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Vascular endothelial growth factors (VEGFs) consist of ﬁve molecules (VEGFA through D as well as placental growth factor) which
are crucial for regulating key cellular and tissue functions. The role of VEGF and its intracellular signaling and downstream
molecular pathways have been thoroughly studied. Activation of VEGF signal transduction can be initiated by the molecules’
binding to two classes of transmembrane receptors: (1) the VEGF tyrosine kinase receptors (VEGF receptors 1 through 3) and
(2) the neuropilins (NRP1 and 2). The involvement of Rho GTPases in modulating VEGFA signaling in both cancer cells and
endothelial cells has also been well established. Additionally, diﬀerent isoforms of Rho GTPases, namely, RhoA, RhoC, and
RhoG, have been shown to regulate VEGF expression as well as blood vessel formation. This review article will explore how Rho
GTPases modulate VEGF signaling and the consequences of such interaction on cancer progression.

1. Introduction
Vascular endothelial growth factors (VEGFs) consist of a
family of ﬁve secreted glycoproteins (VEGFA through D
and placental growth factor) [1]. These members form
complexes with their corresponding VEGF receptors
(VEGFR1 through 3) which then dimerize leading to the
activation of their cytoplasmic tyrosine kinase [2]. This
series of events regulates endothelial cells as well as angiogenesis, which is the branching of preexisting blood vessels
to form new ones. Angiogenesis is a process that is indispensable for embryonic development, growth, regeneration, and
wound healing [3, 4]. Additionally, angiogenesis has been
associated with abnormal functions and pathologies
including arthritis, muscular dystrophy, diabetes, and in
context of this review, tumorigenesis [5, 6]. In cancers,
the angiogenic signals initiate the branching of endothelial
cells (ECs) from preexisting vessels and the formation of
new capillaries which will supply the tumors with the
required nutrients [4]. Literature has shown that the binding of VEGFs to their corresponding receptors is the main
angiogenic stimulus which triggers the formation of new
blood vessels [3, 7]. Other growth factors contribute to

the proliferation and migration of ECs by activating the
phosphatidylinositol 3 kinase (PI3K) pathway as well as
the mitogen-activated protein kinase (MAPK) pathway
[8–10]. In parallel, the regulation of tumors by the action
of the Rho family of GTPases on VEGF signaling has also
been demonstrated [11–13].
The Rho family of GTPases consists of 20 members of
small GTP-binding proteins with molecular sizes ranging
between 20 and 40 KDa [14]. The most well-characterized
members are RhoA, RhoC, Rac1, and Cdc42 [15–18]. Rho
GTPases regulate several biological processes mainly by
remodeling actin and the cytoskeleton [19–21]. Speciﬁcally,
RhoA, RhoC, Rac1, and Cdc42 can regulate endothelial
cell proliferation, polarization, cell-cell adhesion, and
migration, as well as vascular permeability during angiogenesis [11, 13, 22–27].
In this review, we will explore the relationships
between VEGFs, their receptors, and the Rho GTPases,
highlighting the involvement of RhoA, RhoC, and RhoG
in VEGF signaling and the formation of new blood vessels
in cancer. We will also explore how the crosstalk between
VEGF and Rho-related pathways contributes to tumorigenesis and invasion.
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2. Angiogenesis
Angiogenesis is a complex and well-regulated biological phenomenon which involves branching and remodeling [28]. It
is important to distinguish between angiogenesis and vasculogenesis which is a process that takes place during embryonic development and leads to the initial formation of
blood vessels from ancestral endothelial cells (ECs) [29].
The formation of new blood vessels and capillaries from preexisting ones is indispensable for many normal physiological
functions including wound healing and the menstrual cycle
and is commonly deregulated in cancer to supply tumors
with suﬃcient oxygen and nutrients to ensure their survival
and growth [28, 29]. Despite the advancements in surgeries
and the development of diﬀerent therapies, angiogenesis
remains a major challenge and is associated with tumor
aggressiveness and overall higher patient mortality rate.
Tumors initiate angiogenesis by releasing VEGF from tumor
cells which are found in microenvironments with low oxygen
and high interstitial ﬂuid pressure [30]. This process is
coordinated by four steps: (1) the activation of ECs by the
hypoxia-inducible factor (HIF) which is produced in
response to hypoxia or the drop of oxygen levels [28]; (2)
the breakdown of the basement membrane by proteases,
including matrix metalloproteases (MMPs), catheprins, and
plasminogen activators (PAs). This serves as a preparatory
step for the formation of the endothelial tubing. [28]; (3)
the initiation of the endothelial tube formation in response
to the increase in the production of several growth factors following the breakdown of the basement membrane. ECs thus
begin to migrate and multiply on site in response to growth
factors such as VEGF, basic ﬁbroblast growth factor (bFGF),
and platelet-derived growth factor (PDGF) [28, 31]; and (4)
the maturation of the newly formed vessels including the formation of the vascular basement membrane and the recruitment of mesenchymal cells, pericytes, and smooth muscle
cells to the walls of the newly formed tubes. This step confers
the polarity and stability of the capillaries [28].

3. VEGF as an Angiogenic Modulator
VEGF was initially characterized as a mitogen involved in
physiological angiogenesis, namely, vascular angiogenesis
and lymphangiogenesis as well as pathological angiogenesis
and vascular permeability in endothelial cells (ECs) [32,
33]. It is well established that these processes are performed
by VEGFA, which is still often referred to as VEGF. VEGFA
remains the most thoroughly studied factor of the VEGF
family of growth factors which is comprised of VEGFA,
VEGFB, VEGFC, VEGFD, and the placental growth factor
(PIGF). Additionally, these members can have diﬀerent variants generated by alternative splicing. VEGFA variants for
instance include VEGF121, VEGF145, VEGF148, VEGF165,
VEGF183, VEGF189, and VEGF206. These factors and variants are involved in a diverse array of biological functions
and are unique in their expression patterns and receptor
speciﬁcity [34]. In tumors, VEGF is produced by hypoxic
tumor cells, ECs, and inﬁltrating myeloid cells which are
known as the tumor-associated macrophages (TAMs) [35].
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By supplying oxygen and nutrients to the tumors, it is
well established that VEGFA enhances tumor progression
[36, 37]. Speciﬁcally, cancer cell migration, invasion, and
angiogenesis can also be linked to the increase in the expression levels of VEGF [38]. This has thus provided the basis
for the development of therapies which target angiogenesis
in cancer cells by downregulating or inhibiting VEGF
and/or interfering with the corresponding (VEGFRs)
receptors [1, 39].

4. VEGFRs and NRPs
VEGFs induce intracellular signal transduction upon binding
to two types of transmembrane receptors: the VEGF receptors (VEGFRs), which are tyrosine kinase receptors (VEGF
receptors 1, 2, and 3), or the neuropilins (NRPs) (NRP1
and NRP2) [40]. VEGFRs are type 1 transmembrane proteins
that comprise seven extracellular immunoglobulin-like
domains, a transmembrane domain, and a cytoplasmic
region [41]. These receptors were initially thought to be
exclusively expressed in endothelial cells, but their expression
has also been reported in many tumor types. Binding of the
VEGF ligand to the receptor is speciﬁc. For example,
VEGFR2 (also named KDR or Flk-1) which is preferentially
expressed in vascular endothelial cells is responsible for the
transduction of angiogenic signals of VEGFA [41]. Upon
binding, the kinase activity of VEGFR2 autophosphorylates
the tyrosine residues present in the intracellular domain
which in turn activates a cascade of signaling molecules that
include small G proteins (see next section for more details)
[26]. Finally, in endothelial cells, the VEGFR2 receptor is
considered the predominant receptor tyrosine kinase (RTK)
which mediates VEGF signaling and induces angiogenesis
[42]. The other VEGF receptors are less studied. Nevertheless, researchers have shown that VEGFR1 is signiﬁcantly
overexpressed in distant metastatic ovarian cancer which
suggests an important role for the VEGFA/VEGFR1 signaling in the tumor’s ability to spread [43]. This was in line
with results reported by Dang et al. which showed that
increased VEGFR1 expression is associated with poorer
levels of progression-free survival and overall lower survival
in patients with cervical cancer [44]. Mechanistically, one
study demonstrated that VEGF-B/VEGFR1 signaling stimulates the MAPK/ERK pathway in pancreatic carcinoma
cell lines [45]. Similarly, VEGFR3 overexpression and
activation in diﬀerent cancers support its role in cancer
pathogenesis. VEGFR3 overexpression for example has
been observed in the vascular endothelial cells of breast
cancer-associated blood vessels [46]. In addition, VEGFC/VEGFR3 signaling pathway overexpression and overactivation were also reported in colorectal cancer where it was
thought to facilitate tumor growth as well as confer the cells
the ability to escape the immune system [47]. Alternatively,
research has provided signiﬁcant evidence showing that
tumor cells can be induced by VEGF signals in paracrine
and autocrine manners that were independent of the
VEGFRs. This inferred the presence of other classes of
receptors involved in VEGF signaling and consequently
led to the discovery of the NRPs. Like the VEGFR, NRPs
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are now recognized VEGF receptors that contribute to
tumor initiation and progression [42, 48–50].
NRP1 and NRP2 are VEGFR receptors which are
expressed in vertebrates. Both transmembrane glycoproteins
share 44% similarity in terms of their amino acid composition. Unlike VEGFRs, these receptors are comprised of four
distinct extracellular domains that are involved in ligand
binding as well as a short cytoplasmic domain that does not
exhibit any known catalytic activity [51–54]. Several secreted
and soluble isoforms of the NRPs as well as NRP2 variants
that display diﬀerences in their cytoplasmic domains are also
generated by alternative splicing [54]. Initially, as the name
suggests, NRPs were recognized for the functions they exert
during the development of the nervous system where they
act as receptors for factors involved in axonal guidance
(the semaphorins) [55, 56]. NRPs lack the innate capacity
for signaling and therefore can only act as coreceptors.
Contingently, in neuronal development, NRPs associate
with plexins in order to function as semaphoring receptors
[57, 58]. Plexins then induce neuronal development by regulation of the guanosine triphosphates (GTPases). VEGF
receptor NRPs are expressed on the surface of many tumor
cells [50]. Mechanistically, NRPs form complexes with
VEGFR1 and VEGFR2 thereby enhancing the receptor’s
aﬃnity to VEGF and modulating downstream pathways
which are of signiﬁcant importance for tumor survival
and progression [59].

5. Rho GTPases
Rho GTPases are small monomeric GTP-binding proteins
that were discovered in 1981. The Rho family of GTPases
comprises 20 homologues of Rho whose molecular masses
range between 20 and 40 kDa [15, 60–62].
These molecules are conserved in plants, mammals, and
yeast and belong to the Ras super family whose members
share a homology domain [15, 22, 63]. The most studied
Rho GTPases are RhoA, RhoC, RhoG, Cdc42, and Rac1. This
family regulates diﬀerent processes including cell growth, differentiation, apoptosis, cell cycle, and gene transcription as
well as cell migration and the actin cytoskeleton [15, 60,
62]. Rho GTPases alternate between an active state in which
they bind GTP and an inactive state in which they bind GDP
[15, 63, 64]. This process is mediated by GTPase-activating
proteins (GAPs) which stimulate the innate GTPase activity
of GTPases and guanine exchange factors (GEFs) which are
phosphatidylinositide 3-kinase- (PI3K-) dependent kinases
responsible for the transfer of GTP [15, 63, 65]. Rho GTPases
regulate cell motility by modulating the actin cytoskeleton
and thus play a critical role in cancer cell migration, invasion,
and metastasis [62, 66]. Cdc42, for instance, maintains cell
polarity and modulates the actin cytoskeleton in a way
which will determine cell movement direction during chemotaxis [67]. Cdc42 can also play also a role in the Racdependent formation of lamellipodia, which is initiated
by Rac activation of the Arp2/3 complex [17–19, 68]. After
the formation of the lamellipodia, Rac stabilizes the newly
formed extensions by modulating the extracellular matrix,
speciﬁcally, the focal complexes [69]. The contractility of
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the focal complexes is indispensable for cell motility and
is mediated by RhoA which also enables the maturation
of these complexes [70].
The activation of RhoA has been associated with cancer
cell proliferation, progression, and metastasis via the RhoARho-associated protein kinase (ROCK) signaling pathway
[71, 72]. This activation is triggered by the binding of cancer
cells to the extracellular matrix (ECM) which results in a
RhoA-dependent actin recruitment and the formation of
nascent adhesions and eventually focal complexes [73–75].
Rac1 upregulation is required for strengthening the adhesion of cancer cells to the ECM [76]. Rac1 suppression however, along with RhoA increased expression levels, also
known as the switch between Rac1 and RhoA activation then
leads to the separation of the cells from the ECM. This switch
thus stimulates cell migration and contributes to cancer progression [77, 78]. RhoA further increases cell invasion by
upregulating MMP expression levels [79].
Our lab has further demonstrated that targeting the MAP
kinase pathway in astrocytoma cells by using a recombinant
anthrax lethal toxin inhibits cell motility and invasion by
deregulating the Rho GTPases. In this context, cells treated
with the toxin revealed a higher density of stress ﬁbers,
potentially indicating an increase in the activity of RhoA
[80]. Upon inspection, treated cells did in fact exhibit a
higher expression of activated RhoA as well as a higher tendency to adhere properly [80].
RhoB, known for its tumor suppressor role and apoptosis
triggering ability in various cancer cell types, can also regulate cell adhesion and migration by modulating the expression levels of the cell surface integrin β1 protein [81–83].
Given their important role in cell migration and adhesion,
both RhoA and RhoB expression levels were found to
decrease as the cells become more malignant [84]. The correlation between the reduction in the levels of integrins and the
increased cell migration further highlighted the importance
of RhoB regulation of integrin traﬃcking as a mechanism
for controlling cell migration [85].
RhoG also plays a major role in maintaining cell polarity
and regulating invasion and migration. This molecule can be
activated by the epithelial growth factor (EGF) and hepatocyte growth factor (HGF) and contributes to the formation
of lamellipodia and invadopodia [86]. A study has further
shown that the RhoG/Rac1 signaling pathway is required
for increasing the invasion and migration of salivary adenoid
cystic carcinoma [87].
Cdc42 regulation of cell migration and invasion can be
very similar to that of Rac1. Indeed, both proteins are activated in the same manner by binding to common GEFs.
Upregulated Cdc42 activation and expression levels have
thus been linked to increased cancer cell motility and invasiveness and an overall lower survival rate [88].

6. Contribution of Rho GTPases in
VEGF Signaling
Angiogenesis can occur in a Rho GTPase-dependent manner
when VEGF expression levels are modulated by the diﬀerent
members of the Rho family of GTPases. This was observed
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Figure 1: VEGF expression is regulated by Rho GTPases in cancer cells. RhoA, RhoC, and PI3K are involved in VEGF expression in cancer
cells leading to angiogenesis and migration. Downregulation of VEGF during hypoxia is due to the overexpression of StarD13 (Rho GAP)
which inhibits the activity of Rho A, RhoC, and PI3K.

for example in hepatocellular carcinoma cells where RhoC
knockdown reduced the expression of levels of VEGF as well
as decreased angiogenesis [13].
Similarly, our lab has demonstrated that the knocking
down of RhoC and RhoA in astrocytoma cells decreases
the expression levels of VEGF by approximately 25% and
40%, respectively [89]. This highlights the dependence of
VEGF expression on both RhoA and RhoC expression
levels. After performing tube formation assays and western
blots, we further determined that the aforementioned
knockdowns prevented angiogenesis. Finally, we proved
that RhoA and RhoC induced angiogenesis by increasing
VEGF expression [89].
This was further validated by another study performed
in our lab as well. Using pharmacological inhibitors against
ERK and PI3K as well as knocking down RhoA and RhoC,
we found that ERK and the PI3K/RhoA and RhoC pathway
cooperation is required for increasing VEGF expression
levels, downstream from EGF. Hypoxia also led to a surprising decrease in the activation of PI3K and RhoA and
RhoC. Finally, we showed that the decrease in the activation of RhoA and RhoC GTPases is mediated by a
hypoxia-driven overexpression of the StarD13 Rho GAP
(Figure 1) [90].
Zhao et al. proved that the upregulation of RhoC in
esophageal squamous cell carcinoma could potentially
increase the expression of VEGF and hence stimulate tumor
invasion and metastasis [91]. The unusual expression of RhoC
in ovarian cancer cells further regulated the epithelial-tomesenchymal transition (EMT) mediated by VEGF and
TGFβ1 signaling [92]. As expected, RhoC overexpression
was thus correlated with an increase in metastasis and invasion in bladder cancer [93]. Collectively, these studies and
many more demonstrated how the abnormal RhoC expression

in multiple cancer cell types contributes to the invasiveness
and metastatic ability of cancer cells through VEGF signaling.
In addition, our lab also provided evidence for a direct
modulation of tube formation by Rho GTPases. Speciﬁcally,
our data revealed that RhoG and Rac1 positively regulate
tube formation. Mechanistically, this involved RhoG activation of Rac1 and involved Cdc42 activation, which in turn
led to increased tube formation in an ERK-dependent manner (Figure 2) [89].
Other groups have also demonstrated diﬀerent GTPaseangiogenesis crosstalk mechanisms in cancer cells. For
instance, one study revealed that the VEGFA-VEGFR2 axis
regulates RhoA, Rac1, and Cdc42 activation [26]. Rac1 also
stimulated vascular permeability and cell migration induced
by VEGFA [94]. In addition, Rac1 was also involved in the
control of the generation of ROS (reactive oxygen species)
in a VEGFA-dependent manner [25]. Indeed, phosphorylation by VEGFA resulted in Rac1 forming a complex with
the Ras GTPase-activating-like protein 1 (IQGAP1)
(Figure 3). Then, the complex stimulated the production
of ROS. Rac1 is stabilized by being in the complex, which
in turn increased the concentration of Rac1 GTP-bound
form [95]. Altogether, this emphasized Rac1’s role as a
central molecule, which regulates endothelial cell proliferation, migration, permeability, angiogenesis, and lamellipodia formation at the leading edge of cells, which remains
the most important role played by a Rho GTPase in
migration [96].
With the same mechanisms described above, VEGFR2stimulated Rac1, RhoA, and Cdc42 activation occurs in
endothelial cells. Brieﬂy, VEGFR2 activated Rac1 by inducing
the formation of a complex between Rac1 and its GEF Vav2
through the phosphorylation of Vav2 by the protooncogene
tyrosine-protein kinase (Src) [97]. Cdc42 activation was
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Figure 3: Regulation of cancer hallmarks by the crosstalk between VEGF and Rho GTPase signaling pathways. The formation of cytoplasmic
structures, cell migration, invasion, EMT, ROS production, and cell proliferation can be modulated by binding of VEGFA, VEGFB, or VEGFC
to their corresponding VEGFR or NRP receptors. VEGFC interacts with Rho GTPases to upregulate Src and p38 MAP kinase activity.
VEGFA and VEGFB modulation of cancer hallmarks involves the activation of Rho GTPases and their downstream eﬀectors (ROCK,
mDia, and p27) as well as the MAPK pathway.

mediated by phosphorylation of Tyr1214 on VEGFR2 [97].
This pathway enables actin remodeling speciﬁcally in the formation of ﬁlopodia as well as the development of vascular
vessels (Figure 2) [97].

Downstream of VEGFA and VEGFR-2, RhoA also contributes to VEGF-induced hyperpermeability in the endothelium [98]. VEGFR2 activates Src, which in turn induces the
activation of RhoA to cause stress ﬁber formation [99].
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Other eﬀects mediated by RhoA downstream of VEGF
include endothelial cell assembly into precapillary cords, as
well as increased actomyosin contractility and endothelial
cell migration [100].

7. Interactions between VEGF and Rho-Related
Pathways in Cancer Cells
Cancer metastasis depends on the tumor cell’s ability to
migrate and invade their surrounding niche. Cells can
migrate in an amoeboid or mesenchymal manner. Rho
GTPases play an important role in determining how tumor
cells will migrate. Speciﬁcally, RhoA will favor amoeboid
migration, while mesenchymal migration will depend on
the action of Rac (Sanz-Moreno, [101]). Cdc42 can contribute to both amoeboid or mesenchymal cell migration,
depending on the pathway activating it (Gadea, [102]). As
previously described, VEGFA enhances angiogenesis and
permeability in newly formed vasculature, and VEGFA activation remains highly regulated by Rho GTPases. Several disorders including the diabetic retinopathy and the macular
degeneration are characterized by hyperpermeability and
upregulated angiogenesis. In line with these observations,
both VEGFA and Rho-related signal inhibitors have been
therapeutically explored to counter disease progression
[103, 104]. VEGFA and Rho signaling deregulation also promotes cancer progression and metastasis [105–110]. Many
researchers have thus shown interest in the therapeutic
potential of targeting Rho GTPase signaling and VEGF
crosstalk, especially the Rho GTPase signaling and VEGFA
crosstalk. However, other VEGFs are tightly regulated by
the Rho-related signaling pathways and can thus constitute
valuable targets (Figure 3). Both VEGFB and VEGFA stimulate ERK and c-Jun N-terminal kinase (JNK) translocation of
p65 to the nucleus, thus promoting colorectal carcinoma cell
invasion and metastasis as well as EMT [106] [111]. Similarly, VEGFC binding to its VEGFR3 receptor has also promoted cell motility and cancer invasiveness in diﬀerent
cancer models [112]. VEGFC interaction with Rho GTPases
led to the upregulation of Src and p38 MAP kinase activity.
This was also inﬂuenced by VEGFA [113, 114]. Altogether,
this conﬁrms the role of the VEGF-Rho GTPase crosstalk
in promoting cancer cell migration and invasiveness. Furthermore, Rho-related signals are also inﬂuenced by NRPs
and can implicate the activation of VEGFA [115, 116]. This
was observed in renal and breast cancer cells, where the overexpression of NRP1 enhanced the Ras/ERK signaling pathway [117] as well as in pancreatic cells which consequently
became resistant to chemotherapy [118]. Additionally, studies have demonstrated ERK1/2 phosphorylation in response
to the interactions between PIGF and NRP1 and result in
tumor growth and spread [119]. This further conﬁrmed the
involvement of NRPs in tumorigenesis and tumor progression which are regulated by Rho-related signaling pathways.
Similarly, the absence of the expression of VEGFR1 and
VEGFR2 in skin and prostate cancer cells as well glioblastoma supports the model according to which VEGFA
binding to NRP1 induces Rho signal activation [120].
Researchers have also elucidated that binding of VEGFA to
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NRP1 leads to the receptor interaction with GIPC1, a scaﬀold
protein and subsequent formation of a complex with the
RhoA GEF Syx (Figure 3). This interaction consequently
increases the expression levels of active GTP-bound forms
of RhoA. Then, activated RhoA degrades p27kip1 and promotes cell proliferation. It is worth mentioning that GIPC1
antiapoptotic eﬀects have been observed in breast and colorectal cancer cells [121]. Furthermore, the interaction
between GIPC1 and MyoGEF, which is also a RhoA GEF,
has been implicated in the activation of RhoA as well as
breast cancer invasion [122]. Finally, the eﬀectors of RhoA,
ROCK, and mDia1 promote EMT by modulating actin
polymerization (Figure 3). This results in tumor invasion
through the dissociation of cell junctions [123, 124]. Altogether, this data suggests that the interactions between
VEGFA and RhoA pathways could serve as promising targets for novel therapies.

8. Conclusion
The Rho GTPases are among the most important molecules for signal transduction in cancer cells. They regulate
cytoskeleton remodeling, proliferation, and migration
among others. VEGF controls angiogenesis and vascular
permeability of endothelial cells and acts downstream of
Rho GTPase-related signaling. Our lab has emphasized
the roles of Rho GTPases, namely, RhoA, RhoC, and
RhoG, in the regulation of angiogenesis by modulating
the expression of VEGF or regulating tube formation
[89, 90] Other groups have also described a mechanism
whereby VEGF receptor interaction with VEGF and VEGF
and GEF crosstalk regulate the expression level as well as
activity of Rac1 and activate Cdc42. Altogether, this controls the formation of ﬁlopodia as well as that of the vascular vessels [97]. Moreover, we described in detail how
VEGF also activates RhoA, Rac1, and Cdc42 contributing
thus to tumor motility and invasion. Finally, we noticed
the complexity and interconnectedness between VEGF
and Rho-related pathways which beneﬁt cancer cells in
multiple aspects which include but are not limited to
angiogenesis, migration, and invasion. Due to the complications associated with the untargeted cancer therapies
(chemo- and radiotherapy), approaches targeting speciﬁc
characteristics and pathways of tumors must be explored
[80, 125–129]. Therefore, targeting these interaction factors that are produced and secreted by the tumor cells
might exhibit promising therapeutic potential.
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