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Abstract: Vascular endothelial growth factors (VEGFs) include five molecules (VEGF-A, -B, -C, -D,
and placental growth factor), and have various roles that crucially regulate cellular functions in many
kinds of cells and tissues. Intracellular signal transduction induced by VEGFs has been extensively
studied and is usually initiated by their binding to two classes of transmembrane receptors: receptor
tyrosine kinase VEGF receptors (VEGF receptor-1, -2 and -3) and neuropilins (NRP1 and NRP2).
In addition to many established results reported by other research groups, we have previously
identified small G proteins, especially Ras homologue gene (Rho) and Ras-related protein (Rap),
as important mediators of VEGF-A-stimulated signaling in cancer cells as well as endothelial cells.
This review article describes the VEGF-A-induced signaling pathways underlying diverse cellular
functions, including cell proliferation, migration, and angiogenesis, and the involvement of Rho, Rap,
and their related molecules in these pathways.

Keywords: angiogenesis; cell adhesion; cell migration; cell proliferation; growth factor; small G
protein; tumor progression

1. Introduction

Vascular endothelial growth factors (VEGFs) are secreted glycoproteins. There are five VEGF
family members in mammals: VEGF-A through D, and placental growth factor (PlGF) [1]. The three
distinct VEGF receptors (1 through 3) harbor tyrosine kinase activity in their cytoplasmic regions [2].
The binding of VEGF to a receptor induces receptor dimerization and kinase activation, resulting in the
transduction of signals that direct endothelial cell functions. In particular, VEGF-A plays an important
role in embryonic vascular development as a regulator of both vasculogenesis and angiogenesis.
Vegf-a knockout mice show embryonic lethality between E10 and E11 with immature blood vessel
formation [3,4]. Even disruption of a single Vegf-a allele in mice results in embryonic lethality between
E11 and E12, indicating that the local concentration of VEGF-A in the embryo has to be tightly regulated
for proper angiogenesis. In adults, overexpression of VEGF-A enhances tumor progression by supplying
oxygen and nutrients to tumor cells via the newly generated blood vessels [5,6].

VEGF receptors are type I transmembrane proteins that have an extracellular region with
seven immunoglobulin-like domains, one transmembrane domain, and a cytoplasmic region. One of
the receptors, VEGF receptor-2 (also named KDR or Flk-1), is preferentially expressed in vascular
endothelial cells and transduces various angiogenic signals in response to VEGF-A [7]. After VEGF-A
binding, VEGF receptor-2 kinase activity is induced to autophosphorylate tyrosine residues in the
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intracellular domain. This reaction triggers angiogenic signals, activating a cascade of signaling
molecules, including small G proteins [8]. Small G proteins, with masses of 21 to 30 kDa, are monomeric
guanine nucleotide-binding proteins. Generally, they stimulate their downstream targets when bound
to GTP, but are inactive when bound to GDP [9]. Various small G proteins participate in the events
associated with physiological angiogenesis and vascular diseases [10].

In this review, we introduce the functional relationships among VEGF-A, its receptor, and small G
proteins. There are more than 150 small G proteins [11], of which we focus on the Ras homologue gene
(Rho) and Ras-related protein (Rap) families. The activation of Rho and Rap is regulated by VEGF-A
stimulation to exert diverse cellular functions, including migration and proliferation. Understanding
the molecular mechanisms that have been revealed by recent research in the field of VEGF-A and
small G proteins could be useful for developing novel therapeutics against diseases, such as cancer
and cardiovascular disorders.

2. Relationship between VEGF-A–VEGF Receptor-2 Signaling and Rho Family Small G Proteins
in Endothelial Cells

Among the VEGF receptors, VEGF receptor-2 is considered to be the major mediator of VEGF-A
signaling in endothelial cells, and regulates cell proliferation, survival, migration, and permeability [12].
The intracellular signaling pathways downstream of VEGF receptor-2 have been well studied. VEGF
receptor-2 impacts on the Raf–extracellular signal-regulated kinase (ERK) pathway to regulate cell
proliferation [13]. VEGF receptor-2 also activates phosphoinositide-3 (PI3) kinase, which increases
the production of phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Increased PIP3 contributes to
the activation of Akt for cell survival [14], and of endothelial nitric oxide synthase (eNOS) for
NO generation and vascular permeability [15]. Phospholipase Cγ binds to phosphorylated Tyr1175
(Tyr1173 in the mouse) of VEGF receptor-2 and mediates the receptor-induced activation of protein
kinase C by generation of diacylglycerol and inositol (1,4,5)-trisphosphate, increasing the concentration
of intracellular Ca2+ [16]. Other signaling molecules, including p38 mitogen-activated protein (MAP)
kinase, focal adhesion kinase, and Src, are activated by VEGF-A and contribute to angiogenesis in
endothelial cells [17–19]. The regulation and function of these signaling pathways are directly or
indirectly associated with small G proteins [20–23].

The VEGF-A–VEGF receptor-2 axis regulates the activation of Rho family members, such as RhoA,
Rac1, and Cdc42 [8,24,25]. Rac1 is implicated in regulating VEGF-A-induced vascular permeability
and cell migration [26]. Because Rac1 acts together with components of NADPH oxidase, it also
controls the generation of reactive oxygen species (ROS) by VEGF-A [27,28]. VEGF-A promotes the
phosphorylation of IQGAP1, which forms a complex with Rac1 to stimulate ROS production and
enhance endothelial cell migration and proliferation. IQGAP1 bound to activated Rac1 stabilizes it
and increases the GTP-bound active form of Rac1 [29]. Conditional knockout of Rac1 under control of
the Tie-2 promoter in mice causes embryonic lethality with severe defects in the development of major
blood vessels [30]. These results suggest that Rac1 plays a central role in endothelial cell proliferation,
migration, permeability, and angiogenesis in response to VEGF-A.

Phosphorylation of Tyr1214 (Tyr1212 in the mouse) in VEGF receptor-2 has been implicated in
VEGF-induced actin remodeling through activation of Cdc42, which is a major regulator of filopodium
formation [31]. Human microvascular endothelial cells overexpressing Cdc42GAP, a suppressor of
Cdc42, show reduced tubule-forming capacity, whereas knockdown of Cdc42GAP increases tube
formation [32]. Mice with Tie2-driven endothelium-specific knockout of Cdc42 do not survive to birth
because of impaired vessel formation [33,34]. As a molecule downstream of VEGF-A, Cdc42 seems to
be important for the development of vascular vessels.

Similar to Rac1 and Cdc42, RhoA plays an essential role in vascular endothelial cell functions
downstream of VEGF-A and VEGF receptor-2. RhoA and its effector, Rho kinase (ROCK),
attenuate endothelial barrier function by regulating myosin light chain (MLC) phosphorylation
via MLC phosphatase [25]. RhoA activation contributes to VEGF-induced hyperpermeability in
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the endothelium [35]. This is a result of the destabilization of endothelial junctional proteins,
such as VE-cadherin. After being activated by VEGF-A through VEGF receptor-2, Src phosphorylates
VE-cadherin, weakening its adhesion activity [36]. In parallel, activated Src induces the activation of
RhoA to cause actin bundle rearrangement (stress fiber formation), which robustly increases contractile
force, resulting in the retraction (shrinkage) of endothelial cells and the disruption of intercellular
junctions. Principal junctional apparatuses in endothelial cells are adherens junctions and tight
junctions. Adherens junctions are fundamental organizers of cell–cell adhesion complexes, including
VE-cadherin. The formation of tight junctions usually occurs after the organization of adherens
junctions, although clear separation of adherens junctions from tight junctions is not observed in
endothelial cells unlike in epithelial cells [37,38]. This is probably due to the difference of cell height
between endothelial cells and epithelial cells, especially columnar epithelial cells in the intestine.
Because of the mixed existence of adherens and tight junctional structures at the intercellular interface
in endothelial cells, obvious alterations of junctional components or disturbance of topology of the
endothelial layer is difficult to detect in the course of VEGF-induced permeability. This may be different
from the recent results observed in some distinct types of epithelial barrier dysfunction [39].

The formation of stress fibers to facilitate cellular contraction is also crucial for endothelial cell
migration. This phenomenon is tightly regulated by VEGF-A–VEGF receptor-2-induced activation
of the RhoA pathway [40]. Furthermore, activation of RhoA by VEGF-A increases the degradation
of p27kip1, a cyclin-dependent kinase inhibitor, in the G1 phase of endothelial cells, resulting in the
promotion of cell cycling and proliferation [41]. The assembly of actin fibers for the formation of
contractile ring is important for constricting and dividing the cell to produce two daughter cells.
Inhibition of RhoA prevents the actin fiber assembly [42]. These results imply a contribution of RhoA
to VEGF-A-initiated proliferative signals.

3. Pathological Implications of VEGF-A-Induced Rho Activation

As described above, VEGF-A enhances angiogenesis and permeability in the vasculature at least
partly through the activation of Rho. Hyperpermeability and angiogenesis are major characteristics of
vitreoretinal diseases, including diabetic retinopathy and age-related macular degeneration. VEGF-A
and Rho-related signals are considered to play a role in these diseases, because anti-VEGF-A therapy
and ROCK inhibitors are effective in preventing their progression [43,44]. Furthermore, several
lines of evidence suggest that VEGF-A-initiated signaling to Rho in tumor cells is involved in the
promotion of tumor growth and metastasis formation [45–47]. Such signaling pathways, in turn,
regulate the expression of VEGF-A in tumor cells [48,49]. In addition to VEGF-A, other VEGFs activate
Rho-related signals in tumor cells. VEGF-B as well as VEGF-A promote the migration and invasion
of colorectal carcinoma cells through VEGF receptor-1 (also named Flt-1) by stimulating ERK as well
as c-jun N-terminal kinase to translocate p65, a subunit of nuclear factor-κB, into the nucleus [50].
The signal also sustains the survival of colorectal carcinoma cells and induces epithelial–mesenchymal
transition [51]. VEGF-C, another member of the VEGF family, enhances the mobility and invasiveness
of several types of cancer cells through VEGF receptor-3 [52]. The VEGF-C–VEGF receptor-3-mediated
signal up-regulates Src and p38 MAP kinase activity, which is also elevated by VEGF-A [53,54].
Based on these findings, signaling pathways stimulated by different VEGFs seem to converge inside
cancer cells to enhance their migration and invasiveness.

Besides VEGF receptors, neuropilins (NRP1 and NRP2) act as receptors for VEGF-A, but do not
have tyrosine kinase activity. The cytoplasmic regions of NRP1 and NRP2 consist of only 44 and 42 amino
acids, respectively. NRPs are expressed in cancer cells and contribute to tumor progression [55,56]. NRP1
is strongly expressed in lung, brain, colon, ovarian, and prostate cancers, and this strong expression
correlates with poor patient prognosis [57]. VEGF receptor-2 and -3 are hardly expressed in human
primary solid cancer cells [58], while the expression level of VEGF receptor-1 varies in cancer cell
types [59–61]. Thus, in cancer cells, VEGF-A seems to bind mainly to NRP1 for its signal transduction if
VEGF receptor-1 expression is low. Inhibition of NRP1 by a blocking antibody prevents tumor growth
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increased by VEGF-A in a mouse model, suppresses mammosphere formation by breast cancer stem-like
cells, and impairs the invasion of glioblastoma [62–64]. Rho-related signals are reportedly regulated by
NRPs in a VEGF-A-dependent and/or -independent manner [65,66]. VEGF-A activates Akt through
NRP1 by an autocrine mechanism to promote breast cancer cell survival [67]. Overexpression of NRP1
in renal or breast cancer cells enhances the Ras/ERK signaling [68], and that in pancreatic cancer cells
induces chemoresistance [69]. PlGF also induces ERK1/2 phosphorylation through NRP1 and causes
tumor growth and spread in medulloblastoma [70]. These lines of evidence indicate that NRPs play
important roles in tumorigenesis and tumor progression through Rho-related signaling pathways.

Extending the above data, we have recently identified the molecular mechanism of
VEGF-A-induced RhoA activation for the proliferation of skin cancer, prostate cancer, and glioblastoma
cells (Figure 1) [61]. Because the expression of VEGF receptors (both VEGF receptor-1 and -2) is almost
absent in these cancer cells, the mechanism mainly depends on NRP1. When VEGF-A binds to NRP1,
it facilitates the interaction of NRP1 with GIPC1, a scaffold protein. The assembly of a molecular
complex of GIPC1 and Syx, a guanine nucleotide exchange factor (GEF) for RhoA, is then enhanced,
leading to an increase in the GTP-bound active form of RhoA. This is the first demonstration that the
activation of RhoA is induced by NRP1 alone in cancer cells, although RhoA in endothelial cells has
been reported to be activated specifically by NRP1 through the Gq and PI3 kinase pathway for cell
migration [71]. Activated RhoA contributes to the degradation of p27kip1 to promote cell proliferation.
This RhoA activation signal is not affected by Rho-related signaling molecules, such as MAP kinases
and Akt. There have been several studies that investigate the role of GIPC1 and Syx in cancer cells.
GIPC1 has anti-apoptotic effects in human breast and colorectal cancer cells [72], and the interaction
of GIPC1 with MyoGEF, a GEF for RhoA, activates RhoA and promotes breast cancer invasion [73].
Syx controls the spatiotemporal regulation of mDia1 and ROCK activities through RhoA in migrating
glioblastoma multiforme (U251) and mammary grand tumor (Hs578T) cells [74]. Maintenance of
epithelial cell polarity and the epithelial barrier at cell–cell junctions relies on the spatial organization
of the actin cytoskeleton and proper positioning/assembly of intercellular junction complexes [39].
However, in tumor cells, epithelial–mesenchymal transition, which is a typical morphological change
associated with the loss of cell polarity, often occurs together with RhoA activation [75]. The effectors
of RhoA, ROCK, and mDia1 promote this effect through enhanced actin polymerization, resulting in
the dissociation of cell junctions to induce tumor invasion.

Figure 1. VEGF-A-initiated RhoA activation through NRP1 for cancer cell proliferation. After the
binding of VEGF-A to NRP1, assembly of NRP1 occurs, resulting in increased GIPC1–Syx complex
formation. RhoA is activated by Syx, a GEF for RhoA. Degradation of p27kip1 by activated RhoA
contributes to the proliferation of cancer cells.
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In a tumor microenvironment, the exposure of endothelial cells to a high level of VEGF-A alters
RhoGEF expression profiles [76]. Tumor-derived capillary endothelial cells harbor a high level of
active RhoA and ROCK to exhibit aberrant vessel formation through mechanosensing abnormalities
at the interface between endothelial cells and the extracellular matrix [77]. This suggests that the
VEGF-A–RhoA pathway is a promising target for anticancer therapy. Diffuse-type gastric carcinomas
reportedly possess mutations at Arg5, Gly17, and Tyr42 of RhoA, which cause RhoA gain-of-function
and a poor prognosis [78,79]. Inhibition of NRP1 expression by miRNA-338 attenuates gastric cancer
cell growth, migration, and invasion by blocking activation of the Rho-related molecules, ERK and
p38 MAP kinase [80], suggesting the potential of the miRNA for antitumor therapeutics.

4. VEGF-A-Induced Functions of Rap in Angiogenesis

Similar to Rho, Rap is highly evolutionarily conserved with Ras [11]. Although the Rap subfamily
includes Rap1 (Rap1a and Rap1b) and Rap2 (Rap2a, Rap2b and Rap2c) [81], we discuss only Rap1 in
this article. The Rap1 signaling machinery relies on organism/species-specific effectors to regulate
various cellular events [82]. Two isoforms of Rap1 protein have been identified: Rap1a and Rap1b.
They share 95% amino acid identity, although they are encoded by two separate genes, RAP1A,
and RAP1B [83]. Despite its name, the biological roles of Rap1 are considered to be independent of
Ras signaling, owing to the availability of a distinct set of Rap1 regulatory and effector proteins [83].
Rap1 is involved in various cellular processes, including the organization of intercellular adhesion
complexes, and cell proliferation, migration, and polarity [84–86]. Activated by GEFs, Rap1 forms
“signalosomes” that mediate a broad range of physiological functions in the cardiovascular, nervous,
endocrine, and respiratory systems [87].

Rap1 is of vital importance in angiogenesis. Genetic studies show that the deletion of either Rap1a
or Rap1b in mice leads to partial embryonic lethality and defective angiogenic responses in surviving
animals [88–92]. Rap1 functions downstream of the main angiogenic growth-controlling receptors
in endothelial cells: fibroblast growth factor (FGF) receptor-1, VEGF receptor-2, and sphingosine
1-phosphate (S1P) receptors [92,93]. In addition, Rap1 exerts upstream effects on VEGF receptor-2 by
promoting its activation through integrin αvβ3, a molecule that is also required for VEGF-induced
angiogenesis [94,95]. Rap1, in an isoform-specific manner, is also capable of regulating endothelial
barrier permeability by VEGF stimulation [96]. The importance of Rap1 in angiogenic signaling
related to VEGF, FGF, and S1P has been unequivocally confirmed, and Rap1 activation by various
GEFs has been reported. However, the exact mechanisms of Rap1 regulation through the above
angiogenic receptors have not yet been completely identified. Until recently, moreover, Rap1 effectors
in angiogenic growth of the endothelium have been poorly understood.

We have identified Rap1-related signaling events in VEGF-A- and S1P-induced angiogenic
growth (Figure 2) [93]. In human umbilical vein endothelial cells (HUVECs), VEGF-A and/or S1P
activate Rap1. This enhances interaction with afadin, an actin-binding adaptor protein having diverse
cardiovascular functions [97–99]. The interaction alters the cellular localization of afadin, recruiting
this molecule to the plasma membrane to interact with VEGF receptor-2. In polarized HUVECs, Rap1,
C3G (a GEF for Rap1), afadin, and VEGF receptor-2 or S1P receptor colocalize at the leading edge
of the cells, promoting cell migration, proliferation, and capillary-like network formation. These
cellular events are mediated by organized localization of the cell adhesion molecules, VE-cadherin,
claudin-5, nectin-2, and junctional adhesion molecule-A together with cortical F-actin. In HUVECs,
Rap1 and afadin specifically control Akt/eNOS phosphorylation related to the VEGF-A or S1P
angiogenic pathway [100,101], but not to ERK1/2 or p38 MAP kinase. More precisely, Rap1 and
afadin facilitate interaction of the p85 regulatory subunit of PI3 kinase with VEGF receptor-2 for PI3
kinase activation. PI3 kinase is a key mediator of Akt-related VEGF-A- or S1P-induced angiogenic
growth [102,103]. Taken together, these data suggest that mutual collaboration between GTP-bound
Rap1 and afadin downstream of activated VEGF receptor-2 and S1P receptor regulates endothelial cell
growth, migration, proliferation, and tubule formation by triggering Akt/eNOS signaling. An in vivo
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study using Rap1 knockout mice demonstrates that Rap1 increases newly formed vessels and blood
perfusion during the revascularization phase of ischemic muscle injury induced by arterial ligation [88].

Figure 2. Angiogenic growth induced by VEGF-A or S1P in vascular endothelial cells. VEGF-A and S1P
activate Rap1 through a Rap1-GEF C3G by binding to their cognate receptors. Activated Rap1 interacts
with afadin, an adaptor protein, and recruits afadin and PI3 kinase to the plasma membrane of the
leading edge, where VEGF receptor-2 associates with these molecules. Akt and eNOS are then activated,
enhancing the angiogenic growth of endothelial cells. PIP2: phosphatidylinositol (4,5)-bisphosphate.

5. Mode of Association between VEGF-A and Rap1 at the Molecular Level

After the transmission of biochemical signals from VEGF-A–VEGF receptor-2 to Rap1, Rap1 enhances
cell migration by interacting with Rap1-interacting adaptor molecule (RIAM), a member of the MRL
protein family that also includes Mig-10 and lamellipodin [104], and with Rap1-binding molecule (RAPL),
which resides on microtubules in the protruding edge of migrating endothelial cells [105]. These molecules
may also participate in Rap1 activation in response to VEGF-A in a feedback manner. Integrins as well as
VEGF receptor-2 are abundant at the protruding edge of migrating cells [106].

Integrins, such as integrin α5β1 and integrin αvβ3, are tightly involved in endothelial cell
migration, apoptotic protection, and angiogenic growth [106,107]. Integrins transmit the signaling
in both intracellular and extracellular directions, respectively described as outside-in and inside-out
signaling [108]. Outside-in-activated integrins aggregate and assemble cytosolic signaling complexes
to regulate basic cellular functions, whereas inside-out activation modulates integrin affinity for
extracellular matrix components [109]. Integrin αvβ3 is up-regulated and forms complexes with VEGF
receptor-2 in the process of angiogenic growth, promoting the kinase activity of the receptor [95].
In contrast, suppression of the adhesive properties of integrin αvβ3 inhibits angiogenesis. Rap1 is
one of the main molecules that mediate integrin activation, and Rap1 down-regulation prevents
integrin conformational changes that are required for their activation in endothelial cells [88,110].
However, the precise mechanism of this effect has not yet been clarified. RAPL, RIAM, and other
MRL adaptor proteins may link Rap1 with integrins [104,111,112]. Another possible intermediate
molecule for integrin activation is Krev interaction trapped protein-1 (KRIT1)/cerebral cavernous
malformation 1 (CCM1), of which autosomal dominant loss-of-function mutation causes CCM, because
of compromised junctional integrity in endothelial cells [113]. KRIT1/CCM1 interacts with Rap1 via its
band4.1/ezrin/radixin/moesin domain and stabilizes endothelial intercellular junctions by activation
of integrin. Rap1 is also engaged in VEGF-A-induced endothelial cell migration by a mechanism that
includes a non-receptor tyrosine kinase Bmx/Etk, which binds to activated Rap1 and is coupled to
integrin signaling [114–116].
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6. VEGF-A and Rap1 in Pathological Conditions

Retinal neovascularization derived from choroidal endothelial cells and macular edema consequent
to increased permeability of the blood–retinal barrier is a leading cause of blindness in the course of
age-related macular degeneration, diabetic retinopathy, and central retinal vein occlusion [117]. VEGF
signaling has been proven to be a damaging factor in the above conditions, and thus, anti-VEGF
agents are now one of the available therapeutic tools [118]. In retinal endothelial cells, Epac1-mediated
Rap1 activation opposes VEGF-A- and tumor necrosis factor-α-induced consequences of excessive
endothelial permeability through inhibition of ERK1/2 [119]. Rap1 also contributes to the organization
and protection of endothelial cell tight junctions. How angiogenesis and neovascularization are
regulated by VEGF-A-initiated activation of Rap1 is different in physiological versus pathological
conditions. In addition, retinal pigment epithelium-associated VEGF-A stimulates transmigration of
choroidal endothelial cells during the neovascularization process by activating Rac1 [120]. Activated
Rap1 abolishes Rac1 activation and neovascularization by reducing ROS generation [121]. These reports
point to Epac/Rap1 as an alternative pharmacological target in retinal neovascularization syndromes.

Signaling directions inside cells may differ between physiological and pathological pathways [122].
In tumor cells, Rap1 positively or negatively regulates VEGF-A expression dependent on the environment
surrounding the tumor [123,124]. One example is VEGF-A expression in pulmonary neuroendocrine
tumor cells. In these cells, the interaction of a cytoskeletal protein filamin-A with Rap1 is up-regulated
to promote cell migration and to decrease cell adhesion, resulting in increased malignant potential of
the tumor cells [125,126]. Thus, VEGF-A–VEGF receptor signaling supports tumor expansion not only
through new vessel growth via Rap, but also by directly regulating the cancer cells [94,127].

7. Conclusions

In summary, the small G proteins Rho and Rap and their regulatory molecules and effectors
participate in physiologically morphogenetic and cellular events such as cell movement, proliferation,
polarization, and adhesion. These events are necessary not only for angiogenesis in the cardiovascular
system, but also for development and maintenance of various organs. In response to VEGF-A,
Rho and Rap function as “molecular switches” that can mediate complicated crosstalk between
various molecules and produce differential effects. Rho and Rap are also involved in VEGF-A-triggered
pathological conditions, such as abnormal angiogenesis and tumor progression. Thus, targeting
VEGF-A and its related molecules, including Rho and Rap, has significant therapeutic potential.
However, the clinical outcome of anti-VEGF/VEGF receptor therapy is still far from satisfactory [128].
Because Rho and Rap are key components of the VEGF-A-induced signaling machinery, they may
become new pharmacological targets for treating pathological disorders and diseases. In clinical
practice and in researches, there are working examples of medications that interfere with the activation
of the small G proteins and their related pathways [129–131]. However, it should be considered that
some adverse/collateral effects might occur by targeting Rho and Rap for pharmacological intervention,
because the small G proteins are cross points downstream of different membrane receptors.
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Abbreviations

VEGF vascular endothelial growth factor
PlGF placental growth factor
Rho Ras homologue gene
Rap Ras-related protein
ERK extracellular signal-regulated kinase
PI3 phosphoinositide-3
PIP3 phosphatidylinositol (3,4,5)-trisphosphate
eNOS endothelial nitric oxide synthase
MAP mitogen-activated protein
ROS reactive oxygen species
ROCK Rho kinase
MLC myosin light chain
NRP neuropilin
GEF guanine nucleotide exchange factor
FGF fibroblast growth factor
S1P sphingosine 1-phosphate
HUVEC human umbilical vein endothelial cell
CCM cerebral cavernous malformation
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