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Cell cytoskeleton proteins are fundamental to cell shape, cell
adhesion and cell motility, and therefore play an important role
during angiogenesis. One of the major regulators of cytoskeletal
protein expression is serum response factor (SRF), a MADS-box
transcription factor that regulates multiple genes implicated
in cell growth, migration, cytoskeletal organization, energy
metabolism and myogenesis. Recent data have demonstrated a
crucial role of SRF downstream of VEGF and FGF signalling
during sprouting angiogenesis, regulating endothelial cell (EC)
migration, actin polymerisation, tip cell morphology, EC junc-
tion assembly and vascular integrity. Here, we review the role of
SREF in the regulation of angiogenesis and EC function, integrate
SRF function into a broader mechanism regulating branching

morphogenesis, and discuss future directions and perspectives of
SRF in EC biology.

Angiogenesis, the extension of the vascular network from pre-
existing blood vessels, depends on the coordinated and efficient
chemoattractant gradient sensing, polarization and motility of
endothelial cells (ECs).! This coordinated cell migration requires
cell cytoskeleton proteins that play a central role in angiogenesis.
Changes in the cell’s cytoskeleton dynamics occur rapidly in
response to extracellular stimuli, through the activation of tyrosine
kinase receptors and/or G-protein coupled receptors transforming
the received signal into a morphological and/or behavioural change.
Downstream of receptor signalling, different regulatory proteins
such as formins, cofilins, Arp2/3 complex and Rho-associated
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protein kinase dynamically control the cytoskeleton kinetics and
finely-tune the final output of the signalling pathways.? It is
important to note, however, that the intrinsic characteristics of a
cell’s cytoskeleton also depend on the transcriptional program of
each cell and therefore on cell-specific transcription factors. Serum
response factor (SRF) is an ancient and evolutionarily conserved
transcription factor of the MADS-box family that regulates
multiple genes implicated in cell growth, migration, cytoskel-
etal organization, energy metabolism and myogenesis.> Through
specific binding sites named CArG-boxes [CC(A/T),GG], SRF
has the potential to regulate the expression of genes encoding all
of the actin proteins, some of the muscular myosin heavy and
light chain proteins and also proteins implicated in the regula-
tion of actin treadmilling, including profilin-1, tropomyosin-1
and -4, calponin-1, filamin-A and actin-related protein-3.> In
addition, SRF has also been implicated in the expression of genes
coding for the proteins participating in cell junction assembly
and adhesion, such as zona occludens-1 (ZO-1), al-integrin, and
syndencan-2 and -4. Interestingly, actin dynamics in turn control
SRF transcriptional activity through regulation of the sub-cellular
localisation of megakaryocytic acute leukaemia (MAL/MRTE-A/
MIK), a SRF cofactor. Treisman’s group has shown beautifully
that MAL is sequestered in the cytoplasm of unstimulated cells,
through binding to globular actin (G-actin). However, an increase
in RhoA-mediated actin polymerisation, triggered by different
signalling pathways, decreases the cytosolic pool of G-actin leading
to a nuclear accumulation of MAL. Inside the nucleus MAL binds
to SRE activating the transcription of specific genes, such as
B-actin and vinculin.*

Despite this prominent role of SRF in regulating cytoskeletal
protein expression, the in vivo function of SRF in ECs during
vascular development has only recently been addressed. We
demonstrated a requirement of SRF for correct sprouting angio-
genesis and the maintenance of vascular integrity.” Specific SRF
ablation in ECs using a Tiel-Cre transgenic line leads to embryonic
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death at around 14 days (E14) of mouse embryonic
development with mutant embryos showing a severe
decrease in vascular density, oedema, aneurismal
structures and haemorrhages. Our study linked the
vascular defects with a decreased migratory capacity
of ECs, compromised tip cell morphology, altered
actin polymerisation and filopodia formation, and
impaired assembly of EC junctions. We showed
that SRF is important for the correct expression
of structural proteins such as B-actin, VE-cadherin
and several integrins in ECs, both in vitro and
in vivo, with changes in expression leading to
the observed defective vascular morphogenesis.>
Interestingly, EC-specific deletion of SRF does not
affect the differentiation of ECs and the early stages
of vascular morphogenesis and therefore SRF seems
to be dispensable for vasculogenesis during mouse
embryonic development. However the use of a
transgenic line expressing Cre recombinase at an
carlier time than Tiel-Cre will be necessary to verify
this observation. As an example, Schwartzs group
have recently shown a novel and earlier role of SRF
in the appearance of rhythmic beating myocytes and
organized sarcomeres using Nkx2.5-Cre transgenic
mice, which express Cre recombinase in cardiomyo-
cytes earlier than the mouse line previously used by
the same group.®

Endothelial tip cells play a central role in regu-
lating vascular sprouting. The biological function
of SRF in these cells therefore needed clarification.
It has now been established that the interaction
of vascular endothelial growth factor (VEGF) and
Notch pathways controls endothelial tip/stalk cell
phenotype, and any defect in the correct retro-talking
in this system affects proper vessel sprouting.”8
Despite the fact that SRF is strongly expressed by
ECs of sprouting capillaries, both in tip and stalk
cells, SRF seems to be dispensable for tip cell induc-
tion downstream of VEGF signalling. Indeed, we
observed an equal number of tip cells and similar
expression of Notch signalling proteins in mutant
embryos.> Moreover, in the aortic ring assay where
a mosaic pattern of SRF deletion was generated, we
observed that SRF-deleted cells could be at tip and
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Figure 1. Schematic representation of SRF involvement in the branching process of differ-
ent tissues. (A) In terminal branching of Drosophila melanogaster tracheal system. Hypoxia
induces the expression of branchless (bnl, green dots) in mesenchymal cells. Bnl signals
through the breathless (btl) receptor in tracheal epithelial cells (in red, on the left), activat-
ing the MAPK pathway, which in turn activates blistered (DSRF). In cooperation with Elk-1
and DMRTF, DSRF promotes cytoplasmic extension and ramification of terminal tracheal
cells (right). (B) Terminal innervation of embryonic dorsal root ganglion (DRG) sensory
neurons. NGF gradient (green dots) signal interacts with TrkA receptors present in the
axons of sensory neurons (red cell, on the left), and stimulates the expression of SRF via
MAPK- and MAL-dependent pathways. SRF in turn regulates actin dynamics and promotes
NGF-dependent axonal growth and terminal branching of sensory neurons (on the right).
(C) Branching of the vertebrate vascular system. Hypoxia condition drives the expression
of pro-angiogenic growth factors, such as VEGF and bFGF, in mesenchymal cells. VEGF
and FGF gradients (green dots) bind to their corresponding receptors, VEGFR2 and FGFR,
respectively, and promote tip cell (red cells, on the left) induction and vessel branching.
Within this pathway, SRF is likely stimulated by the activation of the MAPK and Rho-actin
pathways and promotes vascular branching and tissue perfusion (in blue, on right) by
controlling the expression of cytoskeleton and cell adhesion molecules.

stalk positions, confirming that SRF does not appear to interfere
with tip cell selection. However, SRF deletion in ECs disrupted
the actin cytoskeleton, compromised tip cell morphology and
filopodia formation, and consequently led to impaired cell migra-
tion.” Importantly, both studies from our group and Tarnawsky’s
group demonstrate that SRF in ECs is activated by VEGF-A and
basic fibroblast growth factor (bFGF) signalling through RhoA-
actin and MEK-ERK pathways.>? In fact, the VEGF-A gradient is
important for tip cell induction, but also acts as a potent guidance
clue stimulating endothelial cell migration, vascular outgrowth and
ramification through the activation of members of the Rho family
of proteins.!? Altogether these results lead to the assumption that

www.landesbioscience.com

Cell Adhesion & Migration

SRF is an important transcription factor downstream of VEGF
and FGF signalling in ECs, promoting cytoskeleton remodel-
ling and cell migration (Fig. 1C). Interestingly, SRF has a similar
function in the development of the tracheal system of Drosophila
melanogaster, analogous in terms of function and developmental
pathways to the circulatory system of vertebrates. The tracheal
system develops by sequential sprouting of primary, secondary and
terminal branches from an epithelial sac of ~80 cells in each body
segment of the embryo.!! During terminal tracheal branching, the
cells undergo repeated episodes of cytoplasmic extension, similar
to filopodia formation in mammalian cells, and intracellular lumen
formation, creating ramified networks of terminal branches.!'!
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Notably, the Drosophila melanogaster SRF homologue, dSREF/
blistered/pruned, is specifically expressed in tracheal terminal cells,
and loss-of-function mutations block cytoplasmic outgrowth and
terminal branching, whereas constitutively active forms of SRF
and the SRF partner Elk-1 drive excessive branch outgrowth.!!
Sprouting and outgrowth of terminal branches is carefully regu-
lated to meet the oxygen needs of target tissues, and expression
of branchless (bnl), the homologue of FGE in hypoxic mesen-
chymal cells is regulated by Fatiga, the Drosophila homologue of
mammalian hypoxia-inducible factor (HIF). Bnl signals through
breathless (btl), the fly homologue of the FGF receptor (FGFR),
playing a crucial role throughout primary, secondary and terminal
branching. However, FGF-FGER signalling elicits different intrac-
ellular signalling cascade at each stage thereby inducing a different
cell response. In terminal cells, FGFR activates MAPK signalling
which in turn activates SRE!! Thus, the axis hypoxia-HIF-FGF-
FGER plays a crucial role in regulating SRF activity, with the SRF
within this pathway participating towards the regulation of terminal
branching to meet local oxygen demands (Fig. 1A). Interestingly,
Drosophila larva within which Drosophila myocardin-related
transcription factor (DMRTF) has been inactivated, show a very
similar phenotype to those for which the SRF has been deleted,
suggesting that DMRTF is a partner of SRF in the regulation of
tracheal terminal branching.!?

Remarkably, recent work on the role of SRF in neurons has
revealed a similar signalling pathway. Alberti et al. have shown that
deletion of the SRF gene in the developing mouse nervous system
results in impaired migration of neurons in the rostral migratory
stream.'3 Moreover, Knoll et al. showed that conditional deletion of
the SRF gene in mouse neurons reduces neurite outgrowth and abol-
ishes mossy fibre segregation, and suggested that MAL participates
in this event.'¥ More recently, Ginty’s group demonstrated that SRF
is an important transcription factor mediating nerve growth factor
(NGF)-induced axonal growth, terminal branching and innerva-
tion of embryonic dorsal root ganglia (DRG) sensory neurons.'
Embryos specifically lacking the SRF gene in DRG do not show
defects in neuronal viability or differentiation but defects in exten-
sion and arborisation of peripheral axonal projections in vivo, similar
to the target innervation defects observed in mice lacking NGE!>
Moreover, the authors showed that NGF regulates SRF-dependent
gene expression and axonal outgrowth through the activation of
both MEK/ERK and MAL signalling pathways (Fig. 1B).

Considering all the above findings, one could imagine that SRF
is an important regulator in a common and conserved mechanism
that ensures the correct branching of special ramified cellular
systems, driven by the local secretion of specific growth factors
(GFs). The GF-induced SRF activity ensures the cytoskeletal
remodelling needed to enable GF-driven chemotaxis and non-
programmed branching. In mammals, other systems possess highly
branched structures, such as the respiratory and ureteric systems,
within which the morphogenic processes are, in part, regulated by
GFs.!0 It would therefore be interesting to investigate the role of
SRF during the morphogenesis of these different tissues.

In addition to defects in sprouting angiogenesis, SRF deletion in
ECs also compromises the vascular integrity of small vessels. Indeed,
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our results showed that SRF directly regulates the expression of
VE-cadherin and that SRF misexpression in ECs induces defective
EC junction assembly, both in vivo and in vitro.> Furthermore,
inactivation of SRF in embryonic ECs leads to the decreased expres-
sion of several integrins, ZO-1, occludin, Alkl, Alk5, endoglin and
connexion-43, which could contribute to the vascular leakage of
small vessels observed in SRF mutant embryos.’ It is important to
note that conceptually, vascular stability is in opposition to vascular
sprouting, the latter tending to destabilise EC junctions to promote
EC migration.! The precise mechanism controlling this dual role
of SRF in ECs remains to be established, and more work is needed
to elucidate this paradigm. Interestingly, a similar dual role of the
membrane associated scaffold protein angiomotin (Amot) in the
regulation of cell-cell junctions and endothelial cell migration has
recently been demonstrated.!”” Amot knockout mice die around
E11.5 and exhibit an insufficient capillary formation and dilated
vessels in the brain. In addition, knockdown of Amot in zebrafish
reduced the number of endothelial tip cell filopodia and severely
impaired the migration of intersegmental vessels.!® Interestingly,
Amot functions additively with synectin-binding guanine exchange
factor (Syx),!? a protein expressed specifically in blood vessels. Syx
inactivation in the zebrafish and mouse indicates a specific role for
Syx in VEGF-A-induced EC migration sprouting angiogenesis.”
Ernkvist et al. proposed a mechanism whereby endothelial migration
is dependent on the formation of the Amot-Syx complex to precisely
localize RhoA activity to the leading front of migrating cells. Given
the similarities between the effects of deleting Syx and SRF in ECs
and their link with the cell cytoskeleton, it would be interesting
to investigate the possible interaction of the Amot-Syx signalling
pathway with SRF activity in EC migration and vessel stability.

The dual role of SRF in sprouting angiogenesis and vascular
stability could be explained through the association of SRF with
different cofactors. In fact, one of the most impressive features
relating to SRF is the high number of cofactors that modulate its
DNA-binding and activity. SRF cofactors include members of the
myocardin, GATA and Ets families.? Interestingly, Olson’s group
showed that in smooth muscle cells, myocardin and Elk-1 compete
for the same docking site in SRF thereby modulating smooth
muscle-specific gene expression.?! Therefore, it seems reasonable
to think that different cofactors could modulate SRF activity in the
endothelium in a similar manner. GATA and Ets family members
could be possible candidates since several works have shown that
GATA and Ets members have important roles in EC biology and
several members are bona fide SRF cofactors.??? Another possible
SRF cofactor regulating SRF function in endothelial cells is MAL.
It would be interesting to investigate if the MAL-actin pathway is
also present in endothelial cells and, if so, to characterize its contri-
bution to the angiogenic process. To date, expression of MAL
in endothelial cells has, to our knowledge, never been reported.
However, given that in the Drosophila tracheal system and mouse
neurons, MRTF proteins seem to be implicated in SRF-mediated
branching, a similar mechanism could exist in ECs.

Another emerging field in vascular biology is the role of
microRNAs (miRs) in controlling vascular morpho-
genesis.”> In 2005, a study reported defects in blood vessel
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formation/maintenance resulting from a hypomorphic mutation
in Dicer, an enzyme controlling microRNA maturation, suggesting
a possible role for this enzyme in angiogenesis.>4 More recently, the
conditional inactivation of Dicer in ECs revealed the importance
of the enzyme for normal postnatal angiogenesis.25 Furthermore,
several EC-specific microRNAs have been shown to regulate EC
function and angiogenesis, such as miR-222, miR-221, miR-27b,
miR-21 and let-7f.23 Several recent studies have demonstrated the
importance of specific microRNAs in embryonic and postnatal
angiogenesis. It has been reported that miR-126 represses the
expression of the p85f subunit of phosphatidylinositol-3-kinase
(PI3K), sprouty-related protein with EVH-1 domain 1 (Spredl),
and vascular cell adhesion protein 1 (VCAM-1) in ECs.?320
Disruption of miR-126 expression in mice and zebrafish causes
haemorrhage and loss of vascular integrity, as well as defects
in EC proliferation, migration and angiogenesis.?>8 In this
context, it is important to note that SRF is a well known regu-
lator of miRNA expression and that at least 169 microRNAs in
mammalian genomes, contain at least 1 CArG element in their
promoter region.®2? On the other hand, it is also known that some
microRNAs can repress SRF synthesis, such as miR-133 in skeletal
myoblasts.3? It will therefore be of great future interest to study the
influence of SRF in the expression of target microRNAs in ECs
during vascular development. A further large-scale characterization
of the precise genes and microRNAs regulated by SRF in ECs is
necessary and will give new important insight into the particular
role of SRF during angiogenesis.

Finally, given the role of SRF in sprouting angiogenesis, it
would be reasonable to expect SRF inhibition to compromise
vessel sprouting and angiogenesis in adult mice as well. Tumoral
angiogenesis is an important step in tumor development and
malignancy and shares common signalling pathways with embry-
onic angiogenesis.1 For this reason, SRF inhibition in adult ECs
could contribute to decreased angiogenesis and thus decreased
tumor growth.

Altogether, the outcome from our study is that SRF is an
important transcription factor during sprouting angiogenesis. SRE
functioning as a major regulator of cytoskeleton and cell adhesion
molecules, acts as a linker between extracellular stimuli (such as
VEGE FGE mechanic stress) and cellular phenotype (such as
cell migration, cell junction assembly). Given the central role of
SRF in regulating actin dynamics, its potential interaction with
different cofactors, its involvement in the expression of miRs, and
the different feedback control of SRF activity (such as that by actin
polymerization and some miRs), we believe that a better under-
standing of the SRF function in endothelial cells will lead to new
perspectives providing important insight into the highly complex
field of vascular morphogenesis.
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