorylation of VEGFR?2 in vitro, a function likely involved
for correct patterning of the vascular sprouts.’*

Although the precise mechanisms involved in VEGF-A and
extracellular matrix synergy are not very well defined yet, integrins
were shown to play a crucial role. When endothelial cells are
stimulated with collagen-immobilized VEGEF-A, integrin $1 co-
precipitates with VEGFR2. Treatment of cells with integrin-
specific blocking antibodies or genetic deletion of the $1 gene
attenuate phosphorylation and internalization of VEGFR2 and
dampen its downstream signaling to p38 MAPK.”* Interestingly,
stimulation of cells with matrix-bound VEGF-A triggers 81
integrin clustering into focal adhesions, suggesting a reverse effect
of the growth factor on cell adhesion and/or integrin signaling.”
Stimulation of endothelial cells plated on vitronectin with VEGEF-
A 165 was also shown to induce integrin ovB3 association with
VEGFR2 and stimulation of VEGFR2 phosphorylation, signaling
to PI3K and cell migration.?® Several studies have investigated the
molecular pathways involved in $3-mediated stimulation of the
VEGF-A-VEGFR2 signaling axis. VEGF-A induces phosphoryla-
tion of the 83 subunit of integrins on tyrosine residues 747 and
759, leading to integrin activation, interaction with VEGFR2 and
further stimulation of VEGFR2 phosphorylation. Mutation of
these tyrosine residues in $83 integrin leads to loss of integrin-
VEGFR2 interaction and impaired VEGFR2 phosphorylation,
demonstrating the essential role of this phosphorylation event in
the synergistic activation of VEGFR2 signaling.”” VEGF-A 165
initiates a signaling pathway leading to a complex mechanism of
cross-activation of the growth factor and integrin receptors, that
leads to amplification of VEGEF-A signaling and enhanced
adhesion and migration via the activated integrin. Indeed,
VEGEF-A binding to VEGFR2 leads to its auto-phosphorylation,
association and activation of the Src tyrosine-kinase. Src then also
interacts with 83 integrin and phosphorylates it on the Y747/759
residues, thereby triggering its conformational activation and its
association with VEGFR2. High affinity binding of ECM
molecules by B3 integrin improves its outside-in signaling,
leading to enhanced VEGFR2 phosphorylation.***!

Altogether, these studies emphasize a role of the ECM as a
modulator of vascular branching and patterning, via its versatile
roles on VEGF-A immobilization and gradient shaping, on
duration of VEGFR2 activation and nature of its downstream
signaling pathways, and on the support of a complex system of
cross-activation of VEGF and integrin receptors. All these
functions are likely involved in the coordinated migratory vs.
proliferative response of endothelial cells and in the establishment
of a tip cell phenotype with filopodial orientation and extension.

Extracellular Matrix Actively Controls the Process
of Tip and Stalk Cell Selection

Apart from an indirect control on branching morphogenesis via
modulation of VEGF-A action, recent works have demonstrated
that ECM, and in particular laminin 411 (also known as laminin
8), directly signals via @281 and 0681 integrins for specification of
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the tip and stalk positional fates.*>* Laminin 411 and laminin
511 (also known as laminin 10) are both vascular laminins.* Fine
analysis of their cellular expression pattern in the retinal vessels
indicates that laminin 511 (LN511) displays prominent expres-
sion in the nascent vascular plexus, while laminin 411 (LN411)
harbors restricted expression at the vascular front with the most
abundant expression in tip cells.’ Interestingly, mice lacking
LN411 or LN511 do not have the same vascular defects. LN511
knockout mice die during embryogenesis, before expression of
this laminin is detectable in vascular basement membrane, and a
majority of the embryo vasculature is unaffected. LN411
knockout mice have enhanced blood vessel formation, the
vasculature being hemorrhagic, dilated and aberrantly branched
(reviewed in ref. 44). LN411 knockout mice show increased
retinal vessel density and excessive branching, together with
increased filopodia extensions, suggesting that LN411 restricts tip
cell formation.” Indeed, retinal vessels of LN411 knockout mice
display reduced expression of DII4 and Notch target genes Heyl,
Hey2 and Nrarp. Endothelial cells cultured on LN411 adhere via
integrins 0231, o381 and o631, and in the presence of VEGF-A
have increased DIl4 and VEGFR2 transcription. LN511, ligated
by o381 and a6B1 integrins, but not 0281 integrin, does not
support DIl4 expression. In order to analyze whether LN411-
mediated control of the DII4-Notch pathway involves integrins or
alternate functions, retinal angiogenesis was studied in integrin
knockout mice. Retinal vessels of integrin o2 or integrin o3
knockouts do not present a hypersprouting reminiscent of LN411
or DIl4 knockout. Interestingly, only the integrin 1 knockout
presented a hypersprouting phenotype, indicating complex
contribution of distinct o-B1 integrin heterodimers to mediate
LN411 action on DII4 expression and Notch pathway activation,
and thus to regulate the tip/stalk endothelial patterning.*
Mechanistical studies in endothelial cells cultured on the
prototype laminin 111, which engages 2231 and o681 integrins
similarly to LN 411, demonstrate that DII4 is regulated at the
transcriptional level by a cooperating mechanism triggered by
these integrins.”> None of the other endothelial Notch ligands
were regulated by integrins, and other ECM proteins composing
the endothelial microenvironment as fibronectin, collagen I or
collagen IV were unable to trigger DIl4 expression and Notch
pathway activation. Selective knockdown of o2, o3 or o6
subunits shows that DII4 expression is independent of o3 and
requires both o2 and o6 integrins. Integrin o281, when
stimulated by its laminin ligand, triggers rapid expression of the
FoxC2 transcription factor, which is required but not sufficient
for DII4 expression. Integrin o6 on another side triggers a
signaling event required for DII4 transcription that remains to be
identified.*?

Together, these studies provide the demonstration that laminin
411, a component of the vascular basement membrane (a
specialized ECM) triggers specific integrin signaling that controls
expression of the DII4 ligand and activation of the Notch
pathway. These original findings provide the novel concept of
ECM-mediated control of endothelial tip and stalk fates, and
therefore show that ECM controls vascular branching pattern in
parallel to canonical VEGF-A action, via integrin signaling.
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Interestingly ECM, via its association with the vascular-
specific secreted factor epidermal growth factor-like domain 7
(EGFL7), could also exert an indirect control on Notch signaling
and tip/stalk fates. Indeed, EGFL7 is secreted by endothelial cells
and associates abundantly with the interstitial ECM.*> EGFL7
was recently shown to bind and antagonize Notch receptors in
primary endothelial cells and in a transgenic mouse model.*®
EGFL7 overexpression under Tie2 promoter results in partial
embryonic lethality accompanied by defects in cardiac morpho-
genesis, vascular hemorrhages, endothelial aggregates and vessel
branching defects. Analysis of postnatal retinal angiogenesis
reveals expanded vascular coverage, increased vascular branch
points and a 50% elevation of the tip cell filopodia number in
the transgenic retina. This retinal hyperangiogenic response is
similar to situations where Notch function is disrupted.
Accordingly, expression of Hesl, Heyl, DIl4 and NRARP
Notch target genes was downregulated by 20 to 30% in the
retina of P5 transgenic mice. Yeast two hybrid experiments and
co-immunoprecipitation approaches in cells and E12.5 mice
embryos show that EGFL7, which contains a putative DSL
domain, interacts with NOTCH1 and NOTCH4 receptors.
EGFL7 could exert its antagonist role on Notch signaling by
binding to the receptor and eventually preventing endogenous
Delta/Jagged ligand-Notch receptor interaction.*® EGFL7 associ-
ates in particular to fibronectin and type I collagen whereas
laminin and type IV collagen do not support its deposition.” It
is therefore seducing to conceptualize that ECM could control
endothelial tip and stalk fates in a complex balanced manner,
laminin being able to induce Notch signaling via integrin-
mediated DIl4 expression and fibronectin being able to
antagonize Notch signaling via EGFL7 presentation.

Extracellular Matrix Provides Mechanical Cues
that Control Branching Morphogenesis

Blood hemodynamic forces are known to represent a mechanical
signal that contributes to differentiation of the arterio-venous
system and patterning of the vessels during angiogenesis. ECM
composition and topography influences tissue and organ
development by generating physical forces causing cell deforma-
tion and reciprocal cellular tensile responses. ECM elasticity was
shown for example to regulate mesenchymal stem cell fate.”
Force transmission occurs via integrins at focal adhesions, that
trigger actomyosin contractility and a subsequent transcriptional
program that directs cells toward a specific lineage. Thus, sensing
of soft, moderately stiff and rigid matrix by myosin II engages
respectively neurogenic, myogenic and osteogenic lineages
specification programs.” ECM may therefore contribute to
control endothelial cells behavior and influence the branching
pattern of vessels as a mechanical cue devoid of chemical
specificity. Some examples arise from works based on modeled
cultures on 3-D flexible substrates. Interestingly, expression
levels of VEGF-A and VEGFR2 are higher in cultures subjected
to contracting forces compared with situations where contraction
was impaired.”®* As a consequence, VEGFR2 shows distinct
spatial patterns of expression, in adequation with substrate
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deformations, while the release of mechanical forces is associated
with homogenous VEGFR2 expression in cultured cells.”
Moreover, cell-lECM generated forces are able to modulate the
relative production of VEGF-A isoforms. Contraction was
associated with increase in VEGF-A165 and VEGF-A189
mRNA levels, while VEGF-A121 expression remains unchanged.
These data suggest that mechanical signaling originated from
ECM controls VEGF-A alternative splicing, and that this,
together with ECM-binding properties of each isoform, could
reinforce the formation of VEGF-A gradients and the shaping of
vascular structures in an in vivo situation.” The close exploration
of mechanisms by which mechanical signals conveyed by ECM
control transcription of the VEGFR2 gene revealed a complex
regulatory pathway involving balance in the activities of two
antagonistic transcription factors, TFII-I and GATA2.*® These
transcription factors compete with each other for occupancy of a
common region in the VEGFR2 promoter, and GATA2 nuclear
localization is under control of the pl90RhoGAP, which
interacts with the transcription factor and retains it in the
cytosol. GATA2 stimulates the VEGFR2 promoter whereas
TFII-I decreases its activity.”® pl90RhoGAP itself is controlled
by mechanical distortion of the cytoskeleton associated with cell
spreading on the ECM. In the presence of growth factors, a
stiffer adhesion substrate favors GATA2 nuclear translocation,
while TFII-I nuclear levels are similarly high regardless of ECM
stiffness. Thus, on soft matrix, cells respond to TFII-I and
therefore express low VEGFR2 levels whereas on stiffer matrix,
VEGFR2 expression is turned on by GATA2 action. This
complex mechanism controls in vivo development and shaping
of vessels, as shown in a system of subcutaneous grafting of
matrigel plugs of defined elastic modulus and in the mouse retina
vasculature, where intra-matrigel or intravitreal injection of TFII-
I RNAI results in increased VEGFR2 expression and formation
of highly branched and dilated vessels whereas GATA2 knock-
down suppresses VEGFR2 expression and leads to decreased
vascular network formation.*

Endothelial tip cells experience important distortions during
the formation of protrusive filopodia structures. Work by Fischer
et al.>' shows that increasing ECM stiffness inhibits the extension
of filopodia protrusions. Such inhibition is mediated by increased
myosin-II contracting activity at the cell cortex. Indeed, cellular
contractility via Rho-ROCK-mediated myosin II activation and
ECM stiffness blocks initiation of filopodia structures and
provokes retraction of the protrusive structures that successfully
initiated. Time-lapse imaging of GFP-myosin-IIB shows that local
breaches in cortical myosin density precedes filopodia initiation.
Remarkably, creating local inhibition of myosin activity by
application of blebbistatin with a microinjection pipet is enough
to trigger protrusion and extension of filopodia. Such mechano-
sensory function of the ECM environment is likely to contribute
to new branch extensions, migratory persistence and direction-
ality, all
morphogenesis.”’

Through these examples, it appears that the biomechanical

events being important in vascular branching

properties of the ECM indubitably play an important role in the
vascular branching processes.
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Concluding Remarks

The shaping of a branched network of vessels requires a
coordinated response to VEGF-A, achieved by a fine-tuning of
endothelial cell receptiveness via the Notch cell-cell signaling
pathway. ECM, by interacting with VEGF-A, modulates its
availability, its gradient organization and its signaling properties.
Also, by engaging a specific array of integrins, ECM can indirectly
signal through the Notch pathway by controlling DII4 ligand
expression. Moreover, ECM mechanically influences cellular
tension and cytoskeleton organization, which are key aspects for
changes in cell shape and in the transcriptional landscape of cells
that take place during sprouting.

As research on ECM contribution in vascular patterning is
taking shape these last few years, the information it has generated
thus far serves as a fertile ground for the basic challenges and
therapeutic opportunities that lie ahead. The sharp comprehen-
sion of ECM modes of action will gain from the use of
multidisciplinary approaches combining live cell biology and
signaling techniques in 3D models of cultures with in vivo

loss-of-function approaches, systematic picturing of the panorama
of ECM composition and biomechanical properties in zones of
vascular front and plexus together with computational modeling
of all these findings to assess their contributing role in the control
of tip and stalk positional fates.

Investigating how the integration of multiple signaling net-
works determines the behavior of endothelial cells and the shaping
of the vascular network will clearly be a source of valuable
information in the years to come.
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