
Introduction

The differentiation of adult bone marrow-derived
mesenchymal stem cells (MSCs) towards chondrocytes,

osteocytes or adipocytes is reasonably well charac-
terized and documented [1]. In comparison, MSC
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differentiation to a vascular cell fate, such as
endothelial cells or vascular smooth muscle cells
(SMCs), is less well defined and more controversial.
However, recent studies both in vitro and in vivo uti-
lizing animal models, clearly identify bone marrow-
derived MSCs in making an important contribution
to the formation of new blood vessels in the adult
[2–4], a process known as neovasculogenesis.
Local microenvironmental factors, such as growth
factor expression and concentration, the ECM com-
position, the level of oxygen tension and mechani-
cal strain, all contribute to modulating and directing
the MSC fate. Two structurally related vascular
growth factors, vascular endothelial growth factor
(VEGF) and platelet-derived growth factor (PDGF),
both play crucial roles in regulating vascular cells
during blood vessel wall assembly [5–8], but their
involvement in regulating MSCs during vasculogen-
esis is less well understood and likely to be 
more complex.

We have been studying the role of MSCs during
vasculogenesis and factors that may be important in
determining their differentiation. One intriguing find-
ing is that VEGF-A can induce VEGF receptor-neg-
ative MSCs to migrate and proliferate, by binding to
and activating PDGF receptors [9]. MSCs in vitro
have a high cell surface PDGFR� : PDGFR� ratio
[10], with abundant PDGFR� appearing to be a
characteristic of undifferentiated MSCs. Thus cell
surface PDGF receptor expression will be an impor-
tant determinant in mediating the regulation of
MSCs. In this review, we first introduce the
VEGF/PDGF super-family of ligands and receptors,
then focus on the role of PDGF receptors in direct-
ing MSCs towards a vascular cell fate, with empha-
sis on the role of the novel VEGF-A/PDGF receptor
signalling mechanism. Finally, the contributions of
MSCs to vascular repair and neovascularization 
are discussed.

The vascular endothelial growth

factor/platelet-derived growth 

factor super-family of ligands and

receptors

VEGF and PDGF belong to the VEGF/PDGF super-
family of ligands and receptors, grouped together on

the basis of their close sequence homology and evo-
lutionary relationship. Each of the ligands contains
eight conserved cysteine residues, forming a typical
cystine-knot motif [11]. Sequence analysis predicts
that PDGF and VEGF evolved from a common
ancestral gene [5]. PDGF/VEGF-like factors (PVFs)
containing a cystine-knot motif, have been identified
in invertebrates. Drosophila melanogaster contains
three different PVFs which function through a single
receptor (PVR). These play an essential role in the
guidance of cell migration during oogenesis and
haematopoiesis [12, 13] and also are important in
mediating haemocyte cell survival [14]. In
Caenorhabditis elegans, a PVF and four possible
PDGF/VEGF receptors (VER-1–VER-4) have been
identified. Interestingly, the PVF was able to bind
specifically to the human VEGF receptors, VEGFR1
and VEGFR2, which induced receptor phosphoryla-
tion and promoted angiogenesis [15].

Vascular endothelial growth 

factor ligands

The large number of VEGF family members high-
lights their structural and functional diversity. The
most abundant and biologically active VEGF ligand is
VEGF-A [5, 6], containing eight exons which under-
go alternative splicing to produce several different
isoforms. Exons 6 and 7 are important since these
contain heparin binding domains. The most prevalent
human VEGF-A isoforms are VEGF-A165 which lacks
exon 6 but can bind heparin, and VEGF-A121 which
lacks exons 6 and 7, therefore cannot bind heparin,
but is freely diffusible [16]. Both isoforms are secret-
ed as homodimers. A variety of different cell types
express VEGF-A, including macrophages, vascular
SMC, numerous tumour cells and MSC [5, 17, 18].
Several factors can up-regulate VEGF-A expression,
including exposure to cytokines or growth factors,
such as transforming growth factor-�, fibroblast
growth factor-2 (FGF-2) or PDGF [16]. A synergistic
relationship exists between VEGF-A and FGF-2,
which potently stimulates both in vitro and in vivo
neovascular formation [19]. VEGF-A was shown to
enhance endothelial cell PDGF-B expression, while
FGF-2 promoted mural cell PDGFR� expression [20].

Another important physiological and pathological
stimulator of VEGF-A expression is the local environ-
mental oxygen concentration.While VEGF-A expression
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is normally low in most adult tissues, atmospheres
with reduced oxygen tension potently stimulate
VEGF-A secretion [21]. Increased VEGF-A expres-
sion plays a critical role during neovascularization,
wound healing and tissue repair processes. Hypoxia-
induced transcription of VEGF-A is mediated by the
binding of a hypoxia-inducible transcription factor-1
(HIF-1), a heterodimer composed of subunits HIF-1�
and HIF-1�, to hypoxia responsive enhancer ele-
ments (HREs) within the VEGF-A promoter [22],
resulting in transcriptional activation. During normal
oxygen concentrations, intracellular HIF-1� levels
are low, due to rapid degradation mediated by oxy-
gen-dependent prolyl hydroxylase-2 (PHD-2) [23].
However, hypoxia suppresses PHD-2 activity, result-
ing in increase levels of HIF-1� which associate with
HIF-1� to form a heterodimer, resulting in transcrip-
tional activation of VEGF-A.

Platelet-derived growth factor ligands 

The PDGF signalling system has a versatile compo-
sition, consisting of four ligands, PDGF-A, PDGF-B,
PDGF-C and PDGF-D [24, 25]. All four ligands,
which are inactive in their monomeric form, assemble
intracellularly to form disulfide-linked homodimers,
but only PDGF-A and PDGF-B form a heterodimer. It
is assumed that regulation of PDGF isoform expres-
sion is largely due to transcriptional control. Thus if
both PDGF-A and PDGF-B are expressed, a PDGF-
AB heterodimer is just as likely to form as a PDGF
homodimer. Human PDGF-A and PDGF-D tran-
scripts may also undergo alternative splicing. A short
form of PDGF-A can be generated by exclusion of
exon 6, while a short sequence can be alternatively
spliced in PDGF-D [25]. PDGF-C and PDGF-D are
distinct in having a novel N-terminal CUB domain
and are structurally more similar to the VEGF family
than the PDGFs [25]. Both isoforms are controlled by
post-translational processing, since they are secret-
ed as latent inactive forms, which require extracellu-
lar proteolytic removal of the CUB domain to allow
receptor binding [25].

Vascular endothelial growth 

factor receptors 

VEGF and PDGF receptors are members of the
class III receptor tyrosine kinase sub-family, which

have extracellular immunoglobulin-like (Ig) domains,
a transmembrane region and split intracellular kinase
domains. VEGF receptors have seven Ig domains,
while PDGF receptors have five extracellular Ig
domains [26]. These and other structural similarities
suggest a close evolutionary relationship. Three
human VEGF receptors (VEGFR1, VEGFR2 and
VEGFR3) which each form homodimers on ligand
binding have been identified [5, 6]. VEGF-A binds to
VEGFR1 and VEGFR2, but not VEGFR3, however,
the majority of signalling is mediated by VEGFR2 [5,
6]. VEGF-A165 but not VEGF-A121 interacts with neu-
ropilin-1 (NRP-1) and neuropilin-2 (NRP-2), which
are cell surface transmembrane glycoprotein recep-
tors [27]. Since NRPs have a short cytoplasmic
domain, it is presumed they do not signal independ-
ently, but function only as co-receptors [27]. NRP-1
can associate and form a complex with VEGFR2
[28], resulting in enhanced VEGF-A165 induced
VEGFR2 signalling, which was assumed to be mediat-
ed by VEGF-A165 binding to NRP-1. However, recently
NRP-1 and NRP-2 have been shown to enhance
VEGF-A121 induced VEGFR2 signal transduction [29],
even though VEGF-A121 does not bind to NRPs.

Platelet-derived growth factor 

receptors

Active PDGF isoforms stimulate cells by binding to
and activating the signalling of two distinct, but struc-
turally related, membrane bound receptor tyrosine
kinases, PDGF receptor-� (PDGFR�) and PDGF
receptor-� (PDGFR�) [24, 25]. Ligand binding to a
PDGF receptor induces either receptor homodimer-
ization or heterodimerization. PDGF-BB has a
greater binding affinity for PDGFR�, but can also
bind PDGFR�, thus can induce all three receptor
homodimer and heterodimer combinations. PDGF-
AA can only interact with PDGFR�, forming a
homodimer, but with higher affinity than PDGF-BB,
while PDGF-AB may initiate both PDGFR� homod-
imer and heterodimer formation. Similarly, while
PDGF-CC specifically interacts with PDGFR�, it can
induce the formation of both homodimer and het-
erodimer, thereby resembling PDGF-AB binding
affinities [30], while PDGF-DD preferentially binds to
PDGFR� to form a homodimer, but may induce low
levels of heterodimer [31].

Ligand induced PDGF receptor homodimerization
or heterodimerization, results in autophosphorylation
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of specific tyrosine residues within the cytoplasmic
domain, referred to as receptor activation.
Phosphotyrosine residues provide docking sites for
SH2-domain containing signalling molecules such as
phosphatidylinositol 3´ kinase (PI3K), phospholipase C-
� (PLC�), Ras GTPase-activating protein (Ras-GAP)
and Src family kinases, which initiate signal transduction.

During development, PDGF-A/PDGFR� signalling
has been shown to mediate a wide spectrum of criti-
cal functions during embryogenesis and organogen-
esis, affecting a broad range of mesenchymal tissues
[7, 32]. In comparison, PDGF-B/PDGFR� signalling
has a narrower range of tissues and functions, pri-
marily essential for the recruitment and differentiation
of cells during vascular development [7, 32]. The
importance of PDGF signalling during development
is clearly demonstrated by knockout studies in mice.
PDGF-A and PDGFR� knockouts are both lethal [33,
34], but PDGFR� knockouts are more severe, resulting
in death during late gestation caused by a range of
defects in several tissues, including vascular abnormal-
ities. Both PDGF-B and PDGFR� knockouts are severe
[35, 36], inducing defective vascular development,
resulting in death during the late embryonic stage.

Role of platelet-derived growth factor

receptors in regulating the MSC fate

Prenatal and postnatal development studies have
identified PDGF signalling as being crucial to the
selective expansion and recruitment of undifferentiat-
ed mesenchymal cell and progenitor cell populations,
which generate distinct differentiated cell types [8,
32]. PDGF-A/PDGFR� signalling appears to regulate
a broad range of progenitor cells, in several different
development processes. During mammalian central
nervous system development, PDGF-AA expressed
by astrocytes and neurons in the spinal cord, plays a
central role in stimulating PDGFR�-positive oligo-
dendrocyte progenitor (O2A) cells to proliferate and
migrate [37]. PDGF-A/PDGFR� signalling has also
been shown to be important for the proliferation and
recruitment of lung alveolar SMC progenitor cells
[38], mesenchymal stem or progenitor cells during
skin development [39] and progenitor cells which
form villus clusters during intestine morphogenesis [40].

In comparison, PDGF-B/PDGFR� signalling is pri-
marily involved in regulating mural (vascular SMC,

pericyte) progenitor cells. Endothelial-derived PDGF-
BB induces the migration and proliferation of
PDGFR�-positive mural progenitor cells during vas-
cular development [41]. Similarly, pericyte-like
mesangial progenitor cells require PDGF-
B/PDGFR� signalling for their proliferation and
migration to the developing glomerular capillary tuft,
during kidney glomerulus formation [42].

Our studies have shown that MSCs in vitro are
defined by abundant cell surface PDGFR� and a
high PDGFR� : PDGFR� ratio [10]. Thus the cell sur-
face PDGFR expression will be an important deter-
minant in mediating the fate of MSCs.

MSCs utilize a novel vascular endothelial

growth factor/platelet-derived growth

factor receptor signalling mechanism 

It was previously assumed that VEGF could only sig-
nal by binding to and activating VEGF receptors.
Human MSCs derived from normal bone marrow of
five different donors, ranging in age from 18 to 26
years old, were shown not to express VEGF recep-
tors. Using these cells, our studies identified a novel
VEGF-A signalling mechanism, whereby VEGF-A
can directly stimulate PDGF receptor activation [9].
VEGF-A interacted with and stimulated both
PDGFR� and PDGFR� tyrosine phosphorylation
activation, which regulated MSC migration and prolif-
eration. This was demonstrated by neutralizing cell
surface PDGFR� or PDGFR� using specific blocking
antibodies, or expression knockdown using siRNA
oligonucleotides, which significantly attenuated
VEGF-A165 induced MSC migration and proliferation.
Since VEGF-A165 stimulation resulted in similar 
tyrosine phosphorylation levels in both PDGFR� and
PDGFR�, our data suggested that, at least in part,
VEGF-A165 induced and activated PDGFR(��) het-
erodimer formation and signalling.

MSCs express high levels of both PDGF receptors
[10], which creates the basis for abundant
PDGFR(��) heterodimer formation, however, a func-
tional role for this receptor combination has not been
clearly defined. Double PDGFR� and PDGFR�
knockout studies demonstrate a greater phenotypic
severity than individual PDGF receptor knockout
phenotypes [8]. PDGF-AB, which initiates the forma-
tion and activation of a PDGFR� homodimer and het-
erodimer, is the most potent PDGF mitogen [43],
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which suggests that PDGF-AB may specifically acti-
vate a high level of PDGF receptor heterodimer
phosphorylation. In this respect, both in vitro and in
vivo studies demonstrated that PDGF-AB stimulation
promoted the differentiation of adult bone marrow-
derived cells to cardiomyocytes [44]. In addition,
PDGF-AB has also recently been shown to potently
stimulate MSC migration [45]. Furthermore, PDGF-C
a potent angiogenic factor similar to VEGF [46],
which is more similar in structure to VEGFs than
PDGFs [25], has been shown to induce the formation
and activation of the PDGF receptor heterodimer
[46]. Taken together, these studies clearly demon-
strate the signalling capacity of the PDGF receptor
heterodimer. Since MSCs possess a high potential
for abundant PDGF receptor heterodimer formation,
which may be a characteristic of MSCs, this suggests
PDGFR(��) will play an important role in mediating
the MSC fate.

VEGF-A165 isoform interactivity and biological
function can be regulated by NRP-1 and NRP-2 co-
receptors, in a heparin-dependent manner [6, 16,
27]. Co-expression of NRP-1 with VEGFR2 in
endothelial cells, significantly facilitates VEGF-A165

induced VEGFR2 signal activation, resulting in
enhanced endothelial cell migration [28]. While our
studies demonstrated that MSCs clearly expressed
NRP-1 and NRP-2 transcripts [9], because both
VEGF-A isoforms, VEGF-A165 or VEGF-A121, were
shown to equally induced PDGF receptor activation
and MSC migration, this suggested that neither
heparin binding nor NRPs played an important role.
However, recently both NRP-1 and NRP-2 have now
been shown to enhance VEGF-A121 induced
VEGFR2 signalling [29], thus it remains to be estab-
lished whether NRPs may function to enhance
VEGF-A induced PDGF receptor signalling.

In addition to VEGF-A induced PDGF receptor
activation, our analysis also revealed that VEGF-A165

stimulated the phosphorylation of other receptor tyro-
sine kinases, EGFR, EphA7 and Axl, on the cell sur-
face of MSCs [9]. While PDGF-BB stimulation also
resulted in EGFR activation, EphA7 or Axl receptors
were not phosphorylated, suggesting the induced
activation of EphA7 and Axl receptors were VEGF-
A165 specific. The EphA7 receptor has an important
role during neural tissue development, whereas, the
Axl receptor has been shown to regulate several
essential processes during vascular injury and neo-
vascularization [47]. While Axl receptor expression in

endothelial cells and vascular SMCs is involved in
regulating their migration, proliferation and apoptosis
[47], the role of Axl receptor expression in MSCs is
not defined. Interestingly, cross-talk between Axl and
other membrane bound receptors has recently been
reported. While Axl can be transactivated by the IL-
15 receptor [48], Axl can inhibit VEGF activation of
VEGFR2 [49]. Thus, as discussed later, formation of
a membrane complex containing both PDGF and Axl
receptors may lead to receptor transmodulation, which
could regulate VEGF-A stimulated PDGF receptor
activation or Axl receptor tyrosine phosphorylation.

Besides VEGF-A165 being able to induce MSC
migration, we also demonstrated that when VEGF-
A165 was localized at the cell surface, it could inhibit
PDGF-induced MSC migration, presumably by com-
peting for PDGF receptor occupancy [9]. Since
MSCs can express and secrete high levels of VEGF-
A, especially in atmospheres of reduced oxygen, this
suggests an intriguing possibility that autocrine
VEGF-A production could regulate paracrine PDGF
responses. A schematic diagram representing this
proposed mechanism is shown in Figure 1A.

Regulation of vascular endothelial

growth factor/platelet-derived growth

factor receptor signalling

The finding that VEGF may bind and activate both
PDGFR� and PDGFR� extends the repertoire of lig-
ands which can potentially stimulate individual PDGF
receptors. However, this raises the crucial question of
how different ligands stimulating the same receptor
tyrosine kinase can induce distinct biological
responses. Signalling specificity will be reliant on
both qualitative and quantitative differences in the
stimulation perceived by a particular receptor, which
will be dependent on both ligand and receptor
expression profiles in a particular microenvironment.
Vascular growth factor expression is normally very
low in adult tissues, but VEGF and PDGF expression
are both significantly up-regulated during vascular
repair and regeneration situations. Similarly, while
the MSC cell surface PDGF receptor profile may
adjust in response to local microenvironmental fac-
tors, abundant PDGFR� and the high PDGFR� :
PDGFR� ratio appears to be a characteristic of
undifferentiated MSCs.
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Crystal structures and mutation analyses have
revealed how VEGF-A and PDGFs bind their respec-
tive receptors and highlighted similarities in their
docking sites. Extracellular immunoglobulin-like (Ig)
domains 2 and 3 in both PDGF receptors provide
high-affinity binding sites for the PDGF ligands [50].
Similarly, VEGF-A binding to VEGFR2 is also medi-
ated by Ig domains 2 and 3 [51]. Electron microscopy
demonstrated that VEGF-A binding to VEGFR2

extracellular Ig domains 2 and 3 induced receptor
dimerization [52]. This dimeric association was fur-
ther stabilized by interactions through membrane-
proximal Ig domain 7, which facilitated the position-
ing and activation of intracellular kinase domains.
Since PDGF and VEGF-A ligands utilize similar
docking sites on their respective receptors, VEGF-A
binding to a PDGF receptor would be expected to be
mediated by an analogous mechanism involving subtle

Fig. 1 Schematic dia-
grams highlighting poten-
tial mechanisms regulat-
ing PDGF receptor sig-
nalling. (A) MSC autocrine
VEGF-A expression may
regulate paracrine PDGF
ligand stimulation of
PDGF receptors, by
VEGF-A competitively
binding to PDGF recep-
tors and competing with
PDGF concentration gra-
dients. (B) Modulation of
VEGF-A induced PDGF
receptor signalling speci-
ficity is likely to be multi-
factorial, depending in
part on quantitative and
qualitative differences,
such as; (1) local oxygen
concentration regulating
VEGF-A expression, (2)
matrix sequestration and
retention of VEGF-A, (3)
soluble VEGF-A level, (4)
concentration of PDGF
ligands, (5) integrin-
matrix interactions, (6)
local membrane-associ-
ated proteins, (7) recruit-
ment of signalling mole-
cules.
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differences. Identifying critical growth factor specific
binding residues within the PDGF receptors will form
the basis for developing ligand specific inhibitors,
which potentially may be exploited therapeutically.

While a particular ligand can differ in receptor
binding affinities, it may also have distinct activation
thresholds. VEGF-A interacts with VEGFR1 with at
least a tenfold higher binding affinity than VEGFR2,
however, VEGF-A binding to VEGFR1 results in a
significantly lower tyrosine phosphorylation activity
compared to VEGF-A induced VEGFR2 activation
[53]. Ligand signal strength has been shown to regu-
late PDGFR�-induced migration and proliferation, by
activating different signalling pathways [54]. A low lig-
and concentration induced PDGFR� activation of
PI3K and migration, whereas a higher ligand concen-
tration was required for activation of PLC� and prolif-
eration. Thus PDGFR� signalling would be predicted
to play an important role in mediating distinct MSC
biological responses, following either PDGF or
VEGF-A stimulation.

The bioavailability of ligands may also be an
important determinant in modulating the strength
and duration of PDGF receptor activation. In this
regard, the extracellular environment plays a crucial
role. Heparin binding motifs present in the C-terminal
regions of PDGF-A, PDGF-B [55] and PDGF-C [56]
and also in exon 7 of VEGF-A165, can interact with
heparan sulphate proteoglycans within the ECM and
at the cell surface [57]. This may result in the ECM
sequestrating and retaining a significant fraction of
the secreted growth factors. In comparison, PDGF-D
binding to heparin has not been shown, while VEGF-
A121 does not contain a heparin-binding domain and
is freely diffusible. Since heparin-binding motifs are
important in regulating growth factor diffusion,
PDGF-D and VEGF-A121 are likely to have distinct
signalling functions compared to the more common
heparin binding VEGF/PDGF family members. The
deposition of secreted growth factors within the ECM
is thought to promote the formation of short-range
concentration gradients, which facilitates paracrine
signalling and chemotaxis. PDGF-A and PDGF-B
homodimers and heterodimer were shown to interact
with collagen types I–VI, while retaining their biolog-
ical activity [58]. VEGF-A165 bound to fibronectin
resulted in enhanced and sustained VEGF-A165 stim-
ulated biological activity, which was mediated by an
integrin �5�1/VEGFR2 complex [59, 60]. In contrast,
while VEGF-A165 bound to vitronectin, this associa-

tion resulted in only a transient increase in VEGF-
A165 stimulated biological activity [59], highlighting
the role of the ECM in modulating the strength and
duration of receptor tyrosine kinase signalling activi-
ty. Thus, the local matrix composition can regulate
the retention and presentation of bioactive ligands at
the pericellular interface. Consequently, this may
modulate the intensity and/or duration of PDGF or
VEGF induced PDGF receptor signalling, resulting in
distinct biological responses.

Integrins are an important class of receptors medi-
ating cell–matrix interactions, conveying both inside-
out and outside-in signals, which can also modulate
receptor tyrosine kinase signalling events. The level
of integrin-mediated PDGF receptor regulation will
depend on the local ECM composition, together with
the number and type of cell surface integrins
expressed. Studies have demonstrated that specific
integrin/matrix engagement induces integrin cluster-
ing and formation of an integrin/PDGF receptor com-
plex. Vitronectin induced �v�3/PDGFR� and
�v�3/PDGFR� complexes [61, 62], while collagen
type I induced a �2�1/PDGFR� complex [63], all of
which synergistically increased PDGF stimulated
responses. Importantly, other membrane-associated
proteins have also been shown to transmodulate
PDGF/PDGF receptor signalling, including low-den-
sity lipoprotein receptor-related protein-1 [64], sphin-
gosine 1-phosphate [65] and membrane-type1
matrix metalloproteinase [66]. The formation of mem-
brane complexes or modules, containing receptor
tyrosine kinases localized together with other trans-
membrane proteins has previously been suggested
[67]. A picture therefore emerges of a particular
PDGF receptor forming different complexes with
local membrane associated proteins, the spatial
organization and composition of which, might 
transmodulate PDGF receptor signalling. In this
regard, it is unknown whether the transmembrane
NRP receptors, NRP-1 and NRP-2 expressed by
MSCs, can transmodulate PDGF receptor activity.
Thus it is possible that VEGF or PDGF stimulation of
the same PDGF receptor may generate different
localized biological responses, dependent upon per-
missive integrin/matrix interactions and transmem-
brane protein dynamics.

Extracellular ligand stimulation of either PDGFR�
or PDGFR� can induce the recruitment, activation
and interaction with, slightly different compliments of
intracellular signalling molecules. For example, the
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Crk family of signalling relay molecules only interact
with activated PDGFR�, while Ras-GAP only binds
to activated PDGFR� [68]. Distinct integrin/matrix
interactions may also regulate the composition of sig-
nalling relay molecules which associate with activat-
ed PDGF receptors. Fibronectin was shown to medi-
ate the reduced recruitment and association of
RasGAP to PDGFR�, a negative regulator of
PDGFR� but not PDGFR� activity [69]. In addition,
modulation of the intracellular cytoskeleton by inte-
grin outside-in signals, may regulate the activity of
PDGF effectors, such as intracellular enzymes and
transcription factors, resulting in distinct cellular
responses. A schematic diagram illustrating potential
mechanisms regulating PDGF receptor signalling is
shown in Figure 1B.

MSC and the vasculature

Differentiation of MSC towards

endothelial cells

While there is compelling evidence that haematopoi-
etic stem cells (HSC) are a source of endothelial cell
progenitors, or angioblasts [70, 71], MSC-derived
endothelial cells have been more difficult to estab-
lish, due in part, to potential HSC contamination.
However, several recent studies have now shown
that bone marrow-derived MSCs can be induced to
differentiate towards endothelial cells, following
exposure to VEGF [72–74]. Human bone marrow-
derived MSCs, positive for CD105, CD73, CD166,
CD90 and CD44, but negative for CD34, CD133,
VEGFR1, VEGFR2, VE-cadherin, VCAM-1 and von
Willebrand factor (vWF), when cultured in 2% foetal
calf serum (FCS) supplemented with VEGF, differen-
tiated towards endothelial-like cells after seven days
[72]. The MSCs acquired several distinct characteris-
tics of mature endothelial cells, such as VEGFR1,
VEGFR2, VE-cadherin, VCAM-1 and vWF expres-
sion. Similarly, human bone marrow-derived MSCs,
which were positive for CD105, CD166, but negative
for CD34, VEGFR2 and vWF, following 5 days culture
in 10% FCS supplemented with VEGF, expressed
the endothelial cell marker vWF [73]. Using an in vivo
murine matrigel model, VEGFR2-negative MSCs
implants formed vascular tubes, which were inhibited
by VEGF antisera, suggesting their formation was

VEGF-dependent. Moreover, MSCs which incorporat-
ed into the vessel walls were reported to have differen-
tiated towards CD31-positive endothelial-like cells [74].

A reduction in oxygen level (hypoxia) has also
been shown to induce murine MSCs to form in vitro
capillary-like structures [75]. Our studies have also
demonstrated human MSCs have an inherent capac-
ity to rapidly form in vitro capillary-like structures,
when cultured on three-dimensional matrigels or fib-
rin gels, under either normoxic or hypoxic conditions,
as shown in Figure 2. Human MSCs co-cultured with
mature endothelial cells also differentiated towards
endothelial-like cells, which were inhibited using
VEGF antisera [73], highlighting the principal role of
VEGF in this differentiation event. While these stud-
ies clearly demonstrate that VEGF can stimulate
VEGF receptor-negative MSCs, inducing differentia-
tion towards endothelial cells, the mechanism has
not been defined, but may well involve VEGF induced
PDGF receptor signalling. Our studies using VEGF
receptor-negative MSCs, demonstrated that 5 hrs
VEGF-A stimulation did not induce VEGF receptor
transcript expression [9], indicating a more sustained
exposure is required to induce differentiation towards
an endothelial fate.Thus, the role of VEGF-A induced
PDGF receptor activation and signalling in directing
MSC differentiation to endothelial cells requires fur-
ther investigation.

An important caveat particularly pertaining to
MSC biology, is the difficulty in comparing data
between individual studies. Obvious caution needs to
be exercised when comparing investigations utilizing
MSC from different species. In addition, when evaluating
human MSC studies, variables such as isolation and
culture protocols, passage number and donor age
also require careful consideration.

Differentiation of MSCs towards 

vascular smooth muscle lineages

MSC populations fated to become SMCs with self-
expansion abilities have been identified [76]. Several
studies have demonstrated MSCs express abundant
SM �-actin [77, 78], suggesting an enhanced vascu-
lar SMC-like differentiation. However, SM �-actin
expression alone is not sufficient to determine a
SMC-like differentiation event. Vascular SMCs are
not terminally differentiated and exhibit a spectrum 
of phenotypic states, ranging from contractile to 
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synthetic [79]. Within the medial layer of a vascular
wall, SMCs display a contractile state, characterized
by being quiescent and containing a complex array of
organized contractile filaments, with SM myosin
heavy chain expression defining the differentiated
contractile phenotype. Synthetic SMCs are charac-
terized as being highly proliferative and secrete
abundant ECM proteins, but in addition, also express
early contractile state markers, SM �-actin and
calponin. Our analysis of the SMC-like characteris-
tics of cultured MSCs, revealed the transcript expres-
sion profile was similar to synthetic state vascular
SMCs [80]. In addition to a wide range of extracellu-
lar transcripts, MSCs expressed transcripts and
intracellular filaments for several early contractile
markers, SM �-actin and calponin, as well as
smoothelin-B [80, 81], a novel marker for the late dif-
ferentiated contractile phenotype [82], demonstrating
MSCs possess inherent SMC-like characteristics.

Myocardin is a crucial transcriptional co-factor for
serum response factor, which selectively binds to
CArG box sequence motifs found in the promoters
for several SMC genes [83, 84], including SM �-actin
and SM myosin heavy chain, but not smoothelin-B.

MSCs normally contain low levels of myocardin tran-
script, but when transfected with an adenovirus
expressing myocardin, specifically induced SM
myosin heavy chain [85]. Activation of the small
GTPase RhoA has been shown to promote SM �-
actin gene expression, which was mediated by
serum response factor [86]. Our studies have
demonstrated that MSCs have a high ratio of
PDGFR� : PDGFR� and that PDGFR� signalling
activated RhoA, resulting in enhanced SM �-actin
transcription and filament polymerization [10].
PDGFR� phosphorylation activates RhoA which,
through Rho-associated kinase (ROCK)-dependent
cofilin phosphorylation and myosin light chain
kinase-dependent pathways, enhances SM �-actin
filament polymerization. In contrast, PDGFR� sig-
nalling inhibits SM �-actin filaments by up-regulating
RhoE, which inhibits ROCK and by PDGF-BB
induced cofilin-mediated filament destabilization [10].
Thus the cell surface PDGFR� : PDGFR� ratio and
ligand concentration are critical determinants for
commitment to a vascular SMC fate. A diagram
showing PDGF receptor regulation of SM �-actin fil-
ament polymerization in MSCs, is shown in Figure 3.

Fig. 2 MSCs have inher-
ent capacity to rapidly
form capillary-like struc-
tures. The ability for MSCs
to form in vitro tube-like
structures was deter-
mined by culturing MSCs
on three-dimensional
Matrigels or fibrin gels,
under either normoxic
(20%) or hypoxic (1%)
oxygen levels for 4 hrs.
Both Matrigel and fibrin
induced capillary-like
structure formation, with
Matrigel and hypoxia pro-
moting increased tube
length and branching
points. However, after 
24 hrs (data not shown),
normoxic or hypoxic con-
ditions resulted in similar
capillary-like structure
organization. Images were
taken using phase-con-
trast microscopy with a
10x objective lens.



J. Cell. Mol. Med. Vol 11, No 5, 2007

1021© 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

MSCs during vascular injury

Increasing evidence suggests MSCs play an impor-
tant role in the pathogenesis of vascular disease,
such as atherogenesis. It was previously thought that
endothelial injury stimulated medial layer contractile
SMCs to dedifferentiate and migrate to the damaged
intimal layer, where their excessive proliferation and
ECM deposition was the principal cause of neointi-
mal hyperplasia [87]. More recently, several studies
have demonstrated bone marrow-derived SMC pre-
cursor cells make a significant contribution to neoin-
timal SMCs accumulation [88–92]. Using experimen-
tal rodent models of allograft vasculopathy, different
investigations have demonstrated the majority of
neointimal cells (up to 90%) were of bone-marrow
origin [90, 91]. However, other studies have reported
a lower level of bone-marrow-derived cells (approxi-
mately 11%) contributing to neointimal SMCs [89],
which may reflect vascular injury heterogeneity,
since the contribution of bone-marrow-derived 

progenitor cells coincides with increased intimal
lesion severity [93].

Vascular injury is presumed to generate specific
signals to mobilize and recruit MSCs to sites of 
vessel wall damage, where local stimuli will induce
differentiation events. While the mechanisms of
recruitment and differentiation are ill-defined, both
VEGF and PDGF signalling play predominant roles.
Disruption of the intimal endothelial cell layer is
known to up-regulate both VEGF and PDGF-BB
expression [94], while during cardiovascular disease,
PDGF ligands and both receptors are up-regulated
[95]. Embryonic vascular progenitor cells can differen-
tiate into endothelial or SMC, in response to VEGF or
PDGF-BB stimulation respectively [96]. Similarly, bone
marrow-derived endothelial progenitor cells differenti-
ated towards SMC following PDGF-BB exposure [97].

Mechanical stress induced by occluded blood flow
during lesion formation, is an important determinant
which regulates the pathological phenotype. Flow-
induced mechanical stress has been demonstrated

Fig. 3 Schematic diagram
showing distinct differ-
ences between PDGFR�

and PDGFR� signalling,
which results in the regu-
lation of contractile SM �-
actin filaments within
MSCs. PDGF-AA induced
PDGFR� signalling acti-
vates RhoA and increases
cofilin phosphorylation via
LIM kinase, resulting in
enhanced SM �-actin fila-
ment polymerization. In
addition, ROCK activates
myosin light chain (MLC)-
II ATPase activity, which is
necessary for both SM �-
actin and F-actin filament
polymerization. In con-
trast, PDGF-BB induced
PDGFR� signalling increas-
es RhoE, which inhibits
ROCK activity, promot-
ing SM �-actin filament
depolymerization.
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to promote bone marrow-derived stromal cells to dif-
ferentiate towards SMCs [98]. Furthermore, mechan-
ical stress has also been shown to increase
PDGFR� and PDGFR� expression [99, 100], while
we observed that mechanical stress-induced MSCs
to increase VEGF-A secretion. Thus, blood flow
mediated mechanical stress may regulate the differ-
entiation of MSCs during their mobilization, recruit-
ment through the circulation, as well as at sites of
vascular injury.

Contribution of MSCs to vasculogenesis

In the adult, new blood vessel growth, known as neo-
vascularization, occurs by two separate mechanisms
using cells from different sources. Either differentiat-
ed vascular cells derived from pre-existing vessels
are utilized, a process known as angiogenesis, or
undifferentiated bone marrow-derived cells are
recruited and incorporated into a growing vessel wall,
a process termed vasculogenesis. While the potent
angiogenic growth factor VEGF is crucial in regulat-
ing both angiogenesis and vasculogenesis, the
mechanisms involved in blood vessel formation are
distinct. During angiogenesis, VEGF activates
endothelial cells in pre-existing blood vessels, induc-
ing local endothelial cell proliferation and migration to
form new blood vessel sprouts, then primitive tubu-
lar-like vascular structures. The nascent vascular
tubes secrete PDGF-BB which induces proliferation
and recruitment of PDGFR�-positive mural cells
(vascular SMCs or pericytes), from vessel walls [41].
The mural cells surround and coat the immature
endothelial tubes, which promotes endothelial cell
survival, stability and maturation, primarily resulting
from mural cell VEGF secretion [101].

In contrast, adult vasculogenesis is similar to
mechanisms occurring during inflammation. Local
tissue hypoxia was determined as the principal stim-
ulus which induces adult vasculogenesis, which was
presumed to be mediated by increased VEGF
release [102]. Elevated VEGF levels create a
chemoattractive gradient, which has been shown to
mobilize bone marrow-derived endothelial progenitor
cells into the circulation [103]. Using a novel murine
model of ischaemia, bone marrow-derived endothe-
lial progenitor cells were recruited into the circulation,
then attracted and arrested to the most severe
ischaemic region, where they egressed into the tis-

sue to form cell clusters and proliferated [102].
Gradients of ischaemia induced the formation of
cord-like vascular structures towards regions of
greatest hypoxia, which formed tubular vessels and
connected to the existing vasculature. Functional
microvessels were shown to increase perfusion in
the injured tissue 2 weeks after injury [102]. Thus,
hypoxia has been shown to be a crucial determinant
for neovascularization, which is most likely mediated,
at least in part, by VEGF concentration gradients.
While the proposed mechanism for adult vasculoge-
nesis was established using bone marrow-derived
VEGF receptor-positive endothelial progenitor cells,
a crucial question is whether VEGF receptor-nega-
tive MSCs are regulated by VEGF induced PDGF
receptor signalling during vasculogenesis.

MSCs during ischaemic myocardial 

tissue regeneration

Myocardial infarction or coronary artery occlusion
induces tissue ischaemia, resulting in the permanent
loss of a proportion of cardiomyocytes. Subsequent
ventricular remodelling produces scar tissue, which
compromises the contractile function of the remain-
ing cells, which may result in ischaemic cardiomy-
opathy. Within the infarcted myocardium, ischaemia
induces a marked increase in VEGF-A expression
[104], which can stimulate the growth of bypass col-
lateral arteries around the injured tissue to improve
blood flow perfusion.

Localized administration of human MSCs into 
the infarcted murine myocardium, resulted in MSC
differentiation towards cardiomyocytes, which
improved cardiac function [105, 106]. Interestingly,
PDGF-AB which stimulates either PDGFR� homod-
imer or heterodimer formation and activation, was
shown to induce the differentiation of adult bone mar-
row-derived cells to cardiomyocytes in the injured
rodent myocardium [44]. Clearly, within an environ-
ment rich in VEGF, a PDGF receptor-mediated MSC
differentiation towards cardiomyocytes, suggests the
involvement of VEGF-A induced PDGF receptor sig-
nalling. Other animal studies have also demonstrated
the potential for MSCs to differentiate into contractile
cardiomyocytes, but in addition, have also shown
MSCs were involved in revascularization of the
injured myocardium [3]. Using a canine model of
myocardial ischaemia, intramyocardial administration
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of MSCs significantly improved myocardial function
with increased vascularity [2]. In this study, the
results suggested that after 60 days, the MSCs had
differentiated towards both vascular SMCs and
endothelial cells, but not cardiomyocytes.
Furthermore, the results indicated MSCs were incor-
porated into the neovasculature. Thus a number of
studies indicate MSC incorporate into vessel walls of
the growing neovasculature during cardiac tissue
regeneration.

Other studies, however, have shown that rather
than MSCs being incorporated into new blood vessel
walls, they promote neovascularization through
paracrine mechanisms. Using a murine model of
hindlimb ischaemia, MSCs were shown to release
arteriogenic factors, such as VEGF, which stimulated
neovascularization from pre-existing arterial vessels
[107]. A number of factors may account for the vari-
able level of MSC incorporation into growing blood
vessel walls, as observed utilizing animal models of
ischaemia. MSC recruitment and differentiation will
undoubtedly depend on the severity of the injury,
which will modulate the composition of the ECM at
the site of tissue damage, as well as the bioavailabil-
ity of growth factors and cytokines. These local envi-
ronmental factors will contribute to regulating the fate
of MSCs, either to cardiomyocytes, incorporation into
vessel walls during vasculogenesis, or as accessory 
cells for angiogenesis. What is clear is that within 
the injured myocardium, VEGF and MSCs 
promote myocardial tissue regeneration, which sug-
gests a potential role for VEGF-A induced PDGF
receptor signalling.

Involvement of MSC during 

tumour vasculogenesis

The formation of tumour blood vessels and associat-
ed connective tissue stroma is regulated by VEGF-A,
which is expressed by the majority of human tumours
[108]. In general, tumours above 1–2 mm  in size
requires a blood supply to provide nutrients and oxy-
gen for growth. As the tumour enlarges there is a
concomitant increase in the level of hypoxia and
VEGF-A expression, which stimulates blood vessel
formation. While some tumours induces a blood sup-
ply by angiogenesis, others also utilize vasculogene-
sis, by recruiting bone marrow-derived cells [109].

As previously discussed, several studies provide

evidence that VEGF-A stimulates the differentiation
of VEGF receptor-negative MSCs towards endothe-
lial cells [72–74]. Moreover, using a murine tumour
model, VEGFR2-negative MSCs were shown to be
actively recruited to areas of neovascularization,
where they differentiated into CD31-positive
endothelial-like cells and increased vascularization
[4]. Furthermore, systemically administered MSCs
have been shown to home to sites of growing
tumours [110, 111]. Murine models of tumour growth
have clearly demonstrated that enhanced VEGF lev-
els promote vasculogenesis, by inducing the mobi-
lization and recruitment of bone marrow-derived cells
to tumour sites [112]. Thus, the recruitment of MSCs
to sites of active tumour neovascularization, together
with their differentiation towards endothelial cells,
would be predicted to involve VEGF-A induced
PDGFR signalling.

Our studies have demonstrated that MSCs pos-
sess inherent vascular SMC characteristics [80, 81],
which together with their ability to secrete VEGF-A
[18], suggests they have the potential to act as mural
cells. Characteristically, most tumour vessels lack or
have abnormal mural cell coverage, which varies
considerably, depending in part on the tumour type
[113]. The efficient recruitment of PDGF receptor-
positive mural cells by tumour vessel-derived PDGF-
BB, is dependent on short-range paracrine signalling
and the formation of an extracellular gradient [114]. A
gradient of extracellular retained PDGF-BB has been
shown to be essential to recruit adequate numbers of
mural cells, as well as promoting efficient vessel wall
integration, necessary for tumour vessel stability
[114]. A relatively low level of mural cell coverage can
provide sufficient VEGF-A to promote stability and
maturation to tumour vessels. Consequently, the effi-
ciency of anti-VEGF therapies to suppress tumour
growth are significantly decreased, thus, mechanisms
which regulate mural cell recruitment to tumour ves-
sels are extremely important. The recruitment of
MSCs to tumour vessels is likely to be influenced by
VEGF-A competitively binding to PDGF receptors.
Our studies have shown that VEGF-A165 localized at
the cell surface can inhibit PDGF-BB-induced MSC
migration [9], while hypoxia stimulates MSCs to
increase VEGF-A secretion. Thus, MSC recruitment
to tumour vessels may be regulated by hypoxia-
induced autocrine VEGF-A165, competing with
tumour vessel-derived paracrine PDGF-BB for PDGF
receptor occupancy. In addition, extracellular
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retained VEGF-A165 and PDGF-BB concentration
gradients may compete. Thus a role for autocrine
VEGF-A in regulating paracrine PDGF signalling is
conceptually appealing, as represented in Fig. 1A.

Tumour blood vessels whether derived by angio-
genesis or vasculogenesis are structurally highly
irregular in shape and size, lacking the defined struc-
tural features of arterioles, capillaries or venules
[115]. Their vascular patterns are haphazard and tor-
tuous, which often terminate prematurely. Increased
VEGF-A expression results in tumour vessels having
a high permeability, which allows fibrinogen to leak
into the extravascular tissue, where fibrin forms a
provisional proangiogenic stroma [108, 116]. Tumour
stroma is similar to the provisional matrix deposited
during wound healing, however, due to the constant
high levels of VEGF-A expression, tumours have
been compared to wounds that do not heal [117].
Furthermore, tumour blood vessels produce base-
ment membranes having a distinct composition to
normal vessels [118]. Thus tumour stroma is quite
different from normal connective tissue, which may
well produce tumour-specific regulation of VEGF-A
bioavailability and modulate PDGF receptor activation.

The contribution of bone marrow-derived cells to
tumour neovascularization in animal models is high-
ly variable, ranging from near to 100% to virtually
negligible [119]. Part of this variation is due to differ-
ences in the experimental tumour models. Implanted
tumours which require an immediate blood supply
show a high variability, whereas tumours that form
spontaneously from a single cell, which are more
representative of human tumours, display a more
consistent requirement for utilizing vasculogenesis
[119]. Moreover, advanced tumours have been
shown to preferentially utilize vasculogenesis to
accommodate the increasing requirement for oxygen
and nutrients [120], however, multiple factors will reg-
ulate the dependency of a particular tumour to utilize
vasculogenesis for a blood supply. Each tumour type
is likely to have a specific environment, such as a
tumour-specific stroma, which will contribute to regu-
lating MSC recruitment and differentiation. It is not
known whether a tumour vasculature emanating
from bone marrow-derived MSC during vasculogen-
esis, is appreciably different from a vasculature orig-
inating from pre-existing vascular cells during angio-
genesis. In this respect, it is tempting to speculate
that a MSC-derived vasculature could present a
potential therapeutic target.

In addition to MSCs contributing to tumour neo-
vascularization, MSCs may also engraft into tumour
lesions and become incorporated into the tumour
stroma [110, 121]. MSCs systemically administered
into a murine tumour model, were shown to localize
and engraft into tumour lesions, where they prolifer-
ated, differentiated into vWF- and CD31-positive
endothelial-like cells and formed a significant fraction
of the tumour stroma [121]. MSC engraftment into
tumour microenvironments forms the basis for their
use as cellular vehicles for the targeted delivery of
anticancer agents to specific tumour sites.
Genetically modified MSCs are now being utilized to
successfully suppress the growth of different types of
tumour in various animal models [122, 123]. Since
tumours secrete high levels of VEGF-A, the recruit-
ment of MSCs, their effective engraftment into
tumour lesions, together with their subsequent prolif-
eration and differentiation, may well involve VEGF-A
induced PDGF receptor signalling.

Summary

While MSC differentiation towards vascular cell line-
ages and their incorporation into a growing vessel
wall is rather ill-defined, their important contribution
to promoting postnatal vascularization during
ischaemic myocardial tissue regeneration and
tumour vasculogenesis is now becoming increasingly
recognized. To therapeutically manipulate MSCs in
these environments, mechanisms regulating their mobi-
lization and recruitment to sites of neovascularization,
as well as their ultimate differentiation to a vascular
cell fate need to be identified. As the potent angio-
genic stimulant VEGF-A is crucial to directing blood
vessel formation, both during physiological and
pathological situations, it is a decisive factor in 
regulating MSC recruitment and fate in the vascular
environment. Our finding that VEGF-A can stimulate
PDGF receptors, expands the mechanisms by which
VEGF can control MSCs during early postnatal ves-
sel formation. Thus, further studies are required to
fully understand how PDGF receptors elicit ligand-
specific biological responses. It is becoming increas-
ingly apparent that PDGF receptor signalling is not
only modified by ligand binding, but is also profound-
ly influenced by the cellular microenvironment.
Identifying mechanisms which regulate VEGF-A
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induced PDGF receptor signalling, will ultimately
facilitate the development of more effective MSC-
based vascular repair and regeneration strategies.
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